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Preface

My interest in oscillators started many years ago when I was an undergraduate
student and one of the laboratory experiments was the design of a Colpitts oscillator.
It was amazing to see how a sinusoidal signal appeared when the power supply
was turned on. What an interesting way of controlling the motion of electrons in
the circuit! My fascination with oscillators has remained to this date and, hopefully,
this book will be a reflection of it.

Electronic oscillator theory and design is a topic that, in general, is barely
covered in undergraduate electronic courses. However, since oscillators are one of
the main components in many electronic circuits, engineers are usually required
to design them. Sinusoidal carrier signals are needed in transmitters and receivers,
and timing signals (square-wave signals) are needed in digital circuits.

The purpose of this book is to cover the foundations of oscillator circuit design
in a comprehensive manner. The book covers the theory and design of oscillators
in the frequency range that extends from the audio range to the microwave range
at about 30 GHz. In this large range of frequencies the active element is usually a
semiconductor, such as a BJT or FET, or an op amp. The techniques involved in
the design of oscillators at the lower frequencies are different from those used at
the higher frequencies. An important feature of this book is the wide and rather
complete coverage of oscillators, from the low-frequency oscillator to the more
complex oscillator found at radio frequencies (RF) and microwave (MW) frequen-
cies. This book emphasizes the use of simulation techniques (i.e., CAD techniques) in
the design of oscillators. In many cases the performance observed in the simulation is
very similar to that obtained in the laboratory. This is mostly true for oscillators
working at the lower frequencies and up to a few megahertz. As the frequency
increases, the practical implementation is highly affected by the layout and by the
parasitics associated with the components used. In such cases the simulation should
provide a starting point to the associated practical implementation.

The advances in CAD techniques since the 1980s have certainly changed the
approach to the design of many oscillators. Before the advent of advanced CAD
techniques, oscillator design involved a significant amount of theoretical work,
especially for those oscillators operating in the RF and MW-frequency regions.
While a solid theoretical foundation is still needed, the modern CAD programs
can perform a lot of nonlinear simulations that were once only a dream in oscillator
analysis and design. In my experience the best oscillator designers are those who
have a good understanding of the fundamental principles involved, experience with
an appropriate CAD program, and a good practical sense.
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In undergraduate courses I have used the transient simulator available in SPICE
to analyze and design oscillators. Transient simulators work well, but in many
cases it takes a lot of simulation time to get to the steady-state oscillatory waveform.
As one matures in the field of oscillators, an advanced CAD program with harmonic
balance capabilities is a must. The main program used in this book is the Advanced
Design System (ADS) from Agilent. One of the many uses of this very powerful
and state-of-the art program is for oscillator analysis and design since it contains
a transient simulator, a harmonic balance simulator, a statistical design simulator,
and an envelope simulator. The ADS program and associated licenses were donated
by Agilent to the Department of Electrical and Computer Engineering at the Univer-
sity of Miami for teaching and research purposes.

One objective of this book is to cover the fundamentals of oscillator design
using semiconductor devices as the active devices. A second objective, in spite of
the fact that the material in electronic oscillators is volumetric, is to present the
foundations of modern oscillators’ design techniques. In this book the reader is
first exposed to the theory of oscillators. Then, a variety of techniques that are
used in the design of oscillators are discussed.

The Table of Contents clearly indicates the choice of material and the order
of presentation. In short, Chapter 1 provides a general introduction to the theory
of oscillators and discusses in detail several low-frequency oscillators. Chapter 2
discusses the oscillator characteristics such as frequency stability, quality factors,
phase noise, and statistical considerations. Chapter 3 presents the design of tuned
oscillators using BJTs, FETs, and op amps. Chapter 4 treats the design of oscillators
using crystals, ceramic resonators, surface acoustic wave resonators, and dielectric
resonators. The theory and design methods using the negative-resistance approach
are presented in Chapter 5. Relaxation oscillators and other nonsinusoidal oscilla-
tors are discussed in Chapter 6.

This book can be used in a senior graduate-level course in oscillators. It is also
intended to be used in industrial and professional short courses in oscillators. It
should also provide for a comprehensive reference of electronic oscillators using
semiconductors for electrical engineers.

Two large-signal simulators that are used to analyze and design oscillators are
the harmonic balance simulator and the transient simulator.

The harmonic balance simulator in ADS performs a nonlinear steady-state
analysis of the circuit. It is a very powerful frequency-domain analysis technique
for nonlinear circuits. The simulator allows the analysis of circuits excited by large-
signal sources. Also, ADS provides the function ““ts” which calculates the time-
domain signal from its frequency spectrum.

Transient-analysis simulation is performed entirely in the time domain. It also
allows the analysis of nonlinear circuits and large-signal sources. The data displayed
from the transient simulation shows the time-domain waveform. From the time-
domain waveform, the oscillation build-up and the steady-state results can be
viewed. The transient simulator requires an initial condition for the oscillator to
begin. The initial condition can be an initial voltage across a capacitor, a voltage
step for the power-supply component, or the use of a noise source. ADS provides
the function ““fs,” which calculates the frequency spectrum from the time-domain
signal.
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Theory of Oscillators

1.1 Introduction

There are many types of oscillators, and many different circuit configurations that
produce oscillations. Some oscillators produce sinusoidal signals, others produce
nonsinusoidal signals. Nonsinusoidal oscillators, such as pulse and ramp (or saw-
tooth) oscillators, find use in timing and control applications. Pulse oscillators are
commonly found in digital-systems clocks, and ramp oscillators are found in the
horizontal sweep circuit of oscilloscopes and television sets. Sinusoidal oscillators
are used in many applications, for example, in consumer electronic equipment
(such as radios, TVs, and VCRs), in test equipment (such as network analyzers
and signal generators), and in wireless systems.

In this chapter the feedback approach to oscillator design is discussed. The
oscillator examples selected in this chapter, as well as the mix of theory and design
information presented, help to clearly illustrate the feedback approach.

The basic components in a feedback oscillator are the amplifier, an amplitude-
limiting component, a frequency-determining network, and a (positive) feedback
network. Usually the amplifier also acts as the amplitude-limiting component, and
the frequency-determining network usually performs the feedback function. The
feedback circuit is required to return some of the output signal back to the input.
Positive feedback occurs when the feedback signal is in phase with the input signal
and, under the proper conditions, oscillation is possible.

One also finds in the literature the term negative-resistance oscillators. A
negative-resistance oscillator design refers to a specific design approach that is
different from the one normally used in feedback oscillators. Since feedback oscilla-
tors present an impedance that has a negative resistance at some point in the circuit,
such oscillators can also be designed using a negative-resistance approach. For a
good understanding of the negative resistance method, a certain familiarity with
oscillators is needed. That is why the negative resistance method is discussed in

Chapter 5.

1.2 Oscillation Conditions

A basic feedback oscillator is shown in Figure 1.1. The amplifier’s voltage gain is
A, (jw), and the voltage feedback network is described by the transfer function
B(jw). The amplifier gain A, (jw) is also called the open-loop gain since it is the
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vy, :Vi+vf

plo)

Figure 1.1 The basic feedback circuit.

gain between v, and v; when vf = 0 (i.e., when the path through B(jw) is properly
disconnected).

The amplifier gain is, in general, a complex quantity. However, in many oscilla-
tors, at the frequency of oscillation, the amplifier is operating in its midband region
where A, (jw) is a real constant. When A, (jw) is constant, it is denoted by A,,.

Negative feedback occurs when the feedback signal subtracts from the input
signal. On the other hand, if vy adds to v}, the feedback is positive. The summing
network in Figure 1.1 shows the feedback signal added to v; to suggest that the
feedback is positive. Of course, the phase of v; determines if v¢ adds or subtracts
to v;. The phase of vy is determined by the closed-loop circuit in Figure 1.1. If
A,(jw) = A,y and A, is a positive number, the phase shift through the amplifier
is 0°, and for positive feedback the phase through B(jw) should be 0° (or a multiple
of 360°). If A, is a negative number, the phase shift through the amplifier is £180°
and the phase through B(jw) for positive feedback should be £180° + #360°. In
other words, for positive feedback the total phase shift associated with the closed
loop must be 0° or a multiple # of 360°.

From Figure 1.1 we can write

vo = Ayljo)vg (1.1)
v = Bljw)v, (12)

and
vy = vj + vf (1.3)

Thus, from (1.1) to (1.3), the closed-loop voltage gain A,¢(jw) is given by

LUy Ay(jo)
Ay (jo) = v; 1-Bjw)A,(jo)

The quantity B(jw)A,(jw) is known as the loop gain.
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For oscillations to occur, an output signal must exist with no input signal
applied. With v; = 0 in (1.4) it follows that a finite v, is possible only when the
denominator is zero. That is, when

1-B(jo)Ay(jo) =0
or
Blio)Ay(jw) =1 (1.5)

Equation (1.5) expresses the fact that for oscillations to occur the loop gain must
be unity. This relation is known as the Barkhausen criterion.
With A, (jw) = A,, and letting

Bljw) = Br(w) +jBi(w)

where B,(w) and B;(w) are the real and imaginary parts of B(jw), we can express
(1.5) in the form

Brlw)Ayo +jBi(@) Ay =1
Equating the real and imaginary parts on both sides of the equation gives

1
Brlw)Ay, =10 Ay, = m (1.6)

and
Bi(w)Ay,, =00 Bi(w) =0 (1.7)

since A,, # 0. The conditions in (1.6) and (1.7) are known as the Barkhausen
criteria in rectangular form for A, (jw) = A,,.

The condition (1.6) is known as the gain condition, and (1.7) as the frequency
of oscillation condition. The frequency of oscillation condition predicts the fre-
quency at which the phase shift around the closed loop is 0° or a multiple of 360°.

The relation (1.5) can also be expressed in polar form as

Blio)A,(jo) = |Bljw) A, (jo)||Bljw) A, (jw) =1
Hence, it follows that

|B(jw)A,(jo)| =1 (1.8)
and

Bljw)Ay(jw) = +n360° (1.9)
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where =0, 1,2, ....Equation (1.9) expresses the fact that the signal must travel
through the closed loop with a phase shift of 0° or a multiple of 360°. For
A,(jw) = A, then |ﬁ(ja))AUO is the angle of B(jw), and the condition (1.9) is
equivalent to saying that 8;(jw) = 0, in agreement with (1.7). Also, for A, (jw) =
A, and with B;(jw) =0, (1.8) reduces to (1.6). The conditions in (1.8) and (1.9)
are known as the Barkhausen criteria in polar form.

When the amplifier is a current amplifier, the basic feedback network can be
represented as shown in Figure 1.2. In this case, A;(jw) is the current gain of the
amplifier, and the current feedback factor a(jw) is

For this network, the condition for oscillation is given by
a(jo)A;(jo) =1 (1.10)

which expresses the fact that loop gain in Figure 1.2 must be unity.

The loop gain can be evaluated in different ways. One method that can be
used in some oscillator configurations is to determine A,(jw) and B(jw) and to
form the loop gain A, (jw)B(jw). In many cases it is not easy to isolate A, (jw)
and B(jw) since they are interrelated. In such cases a method that can usually be
implemented is to represent the oscillator circuit as a continuous and repetitive
circuit. Hence, the loop gain is calculated as the gain from one part to the same
part in the following circuit. An alternate analysis method is to replace the amplifier
and feedback network in Figure 1.1 by their ac models and write the appropriate
loop equations. The loop equations form a system of linear equations that can be
solved for the closed-loop voltage gain, which can be expressed in the general form

iy =i, +i,

a(jo) [E—————

Figure 1.2 The current form of the basic feedback network.
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where N(jw) represents the numerator polynomial and D (jw) is the system determi-
nant of the linear equations. In terms of (1.11) the conditions for oscillations are
obtained by setting the system determinant equal to zero (i.e., D(jw) = 0). Setting
D(jw) = 0 results in two equations: one for the real part of D(jw) (which gives
the gain condition), and one for the imaginary part of D(jw) (which gives the
frequency of oscillation).

From circuit theory we know that oscillation occurs when a network has a
pair of complex conjugate poles on the imaginary axis. However, in electronic
oscillators the poles are not exactly on the imaginary axis because of the nonlinear
nature of the loop gain. There are different nonlinear effects that control the
pole location in an oscillator. One nonlinear mechanism is due to the saturation
characteristics of the amplifier. A saturation-limited sinusoidal oscillator works as
follows. To start the oscillation, the closed-loop gain in (1.4) must have a pair of
complex-conjugate poles in the right-half plane. Then, due to the noise voltage
generated by thermal vibrations in the network (which can be represented by a
superposition of input noise signals v,,) or by the transient generated when the dc
power supply is turned on, a growing sinusoidal output voltage appears. The
characteristics of the growing sinusoidal signal are determined by the complex-
conjugate poles in the right-half plane. As the amplitude of the induced oscillation
increases, the amplitude-limiting capabilities of the amplifier (i.e., a reduction in
gain) produce a change in the location of the poles. The changes are such that the
complex-conjugate poles move towards the imaginary axis. However, the amplitude
of the oscillation was increasing and this makes the complex poles to continue the
movement toward the left-half plane. Once the poles move to the left-half plane
the amplitude of the oscillation begins to decrease, moving the poles toward the
right-half plane. The process of the poles moving between the left-half plane and
the right-half plane repeats, and some steady-state oscillation occurs with a funda-
mental frequency, as well as harmonics. This is a nonlinear process where the
fundamental frequency of oscillation and the harmonics are determined by the
location of the poles. Although the poles are not on the imaginary axis, the Bark-
hausen criterion in (1.5) predicts fairly well the fundamental frequency of oscilla-
tion. It can be considered as providing the fundamental frequency of the oscillator
based on some sort of average location for the poles.

The movement of the complex conjugate poles between the right-half plane
and the left-half plane is easily seen in an oscillator designed with an amplitude
limiting circuit that controls the gain of the amplifier and, therefore, the motion
of the poles. An example to illustrate this effect is given in Example 1.6.

The previous discussion shows that for oscillations to start the circuit must be
unstable (i.e., the circuit must have a pair of complex-conjugate poles in the right-
half plane). The condition (1.5) does not predict if the circuit is unstable. However,
if the circuit begins to oscillate, the Barkhausen criterion in (1.5) can be used to
predict the approximate fundamental frequency of oscillation and the gain condi-
tion. The stability of the oscillator closed-loop gain can be determined using the
Nyquist stability test.
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1.3 Nyquist Stability Test

There are several methods for testing the stability of a feedback amplifier. In
general, (1.4) can be expressed in the form

_Vo _ Ayls

Ayrls) = T TS B ALE) (1.12)

The stability A,z(s) is determined by the zeroes of 1 — 8(s) A, (s) provided there
is no cancellation of right-half plane poles and zeroes when forming the product
B(s)A,(s). In practical oscillators the previous pole-zero cancellation problems are
unlikely to occur. If there are no pole-zero cancellation problems, the poles of
A, (s) are common to those of B(s)A,(s) and of 1 — B(s)A,(s). Therefore, the
feedback amplifier is stable if the zeroes of 1 = B(s) A, (s) lie in the left-half plane.
In what follows we assume that there are no pole-zero cancellation problems.

The Nyquist stability test (or criterion) can be used to determine the right-half
plane zeroes of 1 — B(s)A,(s). A Nyquist plot is a polar plot of the loop gain
B(s)A,(s) for s = jw as the frequency w varies from —o < w < ©, Two typical
Nyquist plots are shown in Figure 1.3. The Nyquist test states that the number of
times that the loop-gain contour encircles the point 1 + ;0 in a clockwise direction
is equal to the difference between the number of zeroes and the number of poles
of 1 — B(s)A,(s) with positive real parts (i.e., in the right-half plane). The point
1 + 0 is called the critical point. To be specific, let N be the number of clockwise
encirclements of the critical point by the Nyquist plot, let P be the number of right-
half plane poles of B(s)A,(s) (which are the same as those of 1 — B(s)A,(s)), and
let Z be the number of right-half plane zeroes of 1 — B(s)A,(s). The Nyquist
stability test states that N=Z - P (or Z=N+P). If Z>0 (or N + P > 0) the
feedback amplifier is unstable and will oscillate under proper conditions. (Note:
In the case that there is a right-half plane pole-zero cancellation, the Nyquist test
is not sufficient to determine stability.)

A Im[/j(ja)) A, (ja))] A In [/j(j")) A, (-7“))]
— >0 @0
@ =0 /a):a)x‘ @=0y I/miw"
| l 1 Re [ﬂ(jm) A, (jm)] [ 1 / Re[ B(jw) A, (jo)]
\ \ I
\ J]— @<0 %
A S / /— w<0
~ _|— /
~ 1 /
(@ (b)

Figure 1.3 (a) A Nyquist plot of a stable feedback amplifier and (b) a Nyquist plot of an unstable

feedback amplifier.
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If B(s)A,(s) has no poles in the right-half plane, then it follows that 1 -
B(s) A, (s) has no poles in the right-half plane (i.e., P = 0). Thus, in this case Az(s)
is unstable (i.e., has right-half plane poles) only if 1 — B(s)A,(s) has right-half
plane zeroes (i.e., if N > 0). In other words, for P = 0 the feedback amplifier is
unstable when N > 0 (since N = Z when P = 0). When B(s)A,(s) is stable, the
Nyquist test simply requires that the plot of B(s)A,(s) as a function of w does not
encircle the critical point for the feedback amplifier to be stable. An alternative
way of stating the Nyquist test when B(s) A, (s) is stable is: “If B(s)A,(s) is stable,
the feedback amplifier is stable if |B(jw)A,(jw)|<1 when the phase of
B(jw)A,(jw) is 0° or a multiple of 360°.” This condition ensures that the critical
point is not enclosed.

In the case that B(s) A, (s) has a pole in the jw axis, the contour in the s plane
must be modified to avoid the pole. For example, if the pole is at s = 0, the path
moves from s = —joo to s = jO, then from s =jO™ to s = j0" around a semicircle of
radius € (where e approaches zero), and then from s = j0* to s = jeo. From s = joo
the contour follows a semicircle with infinite radius and moves back to s = —j.
Hence, the contour encloses all poles and zeroes that B(s)A,(s) has in the right-
half plane.

Two typical Nyquist plots for a feedback amplifier with a stable loop gain are
shown in Figure 1.3. The solid curve corresponds to w = 0, and the dashed curve
to w < 0. Since B(jw)A,(jw) = [B(jw)A,(jw)]* it follows that the dashed curve
is simply the mirror image of the solid curve. In Figure 1.3(a) the Nyquist plot
does not enclose the critical point. It is seen that at the frequency w, the phase of
Bljw)A,(jw)is 0° and its magnitude is less than one. Hence, the amplifier associated
with this Nyquist plot is stable. A typical Nyquist plot for an unstable feedback
amplifier (with a stable B(s)A,(s)) is shown in Figure 1.3(b). For this plot N = Z
=1, and the closed-loop response has one pole in the right-half plane.

Example 1.1

(a) Let B(s) = B, be a real number and

Hence,

- BoK
Bls)Avs) = i T s+ 2)

and it follows that the number of poles of the loop gain in the right-half plane is
zero (i.e., P = 0). Therefore, the system is stable if the Nyquist plot of B(s)A,(s)
does not encircle the point 1 + ;0 (i.e., if N = Z = 0).

The Nyquist plot of B(s)A,(s) for 8,K = 3 is shown in Figure 1.4(a). This
plot shows that the system is stable since there are no encirclements of the 1 + ;0
point.
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t Im [BA4,]

— w=0"

(@ (b)

Figure 1.4 Nyquist plots for Example 1.1(a) with (a) B,k =3 and (b) B,K = 9.

The resulting Nyquist plot for B8,K =9 is shown in Figure 1.4(b). In this case,
the plot of B(s)A,(s) encircles the 1 + jO point twice in the clockwise direction.
Hence, N = Z = 2, and the closed loop system is unstable because of two poles in
the right-half plane.

In this part of the example the stability depended on the value of 8,K.

(b) Let B(s) = B, be a real number and

Hence,

- BoK
Bls)Au(s) = 53 ) s = 1)

and it follows that P = 1, since there is a pole at s = 1. The Nyquist plots of the
loop gain for B,K > 0 and B,K < 0 are shown in Figure 1.5. The solid curve in
the plot corresponds to the mapping for @ > 0, and the dashed curve for o < 0.
Figure 1.5(a) shows that N = 0 when 8,K > 0, and Figure 1.5(b) shows that N=1
when B,K < 0; hence, the information in Table 1.1.

That is, the function 1 — B(s)A,(s) for B,K > 0 has a zero in the right-half
plane, and for B,K < 0 it has two zeroes in the right-half plane. Obviously, this
feedback system is unstable for any real value of B,K.

The information displayed in the polar Nyquist diagram can also be shown
using Bode plots. Thus, the stability of an amplifier can also be determined from
the Bode magnitude and phase plots of the loop gain. In terms of the magnitude
and phase Bode plots of a stable B(jw) A, (jw), it follows that the closed-loop gain
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Figure 1.5 Nyquist plots for Example 1.1(b) when (a) B,K >0 and (b) B,K < 0.

Table 1.1 Values of Z for Example 1.1(b)

P N Z=N+P
B.K >0 1 0 1
B, K <0 1 1 2

is stable if |B(jw)A,(jw)| in dBs is smaller than 0 dB when the phase shift is 0°
(or a multiple of 360°). In other words, the plot of | B(jw)A,(jw)| in dBs crosses
the 0-dB axis at a frequency lower than the frequency at which the phase reaches
0° (or £72360°). Typical Bode plots of the magnitude and phase of a stable feedback
amplifier are shown in Figure 1.6.

Two important quantities in the determination of stability are the gain margin
and the phase margin (shown in Figure 1.6). The gain margin is the number of
decibels that | B(jw) A, (jw)]|is below 0 dB at the frequency where the phase is 0°.
The phase margin is the number of degrees that the phase is above 0° at the
frequency where | B(jw)A,(jw)|is 0 dB. A positive gain margin shows that the
amplifier is potentially unstable. Similarly, a positive phase margin is associated
with a stable amplifier. Of course, the gain margin and phase margin can also be
shown in a Nyquist diagram.

Typical Bode plots of B(jw)A,(jw) for feedback amplifiers having one, two,
and three poles with 8(0)A,(0) = =K < 0 are shown in Figure 1.7. The single-pole
loop-gain function shown in Figure 1.7(a) has a minimum phase shift of 90°.
Therefore, this amplifier is always stable. Figure 1.7(b) shows a loop gain having
two poles. Again this amplifier is always stable because the phase shift is positive
and approaches 0° only at @ = . Figure 1.7(c) shows a three-pole loop gain that
is stable since | B(jw) A, (jw)|is below 0 dB at the frequency where the phase is 0°
(i.e., the gain margin is negative). Figure 1.7(d) shows a three-pole loop gain that
is unstable, since the phase is less than 0° at the frequency where | B(jw)A, (jw)|
is 0 dB (i.e., the phase margin is negative).

It is of interest to see how the Nyquist and Bode plots portray the stability
information and their relation to the closed loop and transient responses of the
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Figure 1.6 A typical Bode plot of the magnitude and phase of a stable feedback amplifier.

feedback amplifier. This is illustrated in Figure 1.8. In the Nyquist plots only the
positive frequencies are shown. In the Bode plot the solid curve is for the magnitude
of the closed loop response, and the dashed curve is for the phase. Figure 1.8(a)
illustrates a stable feedback amplifier with a large positive phase margin. Observe
the Bode plots, |A,f(jw)|, and the transient response. In Figure 1.8(a), as well as
in the other figures, the frequency at which |B(jw)A,(jw)|=1 is f1, and the
frequency at which |,8(/'a))AU(/'w) = 0° is f». The phase margin in Figure 1.8(a)
is positive. Figure 1.8(b) illustrates a stable feedback amplifier with a smaller
positive phase margin. Observe the larger peak in the associated |A,f(jo )| response
and in the transient response.

Figure 1.8(c) illustrates an ideal oscillator. The oscillation conditions are satis-
fied, since | B(jw)A,(jw)| =1 and |B(jw)A,(jw) = 0° at f = f1 = f2, which results
in an ideal stable sinusoidal oscillation (see the plot of v, (t)). Figure 1.8(d) illus-
trates an unstable oscillation. Observe that |B(jw)A,(jw)|>1 when

Bljw)A,(jw) = 0° hence, positive feedback occurs and v, () shows the associated
growing sinusoidal response. Basically, Figure 1.8(c) shows what happens when
the complex poles move to the imaginary axis, and Figure 1.8(d) shows what
happens when the complex conjugate poles remain in the right-half plane. As we
will see, there are ways to determine if the oscillation will be stable or not.

1.4 Root Locus

A root-locus plot is a convenient method to analyze the motion of the closed-loop
gain poles in the complex s plane as a function of the amplifier gain, or as a
function of the feedback factor. In order to use this method, the denominator of
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Figure 1.8 Nyquist, Bode, |A,(jo)|, and transient response plots of (a) a stable feedback ampilifier with a
large phase margin, (b) a stable feedback amplifier with a smaller phase margin, (c) a stable
oscillator, and (d) an unstable oscillator.

Ayf(s) is expressed in polynomial form. The stability of the feedback amplifier is
analyzed by observing how the poles of A,f(s) move in the s plane. A typical
analysis consists in studying the motion of the roots of A,¢(s) as a function of the
amplifier open-loop gain, and determining the value of gain that move the roots
to the imaginary axis at s = tjw,. The value of gain and the frequency w, are
identical to the values predicted by the Barkhausen criterion (i.e., the gain condition
and the frequency of oscillation condition).

Consider the root-locus analysis of a feedback amplifier with a two-pole A, (s)
given by
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and a constant feedback 8,, where 8, <0, and A, is the midband value of A, (s).
Hence, B,A, <0 and

The closed-loop gain of the feedback amplifier is given by

Ads)  _ Apw1 )
1= BoAyls) 2+ s(w) + wy) + wywy(1 — ByA,)

Aypls) = (1.13)

The root locus of the poles in (1.13) follows from the analysis of
s?+s(w1+ 02) + 01 0x(1 = ByAg) =0

as A, varies. The root locus is shown in Figure 1.9. This plot shows that for A,
approaching zero the roots are located at s = —wq and sy = —w,. As A, increases,
the roots move along the negative real axis as shown in Figure 1.9. At a specific
value of A, denoted by the value of A, = A, (see Figure 1.9), the roots are identical,
and for A, > A}, the roots become complex but remain in the left-half plane.
Therefore, this feedback amplifier is stable. The value of A), is given by

1 [1 _0.25(wq + wz)z]

A= —
© w1 w)

Bo

Of course, if B,A, > 0 the feedback amplifier is unstable.

§ plane

Figure 1.9 Root locus of a two-pole function A,(s).
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Next, consider a three-pole A, (s) given by

2o S

with a constant feedback B,, where 8, <0 (i.e., 8,A, < 0). In this case A,¢(s) is

Ay(s) =

given by
A
Ayfs) =— TR
azs” +axs” tays + (1 - B,A,)
where
1
a3=———
w1 W) w3
1 1 1
az = + +
wlw) W13 W) W3
and
1 1 1
ag=—+—+—

The root locus of
3 2 —
a3s’ +axs”+tags+ (1 -B,A,)=0

is shown in Figure 1.10. For A, approaching 0, the poles are located at s1 = ~w1,
Sy = —wj, and s3 = —w3. As A, increases, the pole s3 moves along the negative
real axis towards —o, and the poles s and s become complex conjugate poles.
At a certain value of A, the poles are located on the imaginary axis at s1 2 = jw,
and oscillation occurs. Figure 1.10 also shows that certain values of A, move the
poles into the right-half plane.

Another open-loop gain function that can lead to oscillations is

This function has two poles and a right-half plane zero at s = w3. This type of transfer
function occurs in the high-frequency analysis of several amplifier configurations.
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s plane

Figure 1.10 Root locus of a three-pole A,(s).

Example 1.2
Consider the open-loop gain of a CE amplifier given by

where A, = 2,200, w1 = 10° rad/s, wy = 108 rad/s, and w3 = 10° rad/s. Assume
that the feedback factor is constant and given by B(jw) = 8, = —0.1. The loop gain
is

S
-0.1(2,200)( 1 - —
( >< 109)

S S
1+—)(1+—
( 106)( 108)

The Nyquist plot of (1.14) is shown in Figure 1.11(a). The behavior of the
function in (1.14) around the critical point is difficult to see in Figure 1.11(a). A
graph showing the behavior around the critical point is shown in Figure 1.11(b).
From (1.14) it follows that P = 0, and from the Nyquist plots in Figure 1.11(a, b)
we obtain N = 0, since the critical point is not enclosed. Therefore, the feedback
amplifier with A, = 2,200 is stable, since Z =N + P = 0.

Next, assume that A, is given by A, = 22,000. The Nyquist plot for this case
is shown in Figure 1.11(c) and the behavior around the critical point in Figure

Bljw)Ay(jw) = (1.14)
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Figure 1.11 (a) Nyquist plot for Example 1.2 with A, = 2,220, (b) the behavior of the loop gain
(with A, = 2,220) around the critical point, (c) Nyquist plot for Example 1.2 with
Ao = 22,000, and (d) the behavior of the loop gain (with A, = 22,000) around the
critical point.

1.11(d). Figure 1.11(d) shows that the critical point is enclosed twice, or N = 2.
Hence, there are two roots in the right-half plane and the amplifier is unstable
with A, = 22,000.

The root locus of A,¢(s) for this example follows from the analysis of

A
52 + 5(“’2 twt wlwz)ﬂo O) +wiwy(l - Bvo) =0
3
or
s +5(101 x 10° - 10%A4,) + 10™*(1 + 0.14,) = 0 (1.15)

The resulting root-locus plot is shown in Figure 1.12. For A, approaching 0 the
roots are located at s1 = -10° and sy = ~10%. At the value of A, = 10,100 the
complex poles are on the imaginary axis at s =318 x 10° and sy =—7318 x 10°,
and oscillations occur.
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Figure 1.12 Root locus for Example 1.2.

1.5 Routh-Hurwitz Method

Another method that can be used to determine if a polynomial has right-half plane
roots is the Routh-Hurwitz method. In the Routh-Hurwitz method the denominator
polynomial of A,f(s) is written in the form

D(s)=ays" +ap-15" Y +a,_2s" 2+ ... +ajs+a,

The coefficients are then arranged in the following array form (known as the
Routh-Hurwitz array):

S ay ap-2 Adn-4
n-1

S aAn-1 adn-3 Adp-5
n-2

S bu-1 bu-3 bu-s
n-3

S Cn-1 Cn-3 Cun-5
1

S

50

which shows that a polynomial of degree # has # + 1 rows in the Routh-Hurwitz
array. The terms b, -1, b,,-3, b, -5, etc., are the first, second, third, etc., entries
in the (# — 2) row. The terms ¢, -1, ¢,-3, ¢,-5, €tc., are the first, second, third,
etc., entries in the (n — 3) row. The entries are defined by
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b _9n-19y-2 ~ apdu-3
n-1-— 4
n-1
b _Ap-1p-4 — Apdnp-5
noo T a
n-1

_ bn—lan—3 B an—lbn—3
Cn-1-= b 1
n—

The entries in the first column (i.e., a,,, -1, b -1, ¢ -1, €tc.) are called the
leading entries in the array. If none of the leading entries vanish, the number of
roots of D(s) in the right-half plane is equal to the number of sign changes in the
leading entries.

Example 1.3
Determine if the following denominator polynomials of A,¢(s) have right-half plane
roots:
(a) D(s) =s* + 105 + 35s% + 50s + 24 (1.16)
(b) D(s) =s> + s> + 25 + 24 (1.17)
Solution

(a) The Routh-Hurwitz array for (1.16) is shown in Figure 1.13(a). The leading
entries (i.e., 1, 10, 30, 42, and 24) are positive. Hence, D(s) in (1.16) has no right-
half plane roots, or A,f(s) has no right-half plane poles.

The polynomial in (1.16) can be shown to be equal to

D(s)=(s+ 1)(s +2)(s + 3)(s + 4)

which obviously has no right-half plane roots.

(b) The Routh-Hurwitz array for the polynomial in (1.17) is shown in Figure
1.13(b). In this case, the leading entries have two sign changes. Hence, the polyno-
mial in (1.17) has two right-half plane roots, and therefore, A,f(s) is unstable. In
fact, the polynomial in (1.17) can be shown to be equal to

135 24 .

$[10 50 s 2
$|30 24 si1 24
Jl42 s'-22
524 §'| 24

@ (b)

Figure 1.13 (a) Routh-Hurwitz array for the polynomial in (1.16) and (b) Routh-Hurwitz array for
the polynomial in (1.17).
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D(s) =(s+3)(s = 1+;2.6458)(s — 1 —;2.6458)

which has two roots in the right-half plane.

The Routh-Hurwitz method can also be used to determine at what value of
the open-loop gain or feedback factor value is the closed-loop gain unstable. Exam-
ple 1.4 illustrates this point.

Example 1.4

In an oscillator, the denominator polynomial of A,f(s) is
_ 2 2
D(s)=s"+(3-A,)s + w; (1.18)

where A, is the amplifier gain and w, is the frequency of oscillation. Determine
for what values of A, there are right-half plane roots.

Solution
The Routh-Hurwitz array for (1.18) is shown in Figure 1.14.

The leading entries are 1, 3 = A, and 2. Hence, the feedback system is stable if
3-A,>0o0r A, <3. The feedback system is unstable when 3 - A,<0or A, > 3.
Oscillations can occur when A, = 3. This oscillator is analyzed in detail in the next
section.

There are some degenerate cases that can occur in the Routh-Hurwitz array.
One case occurs when a leading entry vanishes, and at least one entry in the
corresponding row is nonzero. The other case occurs when a complete row vanishes.
For these degenerate cases the reader is referred to an appropriate textbook in
control systems.

Next, the loop-gain associated with an oscillator is analyzed. The oscillator
selected is the Wien bridge, which provides an example where the feedback factor
and the open-loop voltage gain are evaluated separately. In many oscillators the
feedback network is loaded by the amplifier, and this effect must be taken into
consideration in the analysis of the loop gain.

1.6 The Wien-Bridge Oscillator

The Wien-bridge oscillator is shown in Figure 1.15. The four arms of the bridge
are Ry, Ry, Z,, and Z},. The op amp maintains the voltage across two of the arms
equal, since v- = v4. This oscillator can be used to analyze in closed form the
conditions for oscillation, its stability, and the location of the complex poles.

41 2
s'3-4,
s 2

Figure 1.14 Routh-Hurwitz array for Example 1.4.
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Figure 1.15 The Wien-bridge oscillator.

From Figure 1.15 it is seen that there are two feedback paths. Positive feedback
occurs between v, and vy through the voltage divider formed by Z, and Z, and
negative feedback occurs between v, and v- through Ry and R;.

The Wien-bridge oscillator in Figure 1.15 uses an op amp in an inverting
configuration (i.e., the negative feedback path) to provide the open-loop gain. The
open-loop gain is constant and given by

. v R
AU(;a))=Aw=v—i=1 +R_i (1.19)

The voltage v, is given by

R
_ Z, 1 +jwRC
W=boz 3wz, " Yo 1 R
R +- + -
jwC (1 +/wRC>
1
:UO 1
3 +j<wRC—m>

Therefore, the voltage-feedback transfer function B(jw) can be written in the form

Bljw) =L = ! (1.20)

v, . 1
3 +]<a)RC —a)RC>

From (1.19) and (1.20) it follows that the loop gain is
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Bljw)Ayo =

1 Ry
1 <1 +R_1> (1.21)
wRC)

3+/<ch—-———

For oscillation the loop gain must be unity. The frequency of oscillation and the
gain condition are given by (1.7) and (1.6), respectively.

The condition (1.7) requires that the imaginary part of B(jw) be zero. From
(1.20) it is seen that B;(jw) = 0 when

1 1
@RC -2 =00 0=w, =37
or
—# 1.22
fo=32RC (1.22)

The frequency f, is the frequency of oscillation.
At w = w, the real part of B(jw) is

1
Br(wo) :g

Therefore, from (1.6) the gain condition is

— 1 —
Avo = Br(w,) =3

and from (1.19) it follows that Ry = 2R. In practice, the gain should be greater
than 3 to start the oscillation. Values of 3.1 to 3.3 are reasonable.

It is interesting to observe that the op amp uses negative feedback through Ry
and R; to provide the required gain A,,, and it uses positive feedback through
the RC networks to obtain the required closed-loop phase shift. The attenuation
in the positive feedback loop must be equal to the gain A,,, making the loop gain
equal to one. Since the phase shift through the op amp is zero at w,, the phase
shift through the RC networks must also be zero so the feedback signal v, is in
phase with v, [see (1.20) at w = w,].

The frequency of oscillation can be varied by simultaneously changing the
capacitance values using a ganged capacitor arrangement. In addition, different
frequency ranges can be selected by simultaneously switching different values of
the resistors R.

A final observation is that op amps in this book are assumed to operate from
a dual power supply. Of course, op amps with a single power supply can be used
if proper single-supply techniques are used.

Further insight into the Wien-bridge oscillator is obtained by analyzing the
oscillator in terms of the circuit poles. The poles of the closed-loop gain A,f(s) are
the roots of 1 - B(s)A,, = 0. Using (1.21) with s = jw the roots of A,¢(s) are given
by
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1- =0
3+i+&
Wo N
or
2 2 _
2+ (3-Ay)wps + @2 =0 (1.23)

The two roots of (1.23) are shown in Figure 1.16 in a root-locus plot as a
function of A,,. As A, varies from 0 to 1, the poles move along the negative real
axis. For A,, = 1, the poles meet at —w,. As A, varies from 1 to 3, the poles are
complex and move in a semicircular path towards the imaginary axis. For A, = 3,
the complex poles are located at jw, and —jw,, respectively. As A, increases above
3, the complex poles move into the right-half plane; and at A,, = 5 the poles meet
on the positive real axis at w,. For A,, > 5, they move along the positive real axis.

The conditions that produce complex poles are now analyzed. Observe that
1 < A,, <3 corresponds to a loop gain of B(jw,)A,, < 1,and 3 < A,, <S5
corresponds to a loop gain of B(jw,)A,, > 1. For 1 < A,, < 3 the poles produce
an output voltage with an exponentially damped sinusoidal response, and for 3 <
A, <5 an exponentially growing sinusoidal response results. In order to start the
oscillation, a value of gain slightly greater than 3 is used. Thus, at the start of
oscillation the complex poles are in the right-half plane and an exponentially
growing sinusoidal oscillation is produced. As the amplitude of the oscillation
increases, the op amp saturates and its gain decreases. When the gain is 3, the
poles are on the imaginary axis (i.e., to s = jw,); and when the gain goes below
3, the poles move into the left-half plane. In the Wien-bridge oscillator in Figure
1.15, the amplitude of the sinusoidal oscillation is limited by the saturation of the
op amp. Hence, the oscillation amplitude varies between approximately V' - 1
and V' + 1.

Wien-bridge oscillators work very well for frequencies up to about 1 MHz.
With an amplitude-limiting circuit the harmonic distortion can be less than 5%.

The Wien bridge can also be constructed with different values of the branch
values of R and C. If

Jo
A 4 -3
Jjo, / vo
Al N
7 N
/ \
/ v A3
ek K/ >
. A.A \\ ) % ¢
A,=0 4 =1 \ 4,=0 7
N /
\\‘_/,
—J@,
\sza

Figure 1.16 Poles of the closed-loop gain as a function of A,,.



24

Theory of Oscillators

1
Za=Rq* joC,
and
__Ry
Zy= 1+jwCy

it follows that for oscillation: R,C, = Ry Cy, and the frequency of oscillation is
given by

_ 1 _ 1
fo = 27R,C, ~ 27R,C,

The required gain of the amplifier is

1 2R
A, = ; =1+
vo B(/wo) RZ

Example 1.5

Design the Wien-bridge oscillator shown in Figure 1.15 to oscillate at 5 kHz.

Solution
A practical value of 0.01 wF for the capacitors can be selected. Then, using (1.22),
the value of R is

1 1

R = =
27f6C 27(5 x 10%)(0.01 x 107°)

=3.18 kO

A practical value of 3 k) can be used in series with a trimming potentiometer to
set the frequency of oscillation at 5 kHz.

To start the oscillation, a value of A,, = 3.2 is used. From (1.19), a gain of
3.2 is obtained with Ry = 22 k) and Ry = 10 kQ. The supply voltages of the op
amp can be selected as 12V and —12V. The transient simulation of the oscillator,
using a 741 op amp is shown in Figure 1.17. Observe that the output voltage
reaches saturation producing a clipping in the output waveform and, therefore, a
significant amount of distortion. This occurs because the starting condition requires
A, > 3, and the gain of the amplifier changes when its output reaches saturation.
The fundamental frequency of oscillation (i.e., f, = freq[1] = 5.0002 kHz) is close
to the predicted value using B(jw,)A,, = 1.

Example 1.5 shows that some sort of amplitude-limiting mechanism is needed to
reduce the harmonic distortion. There are several ways of accomplishing amplitude
limiting. The amplitude of oscillation is determined by the loop gain, which is
made to be greater than 1 in order to start the oscillation, and by the nonlinearities
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Figure 1.17 Simulation of the Wien-bridge oscillator in Example 1.5.
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of the amplifier and feedback network. If the feedback network is a passive network,
the nonlinearities of the amplifier determine the amplitude of oscillation. This
procedure, as seen in Figure 1.17, generates unwanted harmonics since the ampli-
tude of the oscillation is limited by the saturation voltage of the op amp. In
order to remove these harmonics, a bandpass filter that passes only the oscillation
frequency can be used after the amplifier. Of course, the nonlinearities of the
amplifier can be avoided by limiting somehow the amplitude of the oscillation
before the amplitude reaches the amplifier’s saturation value. There are many
circuits that can be used to limit the amplitude of the oscillator. Some of these
circuits are shown in Figure 1.18.

Figure 1.18(a) shows a limiting circuit using back-to-back Zener diodes (usually
Vz1 = Vz3). The output is limited to —(Vz, + 0.7) <v, < (V71 + 0.7). When the
Zeners are not conducting, the op-amp gain is =R,/Rq. The transfer function of
this circuit is illustrated in Figure 1.18(a). Another limiting circuit is shown in
Figure 1.18(b) with its transfer function. In this circuit the gain between v, and
viN changes from A1 (when the Zeners conduct) to A,» (when the Zeners are not
conducting).

An amplitude-limiting mechanism is basically an automatic gain control (AGC)
circuit that forces the amplifier gain to decrease when the amplitude of the

O—AAA B ?(I/ +0.7)
Viw R, -0 1 [Tl >
> Vo Viv

(@

Va Va R A Yo

- V7, +0.7

—L(V,,+0.7
|R2( ¥ 3

|

AV - v Viv

il R|R,
i = 2 A‘.:[ —_—=i 4
|4,|==2 —~(V,,+0.7) R

(b)

Figure 1.18 (a) A limiting circuit and the associated transfer functions and (b) another limiting circuit.
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oscillation increases. Figure 1.19 shows three Wien-bridge oscillators with ampli-
tude-limiting mechanisms. In Figure 1.19(a), when the diodes are off, the gain is
1+ Ry ||R1; and when a diode is on, the gain is reduced to 1 + (R, ||R3)/Ry. The
start up condition requires a gain slightly greater than 3 or

R,
x 2 (1.24)

and when a diode is on, the gain should be slightly less than 3, or

Ry |IR3
R, <2 (1.25)
The inequality in (1.24) can be satisfied by making it equal to a value between 2.1
to 2.2 and in (1.25) using a value between 1.8 and 1.9.
When a diode is conducting, the amplitude of the output voltage is limited.
Since vy = v- = v, /3, a nodal equation gives

1L
Wy 13

T

(b)

(©

Figure 1.19 Three Wien-bridge oscillators with (a, b, c) amplitude-limiting mechanism.
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or

R (1.26)
(k) w

where Vp = 0.5V for an actual diode.

Equation (1.26) shows that the amplitude of v, depends on R3. This equation
can be used to obtain the value of Rj for a given amplitude of v,. Since in this
oscillator the gain is controlled by the circuit, it provides an opportunity to verify
that the location of the poles changes between the right-half plane and the left-
half plane, and how the pole movement is related to the Barkhausen criterion in
the determination of the frequency of oscillation (see Example 1.6).

In Figure 1.19(b) the amplitude-limiting mechanism is implemented with Zener
diodes. The analysis of this oscillator is similar to the previous analysis. The output
voltage is given by (1.26) with Vp replaced by Vz + V5. A simple way of designing
this oscillator is to let Ry ||R; =2.15 and (R ||R3)/Rq = 1.8, which can be satisfied
with Ry =2R,, R1=0.93R,,and R3=10R, (R, is a scaling factor). As an example,
with Vz =4.2V, and selecting R, = 5 k{, it follows that R; =4.65 kQ), R, =10 kQ,
and R3 = 50 kQ. The amplitude of the oscillation is limited to v, = 9.7V.

In Figure 1.19(c) a modification of the amplitude control circuit that produces
smaller values of the control resistors is shown. For this circuit the design equations
are

R2+Rx

R, >2

(Ry]|R3) + Ry <
R4

and

3Vp
_ Ry R3\ _Rs
(%) m) &

Obviously, as R, - 0, (1.27) reduces to (1.26).

Usually, in these oscillators a buffer stage (i.e., a unity gain amplifier) is used
to couple the oscillation signal.

The following example helps to explain why, although not exact, the Bark-
hausen criterion is useful in predicting the expected frequency of oscillation. As
Lindberg [1] mentioned, the placement of the poles on the imaginary axis is an
impossible act of balance.

(1.27)

Vo =
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Example 1.6

(a) Design the Wien-bridge oscillator shown in Figure 1.20(a) to oscillate at w, =
10 krad/s with an amplitude of 2V.
(b) Repeat part (a) for an amplitude of 10V.

Solution
(a) From (1.22) with C = 0.01 uF and R = 10 k), the desired w, = 10 krad/s is
obtained.

To start the oscillation, a value of A,, = 3.2 (or Ry||R1 = 2.2) is used. This
can be obtained with R, = 11 kQ and Ry = 5 kQ. From (1.26), if V =0.45V, an
amplitude of 2V is obtained with R3 = 73 kQ; and if V = 0.6V, the value is R3
= 60.5 kQ.
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Figure 1.20 (a) ADS simulation for Example 1.6 for v, =2V, (b) transient simulation results, and (c) simulation
result for v, = 10V.
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The harmonic-balance simulation of this oscillator is shown in Figure 1.20(a)
with R3 = 73 k(), and the transient simulation data is shown in Figure 1.20(b).
The fundamental frequency of oscillation is freq[1] = 1.598 kHz (or w, = 10.04
krad/s). The current waveform in the diodes shows the on/off states of the diodes.

For this design, when the diodes are off the gain is A,, = 3.2. From (1.23),
the poles of the closed-loop gain are located at

s2-2,000s + 108 =0
or
s1,2 = 1,000 % j9,949.9 (1.28)

Therefore, the poles are in the right-half plane.
When a diode conducts, the gain is reduced to

73 10311 x 10°

Ay =1 10 =2.912
and the new location of the poles, using (1.23), is
s +880s +10° =0
or
s1,2 = —440 +£79,990.3 (1.29)

From (1.28) and (1.29) it is seen that the poles move between the right-half

plane and the left-half plane. The frequency associated with the poles in the right-
half plane is w, 1 = 9,949.9 rad/s, and the frequency associated with the poles in
the left-half plane is w, ; = 9,990.3 rad/s. The frequency of oscillation predicted
by the Barkhausen criterion is w, = 10 krad/s, which occurs if the poles are on the
jw axis. However, the poles of this oscillator are moving between w, 1 and w, .
This variation in frequency produces a fundamental frequency of oscillation and
the associated harmonics.
(b) An amplitude of v, = 10V can be obtained with R =5 kQ, Ry = 11 kQ, and
R3 =101 kQ. When the diodes are not conducting, the poles are in the right-half
plane and are given by (1.28). When a diode conducts the poles move to the left-
half plane and A,,, = 2.9821. Their location is calculated using (1.23), namely,

s2+179s+10%=0
or

s1,2 = —89.5 £9,979.6
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Hence, the poles of this oscillator are moving between w, 1 = 9,949.9 rad/s and
w, ) = 9,979.6 radss.

The simulation results are shown in Figure 1.20(c). The fundamental frequency
of oscillation is 1.598 kHz.

Another Wien-bridge oscillator with an amplitude-limiting circuit is shown in
Figure 1.21. In this oscillator the amplitude-limiting circuit consists of the diodes
D1 and D2, and the resistors R3, R4, R5, and Rg. To understand the operation
of the amplitude-limiting circuit, observe that as v,, increases, the voltage at node
vy will exceed the voltage v, forcing D2 to conduct. When D2 conducts, the value
of vy is v, = vy + 0.7, and v, is clamped at the value v (may), given by

Vo(max)Re , V Rs

vy=v1+0.7 = Rs + Ry T Rs+Rq (1.30)
Since v1 is approximately v,/3, it follows from (1.24) that
UO max + 0 7 - Uo(maX)R6 + V_R5 (1 31)

3 Rs + Rg Rs + Rg

Similarly, as v, decreases, the voltage v, will drop below v, forcing D1 to
conduct. When D1 conducts, the voltage v, is v, =v1 — 0.7, and v, is clamped at
the value v, (min), given by

IRl
[~ Vv
L1 *
R,
AN §
R R,

.

N 5
.

JAN

D2

Figure 1.21 Wien-bridge oscillator with an amplitude-limiting circuit.
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— Vo(min) _ — Uo(min)R3 V_R4
vy 4—13 0.7 = B R (1.32)

The simultaneous solution of (1.31) and (1.32) gives the value of the resistors
that limit the output voltage to v (min) <V <V (max)- In order to obtain a symmetri-
cal sinusoidal voltage, the selection R3 = R¢ and R4 = Ry is usually made.

Example 1.7

Design an amplitude-limiting circuit for the 5-kHz Wien-bridge oscillator in Exam-
ple 1.5. The amplitude of the sinusoidal output voltage is to be limited to |v,| =
SV.

Solution
With v (max) = SV and v (min) = =5V, it follows from (1.31) and (1.32) that R3 =
R6 =10.9 kQ and R4 = R5 =2 kQ.

To start the oscillation a voltage gain of 3.2 is obtained with Ry =22 k() and
R1 =10 kQ. The simulation of the oscillator is shown in Figure 1.22. Obviously,
the harmonic content of the oscillator in Figure 1.22 is much less than the one in
Figure 1.17.

Another way of stabilizing the amplitude of oscillation is to use a thermistor
in the circuit. Thermistors with positive- and negative-temperature coefficients
are available. A negative-temperature coefficient thermistor has a resistance that
decreases as the temperature increases. For example, in Figure 1.15 a negative-
temperature coefficient thermistor can be used for R,. Hence, as the amplitude of
oscillation increases, the current in R, increases and its resistance decreases,
resulting in a decrease in A,, which makes B(jw,)A,, = 1.

A positive-temperature coefficient device that can also be used to stabilize the
oscillation is a tungsten filament lamp. In low-wattage lamps, cold resistances of
a few ohms to hundreds of ohms are available, with hot resistances values being
about 5 to 10 times larger than the cold values. The schematic of a Wien-bridge
oscillator using a filament lamp is shown in Figure 1.23. The nonlinearities associ-
ated with the lamp resistance provide a challenge in the control of v,.

In oscillators that use op amps the maximum frequency of operation is limited
by the frequency response of the op amp. The op amp frequency response is limited
by either its gain-bandwidth product or by its slew rate. The gain-bandwidth
product is a small-signal limitation, which limits the frequency of oscillation to

T
fo < (1.33)
|[Avo]

where f1 is the gain-bandwidth product frequency, and A, is the midband gain
of the amplifier. For an inverting amplifier A,,, = —R,/R1, and for a noninverting
amplifier A,, =1 + Ry/Ry.

The slew rate is a large-signal limitation, which limits the frequency of oscilla-
tion to
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—'vv\l?—“C_

+ v,

L D
R,
= M
@) Lamp

Figure 1.23 A Wien-bridge oscillator using an incandescent lamp for stability.

SR

27|v,|

f, < (1.34)

where SR is the op amp slew rate, and |v, | is the magnitude of the output voltage.

In the absence of an amplitude-limiting circuit, |v, | is limited by the op amp
saturation. A limiting circuit keeps the operation of the op amp in its linear region
(i.e., away from saturation). For a designed value of |v, |, the smaller of the two
fo values in (1.33) or (1.34) limits the maximum oscillation frequency. It also
follows that larger values of f, are obtained, if the amplitude of the oscillation is
limited using an amplitude limiting circuit.

1.7 The Phase-Shift Oscillator

Phase-shift oscillators usually use RC networks in the feedback path. A phase-shift
oscillator is shown in Figure 1.24(a). The op amp is used in an inverting configura-
tion with a gain of —R,/R. Thus, the signal experiences a phase shift of —180°
through the amplifier, and the phase shift from each RC section is 60° at the
frequency of oscillation, for a total phase shift in the feedback path of 180°. The
total phase shift around the closed loop is 0° (i.e., —180° + 180°). If the gain
condition is satisfied, the circuit will oscillate at the frequency where the total phase
shift is zero.

The phase-shift network is composed of three RC sections. The following
analysis provides insight into the behavior of the phase-shift network. The transfer
function of the single RC section shown in Figure 1.25 is

@
vy _ joRC ]a)L
v1 1+jwRC 1+/.£

oy,

where
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—e,

60°

il
1

(b)

B(w)
C )
.50 90°
+ + —
v v 45°
. _
w; = - @
Figure 1.25 A single RC section.
Hence, the phase shift is
4
8(w) = 90° — tan | — (1.35)
wr,

Equation (1.35) shows that the largest phase shift that can be obtained from
a single RC section is 90°. Two RC sections will have a phase shift smaller than
180°. Therefore, a minimum of three RC sections is needed to obtain a phase shift
of 180° at the frequency of oscillation.

The phase-shift network in Figure 1.24(a) is described by the feedback factor,

namely,
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=\ ()
o (e
Bljw) =L = —2L_|= L — (1.36)

B IR

The imaginary part of B(jw) will vanish at the frequency

a)o = ;
V3RC

which is the frequency of oscillation. At the frequency of oscillation it follows from
(1.35) that each RC section produces a phase shift of 60°.

From (1.36) the real part of B(jw) at w, is B, = —1/8. Therefore, from (1.6),
the gain condition is

Hence, it follows that

The phase-shift oscillator in Figure 1.24(a), implemented with R and C inter-
changed in each RC section, is shown in Figure 1.24(b). The resistor R should be
large so that it does not load the third RC section. Of course, a buffer amplifier
(i.e., a unity gain amplifier) can be used between the third section and the resistor
R to avoid the loading. In the configuration shown in Figure 1.24(b) the loop gain
is

AUO

® 3
<1+jw—L>

Hence, it follows that the frequency of oscillation is given by

Bljw)Ay =

V3
@ =RC
and the gain condition is satisfied with R»/R" = 8.

Another phase-shift oscillator is shown in Figure 1.26. In this oscillator the
RC sections are connected without isolation and, therefore, there is loading. In the
last stage the resistors R and R; appear in parallel. The loading of Ry can be
neglected if R{]|R = R, or in some cases by removing R in the third stage and
letting Ry = R.
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Figure 1.26 A phase-shift oscillator using a single op amp.

The analysis of the phase-shift network in Figure 1.26 with R{||R = R gives

Bljw) = L = ! (1.37)

Yo 1y 1 ¥ 1
<ij€> +5<ijc> +6<ijc> 1

The imaginary part of B(jw) comes from the first and third term in the denominator,
namely the odd-power terms. The imaginary part of B(jw) will vanish when

1\ 1
(ijC) * 6(ij(:> =0

or at

_ 1

= a)o=m (138)

At the frequency of oscillation the phase-shift network produces a phase shift of
180°.
From (1.37) the real part of B(jw) at w, is

Brlwy) = —— (1.39

Substituting (1.38) into (1.39) gives

_ 1 __1
Br(w,) SRS L

and from (1.6), the gain condition is

_ 1 _
Avo= g0y = 20 (1.40)
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In Figure 1.26 the resistors Ry and R, provide an inverting gain of

_Vo __Ry

UO_Uf Rl

Hence, the start of oscillator condition is satisfied if Ry and R, are selected to
provide |A,,| > 29.

To summarize, the phase-shift oscillator in Figure 1.26 will oscillate at the
frequency w, given by (1.38) if the gain is |A,, | > 29. The loading of the op amp
is minimized by making Ry > 10R.

The phase-shift oscillator in Figure 1.26 could have been implemented by
interchanging R and C in the phase-shift sections. It follows that for such an
oscillator the frequency of oscillation is given by

V6
RC

W, —

and the gain condition is |A,, | > 29.

Example 1.8
Design the RC oscillator shown in Figure 1.26 to oscillate at 1 kHz.

Solution
Selecting the capacitor values to be 0.1 uF, then from (1.38)

1 1

= — = — = 6509
@o\6C (277 x 10%)/6(0.1 x 107°)

The resistors Ry and R, must provide the gain |A,,| > 29 in order to prevent
loading R{||R = R. Letting Ry = 15 k), then Ry = 29R; = 435 kQ. A 495-kQ
resistor was used to implement R;. This will allow for some extra gain to satisfy
the start of oscillation condition (i.e., |A,,| > 29).

This oscillator is easy to construct. However, some adjustments in the RC
network (due to component variations) are necessary in order to obtain the desired
frequency of oscillation. The use of precision resistors and capacitors is recom-
mended. The simulation of this oscillator is shown in Figure 1.27. The fundamental
frequency of oscillation is 1.006 kHz. Observe that the output voltage reaches
saturation (i.e., |v, |= 11V), since the circuit uses the nonlinearities of the operational
amplifier at saturation to determine the amplitude of oscillation. The clipping in
the output waveform produces harmonic distortion.

The harmonic distortion can be significantly reduced with an amplitude-limiting
circuit. One such oscillator circuit is shown in Figure 1.28. The amplitude-limiting
circuit is designed using (1.30) and (1.32), with v set equal to zero (i.e., v, = 0.7V
and v, = 0.7V).
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Figure 1.27 ADS simulation of the phase-shift oscillator in Example 1.8.
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Figure 1.28 A phase-shift oscillator with an amplitude-limiting circuit.
Example 1.9

Design the phase-shift oscillator in Figure 1.28 to oscillate at 1 kHz. The amplitude

of the output voltage is to be limited to +5V.

Solution

The design of the amplitude-limiting circuit is similar to the one in Example 1.7.
From (1.30), with v1 = 0 and v (max) = SV, we obtain

SR
07 = F 3+ R,

12R;
R5+R6

which can be satisfied with R5 =2 k) and Rg =5.9 kQ. From (1.32), for symmetry,
we obtain R3 = Rg = 5.9 k) and R4 = R5 =2 k.

The simulation is shown in Figure 1.29. The fundamental frequency of oscilla-
tion is at 1 kHz, and the total harmonic content of this oscillator is certainly less
than that in Figure 1.27.



Figure 1.29 Phase-shift oscillator with an amplitude-limiting circuit.
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An interesting phase-shift oscillator is shown in Figure 1.30. It is composed of
three integrators with transfer function of

In this oscillator the gain and phase shift is distributed throughout the loop.
The loop gain is

o\ (i)
"R,C R
BA, = 1? = 5 ! > (1.41)
jo+ s [1 = 3(wR2C)7] +jwR,C[3 = (wR,C)7]
2

From (1.41) the imaginary part vanishes at the frequency

V3
“ ~R,C
and the gain condition follows from setting the loop gain at w = w, equal to unity,
namely,

_1(RyY _
oa=s(m;) =

or R2 = 2R1 .

In this oscillator the phase shift from each integrator is 120° at w,,. Since at
w,, the gain of each stage is 1 @, the three output voltages are equal in magnitude
but at 120° from each other.

A quadrature oscillator produces two signals having a phase shift of 90°. Some
phase-shift oscillators can produce signals in quadrature. For example, an additional

Figure 1.30 A phase-shift oscillator using op amp integrators.
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RC section could have been added to the phase-shift oscillators in Figure 1.24(b),
so that each section produces a phase shift of —45°, or —90° every two sections.
The resulting quadrature oscillator that produces a sine and a cosine signal is

shown in Figure 1.31. The amplifier gain is

v
Avo:_oz_f

vf

and the RC phase-shift network transfer function is
v
o1 (1.42)

_ R (1.43)

It is observed that at

@ = wL=Re

each RC section produces a phase shift of —45°, for a total of =180°. Hence, the
loop-gain phase shift is =360°. At w,, (1.42) gives

1

) = 1
ﬂ(](l)) - (1 +j)4 4

e 7

u@l—g -

A quadrature oscillator.

Figure 1.31
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Therefore, from (1.43) the required gain is

A gain greater than 4 is required to start the oscillation (say, A,, = 4.2).
Another quadrature oscillator is shown in Figure 1.32. The second op amp is
connected as an inverting integrator; that is,

o2 __ 1
A== (1.44)

This inverter produces a phase shift of =270° (or 90°).
The first op amp is connected as a noninverting integrator; that is,

. _ Vol _ 1 _ 1+ ijlCl
Aniljo) =52 =1 s = R (1.45)
and the feedback network transfer function is
N A 1

Bli®) = o = T3 wR5C; (1.46)

Therefore, from (1.45) and (1.46), with R{C; = R3C3, we obtain

1

Yol (1.47)

vy JwR1Cq

which shows that the phase shift from v, to v, is =90°. From (1.44) and (1.47)
the loop phase shift is 0° and oscillations occur with v, being a sine signal and

Vo1 a cosine signal.
Using (1.44), (1.45), and (1.46), the loop-gain condition is

O
Via

Figure 1.32 A quadrature oscillator.
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__1 +jwR1Cq 1 1 _
BAviAv = jwR{Cq <ij2c2) 1+jwR3Cs 1

If R{Cy = R,C, = R3C3, the loop-gain condition reduces to

1
BAjAy=—— =1
T (wRiCr)
and the frequency of oscillation is
_ 1
“o T RiCy

In a practical quadrature oscillator circuit, the component variations affect the
required RC equality, and therefore, some tuning mechanism is needed, such as a
variable potentiometer to implement the resistors. In addition, an amplitude-
limiting circuit might be needed to reduce the distortion.

A phase-shift oscillator using a JFET amplifier is shown in Figure 1.33. The
input resistance of the amplifier (i.e., R) is very large and does not load the output
of the phase-shift network. However, the output resistance of the amplifier is
r4]|Rp = Rp and a certain amount of loading occurs. Good results are obtained
by neglecting the loading and designing the oscillator based on (1.38) and (1.40),
where A, = -2,»Rp.

A phase-shift oscillator using a BJT amplifier is shown in Figure 1.34(a). The
BJT phase-shift oscillator works well at a frequency below 1 MHz. This is the
current-controlled equivalent of the JFET phase-shift oscillator. Since the BJT is a
current-controlled device, the oscillation frequency and required gain can be
obtained using (1.10). The ac model for this circuit is shown in Figure 1.34(b),
where it was assumed that R{||Ry > b;, and 1/h,, = o. While an approximate

Figure 1.33 A phase-shift oscillator using a JFET amplifier.
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Figure 1.34 (a) A phase-shift oscillator using a BJT amplifier and (b) the phase-shift network.

design can be made by neglecting the effects of R and b;, and the use of a CAD
program to optimize the oscillator, it is of interest to show the complexities in the
analysis due to their presence in the ac model.

In Figure 1.34(b) the resistor R’ is selected so that R = R’ + b;,. The feedback
current is the current into the base of the transistor (if=ij), and the input current
(hfeip) is the collector current. From Figure 1.34(b) it can be shown that the loop
gain is

i “hfe
BAV‘E‘ 1 R 5 4 . 6 . 1

-+ - - - +
WR2C2 R. ,2Rr.c2 'wRC JwR.C T SRR P
(1.48)

Setting the imaginary part of (1.48) equal to zero gives the frequency of oscilla-
tion, namely,

(05 :;— (149)
4R,
RC-\/6+ R

At w,, setting the loop gain in (1.48) equal to unity gives

=1 (1.50)
+ e —
wlR?*C? R¢ @2RR.C?

Substituting (1.49) into (1.50) results in the following gain condition:

R R
hr =23 +29R_c+4f (1.51)

This equation can be solved for R/R . as a function of s, to determine the minimum
value of R/R, for oscillation. Alternatively, this value can be determined by differ-
entiating (1.51) with respect to R/R . and setting the result equal to zero. That is,
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RV R _ 4 _
29—4<?> =00 R—C_\/E_o.wz

With R/R. = 0.372, (1.49) gives by, = 44.5. This is the minimum value of h,
for oscillations. For by, = 44.5 the circuit will oscillate at the frequency given by
(1.49). In practical circuits, the transistors’ b, are much larger than 44.5, and the
tolerances in the resistors and the capacitors usually makes them unequal (especially
in the capacitors). Hence, a variable resistor can be used for R, and its value
changed until the loop gain is slightly larger than unity and the circuit oscillates
at the desired frequency with low distortion. The frequency of oscillation will still
be closely predicted by (1.49). Another practical way of building this oscillator is
to use a variable resistor for R'.

The RC phase-shift network is one specific case of the general phase-shift
network shown in Figure 1.35. It can be shown that for this network

bt - 1 (1.52)

Vo iz N 71V (7
“1 “1 “1
() ~3(z) ~o(z)
Equation (1.52) shows that oscillations can be obtained with other combina-
tions of Z1 and Z;, provided that B;(w) = 0. For example, Z; can represent a
resistor and Z; an inductor. Of course, the frequency of oscillation depends on

the impedances used. Observe that Z{ and Z; cannot both be reactive, because in
such case B(jw) will not have an imaginary part.

1.8 Active-Filter Oscillators

Many oscillators that use an active-filter feedback path have been proposed. Basi-
cally, in these oscillators the poles of an active filter are adjusted to lie on the
jw-axis at the desired frequency of oscillation. To start the oscillation the poles
must be slightly on the right-half plane. A summary of these types of oscillators
can be found in [2].

In this section three active-filter oscillators are analyzed to illustrate their design
procedure. A simple second-order low-pass filter with positive feedback is shown
in Figure 1.36. For this oscillator

Figure 1.35 A general phase-shift network.
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_V __Ry
Ayl B Uf B R1
_vp 1
A=y joRC
and
vf 1

Therefore, the loop gain is

R 1V
BAj1A LA = - (R_f> (m)

and the condition for oscillation (i.e., loop gain equal to one) is satisfied at

_ 1R
“o~RCVR,

Next we consider the use of bandpass filters in the implementation of oscillators.
Figure 1.37 illustrates an oscillator that uses a bandpass filter in the feedback loop.
The voltage transfer function for this filter is

e

AV a
R

Figure 1.37 An oscillator using a bandpass filter.
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1
—(s—=s
v2 — 7 -
Vo 2, 2 1 2 (%) 2
sT+ s+ ST+ |—=<|stw
R,C R1R2C2 @) ¢
where
_1 R,
Q=3Vx,
and
0y = (1.53)
C+R1R,

The loop gain is

Ry

20w, w
BAi/lAUZ = <R Q ©
3

) o) il - l)

which shows that the frequency of oscillation is given by (1.53), and the gain
condition is

Rirsoro g Ra_, R
R;207=10 gl=2%

An oscillator configuration that uses a Twin-T filter in the feedback path is
shown in Figure 1.38. The Twin-T filter consists of two Tee-shaped networks

R,
R,
v, —WWW\— Ve
R = R
—\W I Wy
nC
C 1: C
— | ) |
%i
n

Figure 1.38 An oscillator using a Twin-T filter.
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connected in parallel. These Twin-T filters are also known as band-reject filters or
notch filters. In the Twin-T filter shown in Figure 1.38, the elements connected to
ground have values of #C and R/n, respectively.

The transfer function of the Twin-T filter in Figure 1.38 is

Bls)=-L= 5 (1.54)

where
w, =5~ (1.55)

and 7 is a number such that # > 2.
Observe that if 7 = 2, (1.54) reduces to

sz+w§

Bls) = (1.56)

s2+ 4wys + a)g

which is the transfer function of a Twin-T filter commonly used as notch filter.
Of course, the transfer function in (1.56) has a zero at w,, which is responsible
for the “deep” notch of this filter.

The gain of the op amp is A,, = =R, /R{. Setting the loop gain of the oscillator
equal to 1 gives

or
2
(1-A,)s”+ [n+%+ 1 —AU(,(;— 1>]wos+(1 — Ay wl=0

Therefore, the required gain is

2
n+—+1
n
AUO:——2 (1.57)
1-2
n

and the frequency of oscillation is given by (1.55). Equation (1.57) shows that an
oscillator designed with # =2 in the Twin-T filter requires an infinite gain. Hence,
for oscillator purposes # = 2.5 is more practical.
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Example 1.10

Design the Twin-T filter in Figure 1.38 to oscillate at w, = 1 krad/s (or f, = 159
Hz) with n = 4.

Solution

Letting R = 104, it follows from (1.55) that C = 0.1 uF. From (1.57), the value
of A,, with n =4 is A,, = —11. To start the oscillation we let R,/Ry > 11, or
R1 =50 kQ and Ry = 660 kQ. The op amp supply voltages are £15V.

The simulation of the oscillator is shown in Figure 1.39. The resulting oscillation
is at 161.9 Hz. The notch associated with the Twin-T filter (high Q) makes the
resulting oscillation fairly clean of harmonics.

AAA%
R

R2
R=660 kOhm

~—AA, N
OscPort R Vo
Osc1 R1 +
z=110tm | & | R=50KOMm OpAmp

NumQctaves=2 AMP1
Steps=100

633 | HARMONIC BALANCE

[ | ( -
7 I\ 7 |
HarmonicBalance c c
HB1

Freq[1]=159 Hz
Order[1]=3
R=2.5 kOhm

freq[1]
161.9 Hz
20—
10!
>
7>5 0
a
-10 ..
_20 1 T L N L L S
0 2 4 6 8 10 12 14
time, msec

Figure 1.39 ADS simulation for the Twin-T oscillator in Example 1.10.
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Oscillator Characteristics

2.1 Introduction

This chapter discusses several oscillators’ characteristics that apply to all types of
oscillators. Oscillators can have frequency variations, which can be classified as
long term and short term. Long-term frequency stability problems can be due to
component variation or aging, while short-term frequency variation can be caused
by a variety of factors, such as mechanical vibrations, parasitic reactances, and
random noise.

The spectral characteristics of an oscillator usually show that, in addition to
the frequency of oscillation, a certain amount of harmonics is also present due to
the nonlinear characteristics of the oscillator. The harmonic contents can range
from severe to minimal

There are several sources that contribute to the oscillator noise, namely thermal
noise, shot noise, and flicker noise. The theory of oscillator noise is presented, and
the single sideband noise of an oscillator is discussed. Techniques for measuring
the phase noise of an oscillator are described.

2.2 Frequency Stability

Frequency stability or phase stability refers to the ability of the oscillator to maintain
a constant frequency of oscillation. Several terms are used when referring to the
frequency stability, such as long-term and short-term stability. Long-term frequency
stability is the ability of the oscillator to maintain a frequency of oscillation that
does not depend on changes in temperature, aging of components, and so on.
Those frequency variations that occur over a long period of time result from changes
in the components that directly affect the frequency of oscillation w,,. For example,
in an oscillator where

1
a)o = —
vLC
the variation in w, due to changes in L and C (which can be produced by temperature
variations or aging) is

=990z 1+ 9% 5

Awo =37 oC
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or

1 (AL AC
A‘”o"i‘”a(T*?)

This equation shows how variations in L (i.e., AL) and in C (i.e., AC) produce
variations in the frequency of oscillation Aw,. For example, a 1% increase in C
produces a —0.5% variation (i.e., a 0.5% decrease) in w,. The long-term stability
of an oscillator is predictable and is commonly expressed as a frequency drift. That
is, as a change in frequency per unit time.

Short-term stability describes the oscillator’s frequency variation over a short
period of time. Short-term frequency variations are usually produced by noise,
mechanical vibrations, and temperature-dependent parasitic reactances. For exam-
ple, the reactances of the active device are functions of temperature and bias
variations, and they can introduce or affect the location of the poles and zeroes
of the loop gain. These parasitic poles and zeroes introduce an additional phase
shift (i.e., Ag), and the frequency of oscillation must shift an amount Aw so that
the loop gain counteracts with a phase shift of ~A¢. Obviously, the larger the phase
variation of the loop gain, the greater the frequency variation (usually seconds).

Consider Figure 2.1 where the phase response of two oscillators’ loop gains
are shown, denoted by ¢ and ¢;, respectively. At w, the phase shift is =360° (or
0°) for both loop gains. If parasitic reactances affect the loop gain by suddenly
introducing a phase shift A¢, then the loop gain adjusts (i.e., the frequency changes)
to supply a phase shift of A¢, so that the overall phase shift stabilizes at —360°
(or 0°). This is accomplished by a decrease in frequency Awq in B1(jw)A,1(jw)
and by Awj in 8, (jw) A, (jw), as shown in Figure 2.1. For example, if the amplifier
in an oscillator introduces an instantaneous phase shift of 1°, the operating fre-
quency will change until the phase shift in the feedback circuit changes by —1°.

From Figure 2.1 it is seen that the phase response ¢, has better frequency
stability than ¢, since Awq > Aw;. That is, the frequency variation associated
with the loop gain 81 (jw) A,1 (jw) is greater than the frequency variation associated
with B, (jw) A, (jw). The frequency stability can be measured in terms of the phase
variation dép/dw. A frequency stability factor S is defined as the change in phase
divided by the normalized change in frequency from w, (i.e., Aw/w,). Hence,

A ¢:\'Bi
o,
—. = o
S LY
~360° N
A;)E - T — ¢

Figure 2.1 Phase response of two loop gain functions.
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A d
Sg= Af :woﬁ ) (2.1)
(o) "

The factor Sg provides a qualitative way for comparing the stability of oscillators.
The larger the value of Sg, the smaller its frequency variation, since

_woA¢
==,

Aw

The expression (2.1) can be evaluated for the phase responses commonly found
in oscillator circuits. To this end we consider next the frequency responses of a
parallel resonant circuit and a series resonant circuit.

A parallel resonant circuit is shown in Figure 2.2, where g, represents the
transconductance of the active device. The output voltage is given by

Vo = _(ng)ZR

where Zy is the input impedance of the resonator, namely,

s
Zr = ! = ¢ (2.2)
i + C + — 2 + L + L
sL TR ° "RC*TLC
The voltage gain is
Vo
Av = 7 = _ngR (23)

Equations (2.2) and (2.3) show that the characteristics of the parallel resonant
circuit are determined by the frequency response of its input impedance.

Defining
w0, = —— (2.4)
VLC
+ l +
¢ In¥ l L c R v,
_ ST 5
i - -
—_— z

Figure 2.2 A parallel resonant circuit.
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and
2a = L (2.5)
RC
(2.2) can be written in the form
s
Zgr = ¢ (2.6)

s+ 2as + wg

Letting s = jw, (2.6) can be expressed in the form

R
Wo (@ _ Wo
1+72a<w0 w)

From (2.7), at the frequency w, the input impedance is R, which shows that
at w, the RLC circuit appears as a pure resistor because parallel resonance occurs
(i.e., the impedance of the parallel combination of L and C is infinite). Obviously,
the frequency w, given by (2.4) is the resonant frequency of the circuit.

The impedance of the resonator in (2.7) can be expressed in the form

ZR = (27)

Zg = |Zg (jw)| | Zr (jo)

where the magnitude of the impedance is

. R
|Zr (jo)| = (2.8)
L@ (@ oo\
|:2a <a)o w )}
and the phase is
Sjw) = ~tan”! [;"—a (wﬂ - %)} 2.9)

Typical plots of (2.8) versus w for two values of w, /2« are shown in Figure 2.3(a).
It is observed that as the ratio of w, to 2a becomes larger, the sharpness of the
resonant response increases. At the frequency w, the magnitude Zp is R.

Figure 2.3(b) illustrates the half-power frequencies w{ and wj for a typical
tuned-amplifier response. The half-power frequencies can be determined by solving
(2.8) for the values of w that result in a magnitude of Zg equal to R/4/2 (or 3 dB
down from its maximum value). Thus, from (2.8) setting

o (@ oo\ _,
2a\w, w B
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A A Bw
|Z,,(jo)| |2, ()| |
R R
R
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. >
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(b)
|Z y )| A BW .
@ @ = ——
= o \/—
! LC
R |
R BW =20=—
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R0, -a
0)2 ~ (U“ +a

Figure 2.3 (a) Frequency response of |Zg(jw)|, (b) the half-power frequencies v and w,, and
(c) details of the characteristics for a high Q;.

it follows that the half-power frequencies are given by

a 2
wq :—a+wov1 + (a)_> (2.10)
o

and

a 2
W) =a+ wo-\/l + (w_> (2.11)
o

Also, the following relationship is obtained:

w, = w10,

The frequencies w1 and w) are not symmetrically located about w,. In fact, w, is
at the geometric mean of wy and w>.
Using (2.10) and (2.11), the bandwidth of the amplifier is

1
BW = w) — wq =2azﬁ
which shows that the parameter 2« is simply the bandwidth of the tuned circuit
[see Figure 2.3(b)].
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The ratio of the resonant frequency to the bandwidth for the circuit in Figure
2.2 is known as its quality factor Q, namely,

_ @Wo

_wo
Q_BW_Za

If the resonant frequency and bandwidth are given in hertz, then Q is expressed
in the form

_ _fo
Q=3w

In a high-Q circuit (i.e., O > 10) we can approximate (2.10) and (2.11) as
W= w,— @
and
W)= w, +a

The frequency response for a high-QO resonant circuit is shown in Figure 2.3(c). In
this case, w, approaches the arithmetic mean of w; and w).

When the resistor R in Figure 2.2 represents the loss associated with the LC
portion of the resonant circuit (i.e., the equivalent parallel loss resistance of the
inductor), the quality factor is referred to as the unloaded Q (i.e., QOy). The
nomenclature loaded Q (i.e., Q) is used when the resistor R represents the parallel
combination of the loss resistance and an external load resistor.

Using (2.2) and (2.3), the Q (either Qy or Q) of the parallel RLC circuit in
Figure 2.2 can be expressed in a variety of forms, namely,

R
w, L

= w,CR =

— Yo
Q=5 (2.12)
This relation shows that O represents the ratio of the resistance to the magnitude
of the reactance of C or L at w,.

The tuned circuit in Figure 2.4 helps to understand the different Qs. The
resistor R, represents the loss of the inductor (in parallel), and R} is an external
load resistor. The unloaded Q is

_ _ R
Qu=w,CR), = ol
and the loaded Q is
R
Or =w,CR = oL

where R = Ry |[|Rp.
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g.v l() L R, c— R
S

—_— —
Resonant External
circuit load

Figure 2.4 Tuned circuit.

An external Q can be defined in terms of R ; namely,

Ry,
QE = woCRL = a)oL

and it follows that

11 1
Or Ou Ok

This expression shows how Qy and Qp affect Q. Of course, Q1 < Qy.
In terms of Q, the impedance expression in (2.6) can be written as

Wo
—-— S

Zr _p—— 92 (2.13)

Figure 2.5 shows a plot of the magnitude of (2.13) versus frequency for several
values of Q. The plot is normalized to a value of 1 at w,, (i.e., R = 1).

It is evident that a resonant circuit is a narrowband filter. As the O of the
circuit increases, the bandwidth becomes smaller, and the selectivity of the circuit
improves. In other words, only a selective range of frequencies is passed by the

resonator.
The phase variation given by (2.9) can be expressed in the form
iw) = —tan "L @ _ %D
é(jw) = —tan [Q(% w )] (2.14)

At resonance (i.e., at @ = w,,) the phase is 0°. At w1, it follows that ¢(jwq) = 45°,
and at w, the phase is ¢(jw;) = —45°. The phase plot of (2.14) is shown in Figure
2.6.



60 Oscillator Characteristics
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Figure 2.5 A plot of |Zp(jw)| in decibels for several values of Q.
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Figure 2.6 The phase plot of the tuned amplifier in Figure 2.2.

The frequency stability of an oscillator that uses the tuned circuit in Figure 2.2
depends on the derivative of ¢(jw) with respect to w; that is,

1
d¢ _ e <w2+ w§>
dw 1 (wg _ wl) 2 a)oa)2
ol | wow
Therefore,
d -2
% ) %Q (2.15)
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and, from (2.1), the frequency stability factor is
Sg=-20 (2.16)

Equation (2.16) shows that the frequency stability depends directly on the resona-
tor’s Q. That is, the higher the value of Q, the smaller the changes in frequency
due to phase changes. The negative sign indicates that A¢ < 0 for Aw > 0.

A summary for a series resonant circuit is now given. For the series resonant
circuit shown in Figure 2.7, its input admittance YR has a form similar to (2.2),

namely,
S
L 1
Yr = R = (2.17)
24 s+— R|1+j0(2-%
S TL LC 4 W,
or
- - OfL - %o
A=y =k )]
where
R=R,+R;
1 oL
Q_wOCR_ R
_ 1
O = ——
¢ JLC
and
_® _R
BW—Q—L
0 I R o R=R+R
31 Y /
71
+ +
R v

%
}R

Figure 2.7 Series resonant circuit.



62

Oscillator Characteristics

The voltage transfer function is v, = iRy, = vRy Yg. If R in (2.17) represents the
inductor losses (i.e., R = Ry), the O is called the unloaded QO (i.e., Oy). If R
represents the series combination of the inductor losses and the external load
resistor, the Q is called the loaded Q (i.e., Op ). Of course, O < Qy. An external
Q can also be defined in terms of Ry .

2.3 Expressions for the Quality Factor

Actual inductors have a loss associated with them that can be represented by a
resistance in series with the inductor, as shown in Figure 2.8(a). These so-called
coil losses are taken into account by obtaining an equivalent parallel representation,
as shown in Figure 2.8(b).

The circuit in Figure 2.8(a) consists of the coil resistance, denoted by R;, in
series with the inductance impedance (i.e., jwL). The circuit in Figure 2.8(b)
consists of the equivalent parallel coil resistance (denoted by R, ) in parallel with
the equivalent parallel inductance impedance (denoted by jwL,). These circuits
behave similarly at a given frequency if

Equating the real and imaginary parts gives

2
R, = Rplwlpl” _ Ry (2.18)
5_R2+( L )2_1 2 -
p T @by +Qyp
and
2
L,R L
L= bp 5= Pl (2.19)
Ry +lolp)™ 1+ —
Ou

(@ (b)

Figure 2.8 (a) Series representation of alossy inductor and (b) the equivalent parallel representation.
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where the unloaded Q is

R L
_ P - WL
QU - a)Lp Rs (220)

If Qy > 10, (2.18) and (2.19) are approximated by

2
R, =R,Qy (2.21)
and
L,= L, (2.22)

which are the desired relations for oscillator design where high values of Q are
used. Equations (2.21) and (2.22) show that the coil losses can be represented by
a resistor Ry, in parallel with a lossless inductor L, = L;.

A parallel resonant circuit with coil losses is drawn in Figure 2.9(a). Using
(2.21) and (2.22), the equivalent circuit for Q> 10 is shown in Figure 2.9(b). The
circuit shows the losses in parallel. For frequencies around the resonant frequency of
the resonator, it follows that

1
w = —
VLC
and
1
BW =g ¢

The transformations in (2.21) and (2.22) make the tuned circuits in Figure 2.9
equivalent in the passband.

Some expressions for the Q of a resonator are now derived. A parallel resonant
circuit is drawn in Figure 2.10(a) with an external load resistor Ry . From Figure
2.10(a) it follows that

R, =RO;

0, ;%HU

Figure 2.9 Passband equivalent circuits.
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L R C

H

(@ (b)

Figure 2.10 (a) Parallel resonant circuit with an external load resistor R; and (b) a series resonant
circuit with an external load resistor R;.

which can be expressed in the form

: : 0
Viljo) = Gy + 100Gy (=% (2.23)
where
1
G,=—
p Rp
and
- 0. CR. = Ry
Oy = w,CRy = 3 17
Since

211 (3]

do o, ®
where B is the susceptance of Yg; then, at w = w,,, we obtain

_wod_B
QU‘chdw(Fw

(2.24)

o

With an external load resistor Ry , the resonator is loaded and its Q is expressed
in the form

w, dB

OL=36" du (2.25)

W=,



2.3 Expressions for the Quality Factor 65

where
Gr=G,+Gy,
and
.l
In (2.25) the quantity
a8 _aB
Gr Gr

evaluated around w, is simply the phase of the admittance. Calling this quantity
tan A#, it follows that tan A@= A6 for small variation of AB around w,,, and (2.25)
is written as

@ A0 _wo dO
QL= Re vre 2 do|,-., (2.26)

0 o

This form is convenient for use with CAD programs.
Similarly, for the series resonator in Figure 2.10(b) the input impedance is

. . 1
ZR(jw) = R +I(wL - R)

. w w,
= R, +IQUR5<_ ——")

w, o

where
_ oL
QU - Rs
Then, at w = w,, we obtain
_ o dX
QU= 3% | _ (2.27)

[

where X is the reactance of Zjy.
For the series loaded resonator with R, the loaded O can be expressed as

_ 0y dX
QL " 2Rr dw

(2.28)

w=w,
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where
Rr=Rs+Rp
Equation (2.28) shows how a small variation in AX affects the frequency since

Ao AX
“ = ®3R10L

This relation shows that the higher the Q, the smaller the change in frequency
around resonance. Equation (2.28) can also be expressed in the form (2.26) where
6 in this case is the phase of the reactance.

The relation (2.24) shows that in a parallel resonator high values of Qy are
associated with low losses (G, ) and a high value of dB/dw. Similar considerations
apply to the series resonator where Qy is described by (2.27). Also, loading a
resonator with R decreases the quality factor from Qg to Qy.

Example 2.1

The tuned circuit of a certain oscillator is shown in Figure 2.11(a) where g, =2 mS,
7o = 50 kQ, C =100 pF, L = 500 uH, R; = 500, and the load resistor is Rj =
50 kQ. The resistor R; represents the coil losses, and 7, is the output resistance of
the active device. Find the equivalent passband resonant circuit, evaluate w,, the
gain at resonance, and plot the frequency response.

Solution
The series to parallel transformations can be applied to the LC portion of the
circuit in Figure 2.11(a), resulting in the model shown in Figure 2.11(b), where
L=L¢=L,=500 uH and C =100 pF.

The resonant frequency is

1 1
VLC /500 x 1075(100 x 107'%)

= 4.472 Mrad/s

Wo

or f, = 711.76 kHz.
Using (2.20), the unloaded QO of the inductor is

_woLg _ 4472 x 10%(500 x 107%)

Qu =%, 30 = 44.72

Using the transformations in (2.27) we find that
R, = OUR, = (44.72)250 = 100 kQ

The equivalent parallel resonant circuit is shown in Figure 2.11(b). The total load
resistance of the parallel RLC circuit is
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Figure 2.11 (a) Tuned circuit for Example 2.1, (b) the equivalent parallel resonant circuit, and
(c) the frequency response.
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RT=7, || Ry || R =50 x 10° || 100 x 107 || 50 x 10° = 20 kQ

The bandwidth of the parallel-resonant circuit is

1 1
BW = = =500 krad/s
RTrC 20 x 10%(100 x 10712)
or BW =79.57 kHz, and its loaded O is
6
O, = @0 2 4A7T2X10°_

“BW 500 x 10°

The frequency response is shown in Figure 2.11(c) where the gain at resonance
is

|A,(jwo)| = gmRT =2 % 107(20 x 10°) = 40 (or 32 dB)

It is interesting to observe in this example how the coil series resistance (R =
50Q)) appears in the parallel equivalent circuit as a resistor of value R, = 100 k(.
This resistor loads the circuit further since the total load resistance becomes
7o || Ry || R1, resulting in Q1 = 8.9, while Qy = 44.7.

2.4 Noise in Oscillators
An ideal oscillator will produce an output voltage given by
Vo(t) = A cos(wyt)

where w, = 27, is the frequency of oscillation. A nonideal oscillator output voltage
is

vo(t) = A(t) cos[wyt + ¢(t)] (2.29)
where A(t) represents the amplitude fluctuations as a function of time (commonly

known as AM noise), and ¢(¢) represents the random phase variations (commonly
known as phase noise). Since the instantaneous frequency is

w(t) = %[wot + ¢(t)] = wO + d?{it)

or

_ 1 dé(t)
f(t) _fo +E dt
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it follows that the random phase fluctuation [i.e., ¢(¢)] produces a random fre-
quency fluctuation [i.e., dé(t)/dt]. Hence, these terms are related, and both are
used to describe the noise in oscillators.

In oscillators the phase noise is the specification of choice, since amplitude
fluctuations are easily controlled with a limiter. The amplitude-limiting mechanism
of the oscillator, which can be a self-limiting mechanism or an automatic gain
control (AGC) mechanism, also limits the amplitude fluctuations. Hence, the oscilla-
tor noise is mainly due to the random phase fluctuations ¢(¢). The phase noise
(or FM noise) is produced by thermal noise, shot noise, and flicker noise. Therefore,
it is a short-term frequency stability problem. Thermal noise is a function of the
temperature, bandwidth, and noise resistance. Shot noise is a function of the dc
bias current, and flicker noise is a function of the characteristics of the active
device. Figure 2.12 shows a signal with a small random phase fluctuation, denoted
by Ag(t). This is a typical time domain display of the signal.

The short-term random phase fluctuations are best viewed in the frequency
domain. A spectrum analyzer provides the amplitude versus frequency display of
the signal, from which the power spectrum follows. A typical spectral distribution
for an oscillator is shown in Figure 2.13(a). The signal power at f, is denoted by
Pg, and the power at the single sideband (SSB) frequency f,, in a bandwidth of
1 Hz is denoted by Pgsp (Pssp is the single-sideband phase-noise power).

A common characterization of phase noise is to measure the ratio of a single-
sideband power in a bandwidth of 1 Hz at a frequency f,, away from f, to the
signal power at f,. This quantity is usually denoted by £(f,,), namely

single-sideband phase-noise power P
P f) = 08 P POWE _ 15,23 (2.30)

signal power

The quantity £( f,,,) is known as the single-sideband phase-noise power-to-carrier
ratio (or simply referred to as the SSB phase noise). £( f,,,) provides a measure of
the noise energy, and it is easily measured from the spectrum analyzer display of
the signal, as shown in Figure 2.13(a). The quantity ¥(f,,) is commonly found

v (1) = Acos(mf+ Ad(r))

v (t)=Acosmt
1.0 75T TR \.4‘ -

'i'r,(-l') Oc_'l _"_Af \

0.0 05 10 15 20 25

time, nsec

Figure 2.12 Time domain display of a signal with a random phase fluctuation A¢(t) = wyAt.
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Figure 2.13 (a) Power spectrum display of a signal with random-phase fluctuations and (b) a
typical £(fy) in dBc/Hz.

expressed in decibels relative to the signal power (or carrier power) per hertz (i.e.,
in dBc/Hz), as shown in Figure 2.13(b). That is,

PSSB dBc

Hfn) =10 log 3

If the oscillator signal f, is modulated by a single sine wave with frequency
fm, We can express the phase modulated (PM) signal [i.e., (2.29)] in the form

v(t) = A cos(wot + myp sin wy,t) (2.31)

where
@(t) =my sin ot

The factor m,, (in radians) is known as the phase modulation index. The phase
modulation index gives the maximum phase deviation that the phase can attain
from its nominal value of w,t. The factor 12, is also denoted by A¢ in the literature,
since the notation A¢ suggests a small phase deviation.

The phase variation in (2.31) produces an instantaneous frequency variation
(denoted by wpp(2)), which is given by

d(wot + my sin @,,t)
wppm(t) = P

= wy + mywy, COS Wyt

where 1, w,, measures the maximum frequency deviation of the PM signal. This
term is usually denoted by Aw (i.e., Aw = m,w,,). The instantaneous frequency
can also be expressed as

fpm(t) = fo + Af cos 27f,,t
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where
Af=mpfy
From (2.31) we can write
v(t) = A cos w,t cos(my sin w,t) = A sin w,t sin(m, sin w,t) (2.32)

For a narrowband phase modulating signal, the value of m,, is small (m2, < 1
radian), and (2.32) can be approximated by

v(t) = A cos wyt = A sin @yt (myp sin wy,t) (2.33)
Amy,
2

= A cos w,t — [cos(w, + w,,)t — cos(wy, — W) E]

Equation (2.33) shows that for small 71, values, the phase modulation results
in frequency components at w, * w,,, as shown in Figure 2.14. This type of
signal is referred to as narrowband FM. For more than one modulating signal, the
oscillator spectrum can be considered to be a superposition of a large number of
modulating signals.

From (2.33) it is seen that the ratio of the peak sideband voltage (i.e., Am,/2)
to the peak carrier voltage (i.e., A) is 2, /2. Hence, the power ratio is (1, /2)2 and
from (2.30) it follows that the SSB phase noise ¥£(f,,) is

2 2
_ (TN Mp s
Lfm) = (—2 ) = (2.34)
where
mp
Mp rms =~

For completeness, the spectrum of a PM signal for an arbitrary value of 1, is
now presented. From (2.31), we have

v(t) = Re| Ae/\@ot tmpsinent) | (2.35)
A
Amplitude m,<0.5
A
Am, Am,
2 ’ 2
0,~0, 0, 0,+0, o

Figure 2.14 Magnitude spectrum of a narrowband FM signal.
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The term e/”?¥™ “»’ can be expanded in terms of a set of functions, called Bessel

functions. The appropriate expansion is

7 =00

n=—00

where [ (1) is the Bessel function of order zero and argument 1, J1 () is the
Bessel function of order one and argument #1;,, and so on.
Substituting (2.36) into (2.35) gives

n =0
v(t) =Re| A Julmy)el(@otnon)t (2.37)

n=-00

n=o0

:AZ

]n(mp) cos(wy + nwy, )t

n —00
Equation (2.37) shows that the PM signal contains an infinite number of frequen-
cies, namely: w,, w, * w,,, 0, * 2w,,, ©, * 3w,,, etc. In other words, the number
of sidebands is infinite. Using the identity J_,, (1) = (—1)”]n(mp), we can plot the
amplitude spectrum in Figure 2.15 with A = 1. The amplitude component at w,
is Jo(m,), at w, = wis J1(m,), and so on.

The spectrum of the PM signal depends on the values of the Bessel functions.
Table 2.1 lists some specific values of the functions.

Amplitude A
Jn(mp)
Jim )| Ji(m,)
Jy(m,) Jy(m,)
JA(mp) : ! ‘ ) ! .]4(1’}’1,7)
| | | | | I I :
a)l) - a)m a)() + a)ﬂl
@, = 2a, @, +2a,
o, 4w, @, +4a,
Figure 2.15 Amplitude spectrum of an angle-modulated signal.
Table 2.1 Specific Values of Some Bessel Functions
my, =0.1 m, = 0.5 my =1 my =2 my =35 m, =10
Jo(my) 0.998 0.938 0.765 0.224 -0.178 -0.246
J1(my) 0.049 0.242 0.440 0.577 -0.328 0.043
J2(my) 0.0012 0.031 0.115 0.353 0.047 0.255
J3(my) — 0.003 0.020 0.129 0.365 0.058
Ja(my) — — 0.002 0.034 0.391 -0.220
Js(my) — — — 0.007 0.261 -0.234



2.4 Noise in Oscillators 73

From Table 2.1 it is observed that for m,, < 0.5, only the Jo (1) and [ ()
functions have significant values. Thus, for 7, < 0.5, (2.37) reduces to

v(t) = AlJo(my) cos wut + J1(my) cos(w, + wpy)t = J1(m)) cos(wy = wyy) 1]
(2.38)

The spectrum of (2.38) is similar to the one shown in Figure 2.14, except that the
amplitude at @, is Jo(m,), and at the sidebands is J1(7,). The bandwidth of this
signal is 2w;,. Since for small m2,, Jo(m,) = 1 and [ (m},) = m, /2, we can express
(2.38) as

m m

u(t) = A[cos wyt + Tpcos(wo + w,,)t - %cos(wo - a)m)t} (2.39)

which is the narrowband FM signal in (2.33) whose spectrum is shown in Figure
2.14.

The derivation of the phase noise in (2.34) was based on a single modulating
signal. For the general case, a basic quantity that describes the distribution of
phase-noise power as a function of frequency is the spectral density of the phase
fluctuation Sy (f,,). That is,

o G2 f) rad’
¢(Fm) = B used to measure Srems(fm) Hz

(2.40)

Observe that for a single-tone phase-modulation signal 72, 1ng = Ay, and the
quantity S4(fy,) in (2.40) is 3 dB higher than £(f,,) in (2.34). This occurs because
in (2.40) the power in the two sidebands is added.

A typical plot of S4(f,,) is shown in Figure 2.16. The phase-noise power in a
bandwidth £, - f1, denoted by Py (f1, f2), can be calculated using

f>
Pylfis fo) = f S(fon) dfym rad? (2.41)
fi

Equation (2.41) shows that the total phase noise is given by

A S

Figure 2.16 Plot of S4(fy).
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Py (0, ) = f Solfn) dfs ract? (2.42)
0

In logarithmic form S4(f,,) is expressed in dBr/Hz (decibels above one radian
per hertz bandwidth), namely,

dBr
Sq}(fm) =10 log Aﬁb%ms =20 log A¢rms E

The spectral density of the phase fluctuation for the case illustrated in Figure
2.14 (i.e., small values of m1) is simply the total phase-noise power in both side-

bands. That is,

dZ
S ) = 28 fra) = 115, 1ms = Aoms 11— (2.43)

or in logarithmic form

dBr
Sqﬁ(fm) =10 log mjz),rms E

To summarize, £ (f,,) and S4( f,,) are defined in (2.30) and (2.40), respectively.
If the modulation sidebands are such that 7, is a small value, then #(f,,) and
S4(fm) are related by (2.43). Observe that the relation (2.43) is valid only when
the noise sidebands at f,,  f,,, are correlated (i.e., produced by the same modulation)
and the small-angle approximation applies.

The spectral density of the frequency fluctuation Af is defined as

. A2 f) Hy?
f(fm) = BW used to measure Afns(fm) Hz

(or Hz)

In log form the units are in decibels above one hertz per hertz bandwidth (dBHz/Hz).
That is,

dBHz
Sf(fm) =10 log Afr%ns =20 log Afims Hz

The spectral density of the frequency fluctuations is related to the spectral
density of the phase fluctuations. Since

dAd(t)
dt

Aw(t) = 27Af(t) = (2.44)

it follows that (2.44) in the frequency domain reads
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Af(fm) = fmAd(fm)

Hence,

St(fn) = Afius(Fin) = o Adtms(fon) = FraSap ()

For the case of a narrowband FM signal (i.e., for A¢ = m,, with m,, < 0.5) it
follows that

Sf(fm) = fr%tmjz),rms = zfr%tg(fm)

There are other ways in which the frequency stability of oscillators is specified.
One of them is the residual FM. The residual FM [denoted by (Af )iesidual] is the
total rms frequency deviation in a specified bandwidth. That is,

Af residual — \/2 '\/j fm fm df
where BW = f5 — f1.

A better understanding of the relation between the random phase fluctuations
and the associated S4(f,,) requires a knowledge of the theory of random variables.
The random fluctuations of the phase can be characterized by a probability distribu-
tion function p (). That is, the phase ¢(¢) is described by the distribution function
p (), which gives the probability that ¢(¢) attains a certain value of ¢. The function
p () is Gaussian; therefore, it can be expressed in the form

1 ¢’
\/ﬁa,f,

p(d) =
where o is the standard deviation of p(¢). That is,

Ty = \/¢2(t) rad s

In other words, assuming that the noise is ergodic, the standard deviation can be
calculated using a statistical average or time average. The standard deviation oy
is also referred as the rms value of the phase fluctuation.

A typical phase fluctuation about the oscillator signal phase ¢, = w, ¢ is shown
in Figure 2.17, as well as the function p(¢) and its standard deviation oy. A
Gaussian function has the property that about 99.7% of the phase fluctuation
values are in the interval +304. Hence, a good approximation for the peak-to-
peak value of the phase fluctuations (¢y,) is

bpp = 604
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/
$(0)

Figure 2.17 A random phase ¢(t) and its probability distribution function p(¢).

In the time domain the random phase fluctuations are characterized by the
standard deviation oy. In the frequency domain S4(f,,) is defined as the Fourier
transform of the expected value of ¢(t)¢(t + 7). Hence, for 7= 0 the inverse Fourier
transform gives

$(t) :aézfs¢<fm> dfm
0

From (2.42), the right-hand side is recognized as the total phase noise power.
Hence, we obtain

Py (0, 00) = a-é rad?

For completeness the time-domain characterization method is also mentioned.
In some cases, such as that of a highly stable crystal oscillator, the characterization
of phase noise is best done in the time domain. For example, the frequency fluctua-
tions can be measured using a frequency counter. These measurements produce a
set of random data for the frequency instability (say, Af,(¢), n =1, 2, ...). The
statistical analysis of the frequency-fluctuation samples Af,, (#) provides the charac-
terization of the frequency instability in the time domain.

2.5 Oscillator Phase Noise

In the previous section the phase-noise characteristics of an oscillator were dis-
cussed. The following example illustrates why phase noise is so important. Consider
the down-converter system shown in Figure 2.18(a), where the radio frequency
(RF) signals are mixed with the local oscillator (LO) signal. The amplitude of the
RF signal at fq is larger than the amplitude of the signal at f,. The intermediate-
frequency (IF) amplifier filters and amplifies the signals at fy — f1 and fo — f». If
the phase noise of the oscillator is low, or in other words the oscillation signal is
fairly pure, the IF signal shows that the signal corresponding to fy — f1 and
fo — [ are distinct, and the system can process both signals. On the other hand,
consider the situation illustrated in Figure 2.18(b) where the LO phase noise is
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Figure 2.18 A down-converter system with (a) a low phase noise LO and (b) a high phase noise
LO.

high and, therefore, has a wide spectrum. In this case, the IF signal at fy — f1 has
a large noise component at f( — f2. Therefore, the IF signal at fy — /3 is said to be
drowned in the phase noise of fy — f1. While the IF amplifier might be able to
amplify and recover the IF signal at fy — f1, the IF signal at fj — /2 cannot be
recovered by the system. This example illustrates that when an oscillator is used
in a mixer system, the phase noise of the oscillator determines the ability of the
mixer system to down convert and separate the desired signal. Hence, the phase
noise of the oscillator can degrade the system selectivity, as well as its sensitivity.

Other systems affected by phase noise include a Doppler radar system and a
digital communication system. In a Doppler radar the phase noise of the oscillator
sets the minimum detectable target signal. In a communication system the phase
noise affects the system bit-error rate.

The effect of the oscillator’s components on its phase noise, based on a linear
time-invariant model, was described by Leeson [1]. Leeson’s model, although simple
to follow, has severe limitations. An improvement over Leeson’s model is the Lee
and Hajimiri model [2, 3]. The Lee and Hajimiri model is based on the linear time-
varying properties of the current flow in the active device of the oscillator.

First, the Leeson’s model is considered. The feedback model used by Leeson
for the oscillator is shown in Figure 2.19. It consists of an amplifier with noise
figure F, and a resonant circuit in the feedback loop. The amplifier noise power
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i

(S, (@,)]

Figure 2.19 Feedback model of an oscillator.

spectral density referred to the input of the amplifier is denoted by Sy (w). It is
produced by random-phase fluctuations. The associated noise voltage at the input
is denoted by v 4 , and the noise voltage at the output is v4 . The function Hg(jw)
represents the transfer function of the resonator.

A series resonator was used for convenience. The voltage transfer function of
the series resonator in Figure 2.19 is

. 1
HR(jw) = o o (2.45)
i - -
teiQu( - %)
where the resonant frequency is
_ 1
w, — —
¢ JLC
and its unloaded Q is
w, L 1

Qu=~"Rr = u.RC

In (2.45), Qy is used for the resonator because when the resonator is loaded
by the amplifier, and the circuit oscillates, the total resistance cancels and Q) — .

At w = w,, |HR (jw)| = 1. Therefore, for the circuit to oscillate, the gain of the
amplifier at w, must also be set equal to unity.

For w = w, + w,,;, where w,, is the phase-noise modulation frequency and
w, > w,,, it follows that

2 2
0 w0, 0 —w, 2o,

w, o W, oM

Therefore, (2.45) reduces to the form
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HR(jw,,) = = (2.46)
14QuIEE 4
where
Wo
oL =55 (2.47)

The frequency wj represents the half-power bandwidth of the resonator.

From (2.45) and (2.46) it can be stated that the transfer function of a modulated
signal passing through a bandpass filter is the same as the transfer function of the
modulating signal passing through an equivalent low-pass filter.

In Figure 2.19 the closed-loop voltage transfer function that relates the input
and output phase-noise voltage is

H(i )_”% _ Ay _ 1 (2.48)
Wy,) = — = . = . .
1o vy, " T~ A HR(jo) 1~ Hg(jom)
where A, = 1. Substituting (2.46) into (2.48), we obtain
|H (j )|2—1+ ‘”L2—1+ “ (2.49)
w)| = — = —_— .
/ Om 20y p

The output spectral density Sy _(w,,) (measured at the output of the amplifier)
is given by

S4,(@m) = S, (@) [HT ()|

and using (2.49) we obtain

quo(fm):[ (;LHS¢ (fm) —[ 3 (28 )] Sp (fm)  (2.50)

This relation shows how the input phase noise (i.e., the amplifier phase noise) is
affected by the resonator. Obviously, the phase noise that falls within the half-
power bandwidth of the resonator, given by (2.47), is significantly affected by the
resonator.

The expression for S¢.(@p) in (2.50) requires a bit of analysis. To this end,
let us examine how phase noise is added to a signal passing through an amplifier
with noise figure F, as shown in Figure 2.20(a). The oscillator’s available signal
power at the input of the amplifier is denoted by P, and the thermal noise power
referred to the input of the amplifier by N ;,). The signal voltage v yms can be
expressed in terms of the oscillator’s available signal power and the amplifier input
resistance R as
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N

a(in)

=FkTB

N, = FG kTB

(@ (b)

Figure 2.20 (a) Model for the phase perturbation analysis of the amplifier and (b) vector representa-
tion of the signal plus noise and the resulting phase perturbation at w, + wp,.

Vs,rms = VPsR (2.51)

The available input thermal-noise power is given by N; = kTB, where k =1.374
x 10723 J/K is Boltzmann’s constant, T is the resistor noise temperature in degrees
kelvin, and B is the noise bandwidth. The amplifier noise figure is the ratio of the
input signal-to-noise ratio (i.e., S;/N;) to the output signal-to-noise ratio (i.e.,

So/N,); namely,
()

Z

s
1

/o
A&
S~

or

N, N,

F= G N, " G kTB

where G4 = S,/S; is the available gain of the amplifier. Therefore, the amplifier
output noise power is given by

N, = FG4kTB
The noise power N, referenced to the input of the amplifier is
N o(in) = FkTB

This thermal-noise power can be expressed in terms of the phase-noise voltage

Uy,rms a8

or
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Vp.rms = VFRTBR (2.52)

Equation (2.52) shows that for each 1-Hz band (i.e., B = 1 Hz) the noise can
be represented by an equivalent signal v,, ;s = 4/FRTR . This noise signal adds to
the oscillator signal producing a phase perturbation in each 1-Hz band, which is
best described by the spectral density of the phase noise.

Consider Figure 2.20(b) where a vector representation of the additive signal
and noise at the frequency w, + w,, is given. The phasor associated with the signal
v, rotates at the frequency w,, and the phasor associated with the sideband noise
signal v,, rotates at w,,. The phasor diagram illustrates the phase perturbation A¢;
produced by the thermal noise v,,. The phase perturbation is a maximum (i.e.,
®i(max)) When the phasor v,, is perpendicular to v;. Denoting the maximum phase
fluctuation produced by v,,, at the frequency w, + w,, by Ad;max),1 We obtain

v [va]
tan A¢i(max),1 = LI = = Aﬁbi(malx),l (2-53)

Vs, rms |U5|

where it was assumed that v, ;g < v pms.
From (2.51), (2.52), and (2.53), with B = 1 Hz, it follows that

FRT
A(Zsi(max),l = '\/ P
s

and the rms value is

1 FRT
A(ﬁi(rms),l = ﬁ V Ps

The noise signal at @, — w,, also produces a phase fluctuation term A¢;(max),2,
given by (2.54). Using rms addition, the total phase fluctuation is

(2.54)

_ 7 ) _|FkT
Adifrms) = VAB{ms) 1 + Abiiims),2 = '\/_pS

Therefore, the input phase-noise spectral density in a 1-Hz bandwidth is

ERT
Sg,(fn) = (Abitms))* = (2.55)
and the SSB phase noise £(f,,) is
EkT
L(tm) =5p- (2.56)

N

Equations (2.55) and (2.56) determine the noise floor of S¢i(fm) and £(f,,)-
For example, a 1-mW signal (i.e., if P =0 dBm) passing through an amplifier with
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F =4 dB at a room temperature of T = 290°K has an SSB phase-noise floor value
of

FkT
&,p(fm”ﬂoor =10 lOg Z_PS

=10 log(kT) + 10 log F — 10 log P; = 10 log 2
=-174 dBm +4 dB - 0 dBm - 3 dB
= -173 dBc/Hz

The noise floor of Sy (f,,) is 3 dB higher than that of £(f,,).

In an actual transistor amplifier the noise floor occurs after some offset fre-
quency f,,. In fact, the actual phase-noise spectrum of a transistor amplifier has
the typical shape shown in Figure 2.21. This spectrum shows that in addition to
the flat thermal-noise spectral density, the phase-noise spectrum shows a flicker
characteristic (i.e., 1/f,, noise). The frequency /. is known as the flicker-noise corner
frequency.

While the actual physics of flicker noise is complicated, the flicker noise of a
transistor can be measured. Its noise spectra has the 1/f,, slope characteristics. A
typical dependence of f, on dc bias current for a BJT is shown in Figure 2.22. In
BJT silicon technology typical f, values are between 1 kHz and 10 kHz. For JFETSs
typical values of f, are from 50 to 100 Hz, and GaAs FETs have /. values above
20 MHz.

Syt )as
=

1010g% -

Figure 2.21 Noise-power spectrum of a transistor.

F(kHz) }

10 |
75
5 L
25 F

Figure 2.22 Typical dependence of f. on I for a BJT.
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The flicker noise of a BJT can be reduced by using negative feedback, such as
the feedback produced by an emitter resistor. The reason for this is that flicker
noise depends on the dc bias current, and the oscillation amplitude will produce
a shift in the dc bias current due to the nonlinearity associated with the base-to-
emitter junction. This noise contribution is basically an AM-to-PM effect that can
be reduced using negative feedback to stabilize the bias point. A reduction in phase
noise of up to 40 dB has been reported [4].

In addition to thermal and flicker noise, the other type of noise that can affect
the phase noise of an oscillator is shot noise. The total noise in a circuit is due to
the sum of all the noise sources. Shot noise has a flat spectrum (like thermal noise).
Hence, the resulting noise spectral density has the shape shown in Figure 2.21.

The input phase-noise spectral density (see Figure 2.21) can be expressed in
the form

.2
S, Fm) —FkT (1 ;:;) ra‘lﬁin (2.57)

From (2.50) and (2.57), the output phase-noise spectral density is given by

Sg,(fm) _FkT<1+ ;;)[u(;i)] (2.58)

Hence, the SSB phase noise £(f,;) can be expressed in the form

P(fm) = FkT(u}’;;)[u(g)] (2.59)

Equation (2.58) [or (2.59)] is known as Leeson’s equation. Leeson’s equation
describes the phase-noise spectrum at the output of the amplifier. It shows how
the input phase-noise spectrum [i.e., S fm)] is affected by the feedback circuit
for frequencies up to f; (where f; = f,/2Qy). For f,, > f1 the phase noise is not
attenuated by the resonator.

Equation (2.59) can also be expressed in the form

5B A e hoe] o

This relation shows that the phase noise of an oscillator, according to Leeson’s
model, is produced by four causes (i.e., the four terms in the brackets multiplied
by the noise floor term FkT/2P;). The first term represents the up-converted 1/f,,
noise of the transistor (also called the flicker FM noise); the second term represents
the up-converted thermal noise (also called thermal FM noise); the third term is
due to flicker noise; and the fourth term is the thermal-noise floor [see (2.56)].
Certain approximations can be made in (2.59). In fact, the slope of the Bode
plot of (2.59) depends on whether f, is greater or smaller than f; =f,/2Qy. If Oy
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is such that f;, > [, (usually low Qy or small £, value), the Bode plot of (2.59) is
as shown in Figure 2.23(a). This plot shows a 1/f,431 and a 1/f,%, dependence. That
is, the resulting SSB phase noise decreases at 30 dB/decade (or 9 dB per octave)
until £, is equal to f,. As f,, increases beyond /., the noise power density decreases
at 20 dB/decade (or 6 dB per octave) until the half-power bandwidth of the resona-
tor, at which point the noise floor is reached. For example, in a 1-GHz oscillator
with Qy = 1,000 and f. = 5 kHz, it follows that the plot is as shown in Figure
2.23(a), since f1 = [,/2Qy = 0.5 MHz (or f1. > f.).

If Qy is high, such that f, > {1 (usually high Qy or large £, value), the plot
is as shown in Figure 2.23(b). In this case the plot has a 1/ f,f, and a 1/f dependence.
That is, the resulting phase-noise spectral density decreases at 30 dB/decade (or
9 dB per octave) until f,, is equal to f;. Then, the SSB phase noise decreases at
10 dB/decade (or 3 dB per octave) until f,, is equal to f,, at which point the noise

L f)as
e Low Q,
[\ -30dB/dec S>> 1.
F
-20dB/dec
1
lologﬂ — fmz
2P,
| | >
1 7, - £ S
b2
(@
LS, )|eee
H=z
High Q,
L -30dB/dec f<<f
fS
-10dB/dec
1010gﬂ — R
S
| | >
/- fo .fc fm
b2
(b)

Figure 2.23 Plots of the SSB phase noise £(fy,) for (a) f, > f. (i.e., low Q;) and (b) f; < f. (i.e.,
high Qp).



2.5 Oscillator Phase Noise 85

floor is reached. For example, in a 1-GHz oscillator with Qy = 10,000 and f, =
20 MHz, it follows that f; = 50 kHz, and the plot is as shown in Figure 2.23(b).

Equation (2.60) (or Figure 2.23) shows the various contributions to the phase
noise. According to this relation the phase noise can be lowered by:

1. Selecting a transistor with low flicker noise;

2. Using a resonator configuration with a high Qy;

3. Selecting a transistor with a low-noise figure value at the operating input
impedance of the amplifier;

4. Designing the oscillator for a large P,/FkT ratio and avoiding saturation
of the transistor.

The limitations of the previous results have been observed. Lee and Hajimiri
[2, 3] noted the fact that F cannot be predicted and is basically an empirically
fitting parameter determmed by phase-noise measurement. They also noted that
the wy/f (i.e., the 1/ f corner frequency) is equal to the 1/f noise corner frequency
of the active dev1ce which does not agree with phase-noise measurements. Hence,
w1/ must also be an empirically fitted parameter. Another problem observed is
that the frequency at which the noise floor is reached is not always equal to f7..
Since F and wy//* must be determined by measuring the oscillator spectrum, it
follows that Leeson’s equation cannot be used to quantitative predict the phase
noise of an oscillator.

Next, the Lee and Hajimiri method is discussed. They looked at the oscillator
noise as a linear time-varying system. They analyzed how a noise impulse affected
the oscillator signal and found excellent agreement with the phase-noise spectrum
of the oscillator.

According to Lee and Hajimiri’s theory, minimal phase noise is obtained if the
noise impulses coincide in time with the peaks of the oscillation signal, which
shows that the system is periodic and time varying. Linearity does apply to the
noise-to-phase transfer function, since doubling the injected noise will double the
phase noise.

The analysis by Lee and Hajimiri is involved. They introduced an impulse
sensitivity function (ISF), denoted by I'(w, 7). The ISF function has its maximum
value near the zero crossing of the oscillation. The ISF is given by

00

INw, z cos (nw, )

In terms of I'(w, 7), the SSB phase noise is given by

12
L Th
L(fn) =101 Apm
= 0
" & quznawa2

in the 1/f 2 region, and by
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in the 1/f 3 region, where i,% is the mean-square spectral density of the noise current,
Af is the noise bandwidth, wq/s is the 1/f noise corner frequency of the active
device, gmax is the maximum charge on the resonator capacitors, and I';y is the
rms value of the ISF.

An important conclusion from the previous results is that the designer has
control over how the noise is injected into the oscillator. The oscillator voltage
produces a series of current pulses (say, in the collector current). The noise that
depends on the device current will exist only during these current pulses. If these
current pulses are wide, the associated noise pulses will contribute significantly to
the phase noise. On the other hand, if the drive level is increased, so that the
current pulses are narrower, the resulting phase noise will be less.

Lee and Hajimiri point out that the ISFs are an indication of the sensitive and
insensitive moments to phase noise in an oscillation cycle. A low phase-noise
oscillator results when the transistor remains off most of the time, conducting with
a small pulse width of current at the signal peaks of each cycle. In addition, in
common with Lesson’s model, the signal power and the resonator Q should be
maximized.

In Section 3.7 the relation between collector current pulses and the associated
output voltage of the oscillator is discussed.

Designers of an oscillator with a certain phase noise requirement select a
configuration (i.e., transistor, LC resonator, crystal resonator, dielectric resonator,
and so on) that places their design in the required phase-noise region. The designer
should not select an LC resonator oscillator when the phase-noise requirement can
only be met with, say, a crystal oscillator. Once the design is done, the phase
noise of the oscillator is measured and, if necessary, further improvements can be
implemented following the previous recommendations for phase-noise reduction.

Manufacturers of oscillators specify the resulting SSB phase noise. Some typical
specifications are: =110 dBc¢/Hz at a 1-kHz offset for a BJT oscillator operating at
100 MHz; -85 dBc/Hz at a 10-kHz offset for a BJT oscillator in the 1- to 3-GHz
range; =90 dBc¢/Hz at a 10-kHz offset for a GaFET oscillator in the 3- to 7-GHz
range; =110 to =120 dBc/Hz at a 10-Hz offset for a crystal oscillator in the 10- to
300-MHz range; —140 dBc/Hz at a 10-kHz offset for a dielectric resonator (DR)
oscillator in the 3- to 7-GHz range; and —160 dBc¢/Hz at a 10-kHz offset for a
surface acoustic wave (SAW) oscillator in the 500-MHz range.

Equation (2.59) can be used to approximately compare the phase noise between
two oscillators. For example, a phase noise of =110 dBc/Hz at a 1-kHz offset at
100 MHz scales to =90 dBc/Hz at a 1-kHz offset at 1 GHz.

Many electronic systems also have SSB phase-noise specifications. For example,
a wireless LAN system operating at 2.4 GHz might require an oscillator with at
least =115 dBc/Hz at a 4-MHz offset. In the Personal Communication Service (PCS)
a typical specification for a transmitter power of 30 dBm is =151 dBc/Hz in the
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2-GHz range at a frequency offset of 20 MHz. A signal generator lists =134 dBc/Hz
at 1 GHz at a frequency offset of 20 kHz.

In many applications the oscillator phase noise far from f,, can affect an incom-
ing signal as it gets through the IF. Specifications of the phase noise for these
oscillators are usually given in the 1/ f,%, region.

When frequency multiplication is used, the phase noise is also increased. Let
fo = mf; where m is the multiplier that relates f; to f,. It follows that the frequency
change Af,, the phase change A¢,, the phase-noise spectral density of f,,, and the
SSB phase noise of f, are given by

Afo =mAf;
A¢o = MA¢i

Sg,(Fm) =m*Sy (f)

Lo (fn) =m* Ly (fin)

These relations show that frequency multiplication increases the phase noise by
m? (or 20 log m). This is why crystal oscillators used in the microwave region
have higher phase noise due to the frequency multiplication effect.

Example 2.2

The SSB phase noise of a 500-MHz oscillator at a frequency offset of 10 kHz is
-100 dBc¢/Hz. The oscillator output at 500 MHz is 0 dBm. What is the oscillator
output at a frequency of 500.01 MHz if: (a) a filter with a 1-Hz bandwidth is
used; (b) a filter with a 2-kHz bandwidth is used?

Solution

(a) Since the frequency 500.01 MHz is at a 10-kHz offset from 500 MHz, the
output at 500.01 MHz is =100 dBm in a 1-Hz bandwidth.

(b) For a small bandwidth (i.e., 2 kHz) we can assume that the SSB phase noise
is constant at the value of =100 dBc¢/Hz. From (2.30) the output power in the
2-kHz bandwidth is approximately given by

Pout = [Sjg{)(fm)Pc]BW
or

Poue [dBrm] = £.(f,) [%] + P, [dBm] + 10 log (BW)

=-100 + 0 + 10 log(2 x 10°)
= —-67 dBm
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Example 2.3

The SSB phase noise of a 10-MHz crystal oscillator is shown in Figure 2.24. Find
S4(fm), the phase-noise power from 1 Hz to 1 kHz and from 1 kHz to 100 kHz.

Solution
A crystal oscillator is a low-noise oscillator. Its phase noise satisfies the condition
my, < 0.5 radians. Therefore, (2.43) can be used, and it follows that

S¢(fm)|dBr/Hz = ‘ie(fm)ldBc/Hz +3dB

The plot of S4(f,,) is identical in shape to that of £(f,,), except that the values
are 3 dB higher. That is, S4(f,,) at f,, =1 Hz is =60 dBr/Hz.

In this example the shape of the £(f,,) response is of the type shown in Figure
2.23(b), where the frequency band where £(f,,) has a 1/f,, dependence is very
small. Hence, the phase-noise power from 1 Hz to 1 kHz is taken as having a
1/f;) slope, and we write

103 103 1076
P41, 10°) = f S fn) df = f ;)—3dfm=0.5 urad?
1 1 "

and from 1 kHz to 100 kHz the phase-noise power is

105 105
P4(10%,10°) = f S fn) df = f 107" df,, = 0.0001 prad?
10° 10°

Observe that the total phase-noise power from 1 Hz to 100 kHz is 0.5 + 0.0001
= 0.5 ,u,radz. Hence, for the given £(f,,) in this example, the phase-noise power
depends on the spectrum from 1 Hz to 1 kHz.

e |

—63

—-153

1 10 0> 100 10" 10 f,

Figure 2.24 SSB phase noise £(f,) for the crystal in Example 2.2.
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The phase noise of an oscillator is calculated in ADS using a small-signal mixing
of noise method. The SSB phase noise is accessible in the data. For example, the
ADS variable

hb_noise_Vout.pnmx

displays the phase noise for the variable V,,;, where pnmx means phase noise
using the mixing method. The mixing analysis should be done with the option for
all-small signal frequencies selected (i.e., set all=yes). For example, see the phase-
noise plot in Figure 5.59.

2.6 Oscillator Noise Measurements

There are several methods for measuring the phase noise of an oscillator. A good
reference is the Hewlett Packard Product Note 11729B-1 [5]. In this section we
will discuss three methods for measuring the phase noise: the direct method, the
phase-detector method, and the delay-line/frequency-discriminator method.

2.6.1 The Direct Method

This method is the simplest and most straightforward since it consists of a direct
measurement. The oscillator under test is connected directly to a spectrum analyzer
as shown in Figure 2.25. This method is limited by the spectrum analyzer character-
istics, such as its LO phase noise, dynamic range, and resolution. Oscillators that
have lower SSB phase noise than that of the spectrum analyzer can usually be
measured using this method. With today’s spectrum analyzers this method is suit-
able for many oscillators. In general, the phase noise of low-noise oscillators, such
as a crystal oscillator, cannot be measured using this method.

2.6.2 The Phase-Detector Method

This is one of the most-used techniques for SSB phase noise measurements. The
basic block diagram used in this method is shown in Figure 2.26.

Figure 2.26 shows two signals v,.¢(t) and v, (f) applied to the mixer. The
mixer (a double-balance mixer) is used as a phase detector. The low-pass filter
selects the difference signal of v,,(¢), which is denoted by v(z). If the two signals
have identical frequencies and are in phase quadrature (i.e., 90° phase difference),
the output voltage v (¢) is zero. If noise produces a small phase fluctuation Ad(z),

O

Spectrum
Analyzer

Oscillator  ——

Figure 2.25 The direct method for measuring the SSB phase noise.
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Figure 2.26 The phase-detector method for phase-noise measurements.

such that the phase difference between v,/ (¢) and v (t) is ¢(2) = 90° + Ae(t),
then a small fluctuating voltage appears at the output of the mixer. This voltage
is proportional to the phase fluctuations A¢(¢). The phase-lock-loop locks the
signals so they remain in quadrature.

The mixing process produces an output that contains power from both the
lower and upper sidebands. For example, if the oscillator signal is described by
(2.33), the output v(¢) contains the difference signal, which is a function of f,,.
The difference signal is dc, but the lower sideband has been folded into the upper
sideband around 0 Hz. These amplitudes add linearly at the output of the mixer
producing four times (or 6 dB) the power of one sideband. Since the measured
%L(f,») involves the noise power in one sideband, the measured noise power in the
spectrum analyzer (i.e., in both sidebands) is 6 dB higher than that of the single
sideband. Hence,

‘Sg(fm)ldBc/Hz =10 log Pgsg — 10 log P, (2.61)

=10 log P,,(f,u) — 6 dB = 10 log P,

where P, (f,,) represents the measured power at the frequency f,,.

Additional correction factors are usually needed in (2.61). For example, the
spectrum analyzer measures noise in a bandwidth, denoted by By,. Since £(f,,,) is
defined in a 1-Hz bandwidth, (2.61) must be modified to read

L f)| gy, = 10 10g Pin(fn) = 6 dB = 10 log Ps - 10 log By, (2.62)

The noise bandwidth in many spectrum analyzers is approximately equal to 1.2
times the resolution bandwidth of the analyzer. Digital spectrum analyzers describe
procedures to be used in noise measurements.

The analysis of the phase detector circuit in Figure 2.26 is as follows. Let

Vief = V, cOS w,t
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and
Vosc = Vo cos[wt + ¢(1)]
Then, the output of the mixer [i.e., v,,(t)] is
Um(t) = KA cos[(w, = @)t + ¢(t)] + KA cos[(w, + @)t + d(2)] +. ..

where K is the gain constant of the mixer.

The low-pass filter passes the @, — @, component (usually referred to as the
beat signal). Hence, the input signal to the amplifier v(¢) can be expressed in the
form

v(t) = KV, V, cos[(w, = w,)t + (2]
The peak amplitude of v(¢) (i.e., KV, V,) is denoted by V}, yeak, and we can write
v(t) = Vi, peak cos[(wo = @)t + ()] (2.63)

When the mixer is operated as a phase detector, the reference frequency must
be equal to the frequency of the oscillator under test (i.e., w, = w,) and the phase
shift between the two must be 90° (i.e., in quadrature). That is, let

¢(t) =90° + Ad(2)

where A¢(t) represents the instantaneous phase fluctuation. Under these conditions,
(2.63) can be expressed in the form

v(t) = Vi peak cos[90° + Adp(2)] (2.64)
= Vb,peak sin A¢(t)

The phase fluctuation A¢(t) is very small, usually much less than 1 radian.
With A¢g(¢) < 1 rad it follows that sin Ag(¢) = Agp(t), and (2.64) is conveniently
written as

Av(t) = Vi, peak Ab(2) (2.65)

where Av(t) is the instantaneous voltage fluctuation (around 0V) due to the phase
fluctuation. Equation (2.65) shows the linear relationship between the voltage
fluctuations at the low-pass filter output and the phase noise fluctuations of the
signal vs.. Observe that the units of V}, ., are volts per radians. In the frequency
domain (2.64) is

Av(fim) = Vi, peak Ap(f) (2.66)

A typical detector characteristic is shown in Figure 2.27. V}, ¢4, is known as
the phase detector constant, it is simply the slope of the phase detector response
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Figure 2.27 Typical phase detector characteristics of a double balance mixer.

at the zero crossing. The value of V, ¢4, can be determined by operating the mixer
with the inputs at two different frequencies, such that v(¢) is given by (2.63). This
signal can be measured with a spectrum analyzer to obtain Vy, e The spectrum
analyzer measures the rms value of the signal (i.e., V}, 1), Where

_ Vb, peak

Vb, rms — \/2

Once Vy, peqk is known and with the mixer operating in quadrature, the output
voltage of the mixer as a function of frequency is directly proportional to the input
phase deviation [see (2.66)]. Hence,

Av(fm) = '\/ZVb,rmsA(ﬁ(fm)

or

_ Avems (fm)
A¢rms(fm) - _\/zvb’rms

The spectral density of the phase fluctuation is

AUrms(fm)]z

1
S4() = 3 )" = 5| 2

and the SSB phase noise is given by

_Self) _1 [Avrmsmr
4

In logarithmic form
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A 2
L) gpepy, = 10 log [M]

b,rms

=20 log Avimg(fm) — 20 log Vi rms — 6 dBc/Hz

The measured phase noise is equal to the combined phase noise of the two
sources (i.e., the reference source and the oscillator under test). Hence, there is a
measurement error introduced by the finite phase noise of the reference source.
This error is minimal if the phase noise of the reference source is much lower than
that of the oscillator under test. In general, the phase noise of the reference signal
should be at least 10 dBc/Hz better than that of the oscillator under test. In some
very-low-noise oscillators two equal oscillators with the same noise characteristics
are used in the setup shown in Figure 2.26. In this case, the measured phase noise
has the contribution from both sources, and a =3-dB factor should be used to
account for the equal phase-noise contribution from each signal.

2.6.3 The Delay-Line/Frequency-Discriminator Method

A third method for measuring phase noise is the delay-line/frequency-discriminator
method. In this method a second source is not needed. One way for implementing
this measuring procedure is shown in Figure 2.28. The delay line converts the
frequency fluctuations into phase fluctuations. Frequency changes in the delay line
are associated with a phase shift A¢, as indicated in the figure. When the phase-
shifted signal is mixed with the undelayed signal, the output of the doubly balanced
mixer produces a voltage fluctuation AV which is proportional to A¢. Hence, the
mixer acts as a frequency discriminator since AV is proportional to Af. If the two
input signals to the mixer are in quadrature the output voltage fluctuations are
proportional to Af. The voltage fluctuations can be measured in a spectrum analyzer
and converted to phase noise.

A brief description of the system in Figure 2.28 follows. Let the signal from
the oscillator under test be

vs(t) = Vo, cos(wot + my sin wy,t)

where m,, = Aflf,,.

delay line

B O

v.(1) V(1)

low — pass V([)
Silter

A

s Vul D] mixer
splitter

Figure 2.28 A delay-line/frequency-discriminator measuring system.



94 Oscillator Characteristics

The signal after the delay line is
vp(t) = KV, cos[wy(t = 74) + my sin @y, (t = 74)]
where 7, is the delay time. The undelayed signal is
vND(£) = KV, cos(w,t + my, sin @,t)
After the mixer the low-pass filter passes the difference frequency, which is
v(t) = Ky coslwy(t = 74) + myp sin wy,(t = 74) = @0yt = m) sin @,t]

=Ky cos|:a)07'd + 2my, sin wm% COS Wy, <t - %>:|

where K4 represents the amplitude of the signal after the filter.
Quadrature requires that w, 74 = 7/2 (or an odd multiple of 90°). Therefore,
v(t) can be written as

v(t) =Ky sin[Zmi7 sin wm% oS @y, (t - %)]

which for small m2,, values, reduces to

v(t) = Ky2my sin wm% COS wy, (t - %) (2.67)

The amplitude of v(¢) is AV. Hence, the transfer response is

AV = Ky2m, sin wm%

sin 7rf,, T,
= Ky 2my aty, Td—'/Tfmf:ld d
For f,, < 112774, (2.67) reduces to

AV = Ky2mymfy, 74 = Kg2mrgAf

which is the desired relation.

2.7 Statistical Design Considerations

Statistical design considerations account for the random variations of the compo-
nent values and how they affect the oscillator performance. Such considerations
can be very useful in the design of oscillators. The effect of these random variations
can be measured with an appropriate computer simulation. Finally, in order to
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meet the specifications, the oscillator design can be modified to account for the
statistical variations.

A yield analysis simulation involves the changing of the components values
and the calculation of the yield. The yield is basically the ratio of the number of
designs that pass the specifications to the total number of designs in the trials, or
simply the probability that a design sample meets the specifications. As the number
of trials is increased, the accuracy of the yield probability increases.

Yield optimization, also known as design centering, is used to optimize the
nominal values of the components so that the yield probability is improved.

The yield analysis simulation is based on the Monte-Carlo method. Basically,
in a Monte-Carlo simulation the component values in a trial are randomly varied
(within a specified range) and a simulation is performed. The results of the simula-
tion are checked to see if the design passed or failed. The yield probability is
calculated from the number of simulations that passed and failed in the set of trials.

The component variations can be specified in a variety of ways. Typically, a
Gaussian, a uniform, or a discrete variation can be specified.

The data produced by the yield analysis can be used to generate histograms.
Basically, a histogram is a bar graph that is used to display the number of times
that a certain measurement or value occurred. This type of histogram is known as
measurement histogram or yield histogram.

Another histogram that can be generated is the sensitivity histogram. In a
sensitivity histogram the effect of a selected statistical value on a certain statistical
response is observed.

In a yield optimization the nominal values of the components are adjusted in
order that the yield is minimized.

Postproduction tuning can be used with yield analysis and yield optimization.
This feature permits certain parameters to be tuned at the end of a yield analysis
and optimization. For example, a variable capacitor could be tuned at the end of
an optimization in order to meet the specifications.

The following example (using ADS) illustrates the use of statistical methods
in the design of an oscillator. Statistical considerations are applied to some designs
in the book to illustrate their usefulness.

Example 2.4

(a) Consider the Wien-bridge oscillator in Figure 1.20(a) where w, = 10 krad/s
and |v, | =2V. Assume that the specification requires that the frequency of oscillation
does not to vary by more than 1%. Perform a statistical analysis to calculate the
yield if the components values vary by +5%.

(b) Calculate the yield if it is also required that 1.8V < |y, | < 2.2V. Use components
with 1% tolerance.

(c) Perform a yield optimization.

(d) Perform a postproduction tuning yield analysis.

Solution
(a) The yield analysis simulation is shown in Figure 2.29(a). The yield specification
(YIELD SPEC) shows that the frequency range (i.e., MIN = 1,575; MAX = 1,606)
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Figure 2.29 (a) The yield analysis simulation and (b) the simulation data.
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should be within 1% of f, = 1,591 Hz. The yield analysis (YIELD) shows that the
number of trials used is 300.

The simulation data is shown in Figure 2.29(b). The number of trials that
failed was 224 and the number that passed was 76. Hence, the yield is 25.3%.
The number of frequencies that occurred in the range 1,575 to 1,606 Hz is displayed
in the histogram named FREQ_IN_RANGE.

Many statistical analyses can be performed. The histogram labeled
FREQ_VS_C2 shows the number of frequencies in the range 1,575 to 1,606 Hz
as a function of the capacitance C2. This histogram shows that values of C2 around
10.4 nF improves the yield. This type of histograms or yield sensitivity is used to
see the effect of a particular component on the yield.

The previous resulting yield of 25.3% is low for mass production of the oscilla-
tor. If the component’s tolerances are changed from 5% to 1%, the yield improves
to 73%.

(b) The simulation that also specifies a yield analysis for the amplitude of v, is
shown in Figure 2.30(a). The amplitude of v, meets the amplitude yield specification
if it is between 1.8V and 2.2V. The simulation data is shown in Figure 2.30(b).
The number of amplitudes that occurred in the range 1.8V to 2.2V is shown in
the histogram named AMPLITUDE_IN_RANGE. The number of trials that passed
both specifications was 57, and those that failed were 243, for a yield of 19%.
The resulting yield is poor and a yield optimization or a postproduction tuning
simulation is appropriate.

(c) The yield optimization simulation is shown in Figure 2.31(a). Basically, the
yield-analysis component is changed to a yield-optimization component. The yield
optimization uses all the yield specifications in the simulation. The number of
design iterations (i.e., shown as 20) is the number of yield improvements that the
simulation will perform. The number of trials in each design iteration is set by the
simulator. The simulation was performed assuming that the components can vary
by +10% from their nominal values, except R3 which was allowed to vary by
+20%.

The resulting yield of 30%, with the component values shown in Figure 2.31(b),

is low. A histogram sensitivity analysis suggests that a post-production tuning with
the resistor R3, which controls v,, should improve the yield.
(d) The postproduction tuning simulation is shown in Figure 2.32(a). The resistor
R 3 was selected for postproduction tuning by allowing a variation of £20% from
its nominal value. The data shown in Figure 2.32(b) shows that the pre-tune yield
is 22.6%, and the postproduction yield is 79.6%. The use of postproduction
tuning, in this case, produces a significant improvement of the yield. Further yield
improvements can be obtained if postproduction tuning is also used with R 4 (which
can adjust the frequency).

Associated with a statistical simulation is the number of trials required to
obtain a certain yield. The number of times N is given by

2
N = (&) Y(1-Y)
€
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Figure 2.30 (a) Yield analysis simulation for frequency and amplitude and (b) the simulation data.
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Figure 2.31 (a) The yield optimization simulation and (b) the simulation data.

where Y is the actual yield, € is the error, and C, is the confidence level expressed
as a number of standard deviations. The error is defined as the absolute difference
between the actual yield Y and the yield estimate Y. That is,

e=|Y-Y|
Therefore, the low and high values of the yield estimate are
Y=Yz+e
The confidence level is associated with the area under the Gaussian distribution
curve for a given standard deviation. Typical values are shown in Table 2.2.

For example, for a confidence level of 68.3% (i.e. C, = 1) with an error of
+3% (i.e., € = 0.03) and a yield of 70%, the required number of trials is
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Figure 2.32 (a) Postproduction tuning simulation and (b) the simulation data.

Table 2.2 Confidence

Level Values

C, Confidence Level
1 68.3%

2 95.4%

3 99.7%

2
N=(-—=5]0.7(1 - 0.7) =233
0.03 ( )
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Tuned-Circuit Oscillators

3.1 Introduction

Tuned-circuit oscillators are very popular at frequencies above 100 kHz. The tuned
circuit determines the frequency of oscillation and acts as the feedback network.
The use of high-Q resonant circuits produces a sinusoidal oscillator with low
distortion. The amplifier section is usually designed using discrete active devices,
such as BJTs and FETs.

Because of certain differences in the ac models associated with BJTs and FETs,
the analysis of tuned-circuit oscillators is divided into BJT tuned-circuit oscillators
and FET tuned-circuit oscillators. Tuned oscillators using op amps are also
discussed.

Modern simulators programs for oscillator designs produce excellent results.
Hence, the implementation of a tuned oscillator after an appropriate simulation
usually requires a minimum amount of adjustment in the laboratory.

3.2 FET Tuned Oscillators

The following discussion provides an overview of FET tuned-circuit oscillators.
Consider the FET tuned-circuit oscillator shown in Figure 3.1(a). Assume that there
is no mutual inductance coupling between the impedances. The ac model of the
oscillator is shown in Figure 3.1(b) where the RFC is open circuited and the coupling
and bypass capacitors are short circuited.

From Figure 3.1(b), observing that the feedback voltage vy is vy, the open-
loop voltage gain is

. _voljw) _ —gmrdZL
A=) = 21+ g

where Z; is the load impedance, namely,
Z1=2,|(Z1+ Z3)

The resistor R is very large and does not load the impedance Z;.
The feedback factor B(jw) is given by

103
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Feedback
Amplifier (Tuned circuir)
€))

(b)

Figure 3.1 (a) An FET tuned-circuit oscillator and (b) the ac model.

vi(jo) _ Z4
voljw)  Z1+Z3

Bljw) =
Hence, the loop gain is given by
Zmrdl1rZi —8mTdZ1Z)

UM = (7 1 20+ Z5) " 7alZa + 7 + Z3) + ZalZ1 + Z3)
(3.1)

If Z1, Z,, and Zj3 are purely reactive impedances given by Z{(jw) = jX(w),
Z)(jw) = jX5(w), and Z3(jw) = jX3(w), the loop gain in (3.1) can be expressed
in the form

o g d X1 (@) X3 (w)
BU@IAL(@) = 2 X (@) + Xa (@) + X5 ()] - Xa(@) [X; (@) * X3 (@)]
(3.2)

The phase shift of the loop gain is zero when the imaginary part of (3.2) is
zero. That is, at = w,
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Xi(wo) + X3 (@) + X3(w,) =0 (3.3)

Equation (3.3) determines the frequency of oscillation. At the frequency w, [where
(3.3) is satisfied] the loop gain in (3.2) reduces to

~gnra X1 (@,
Bljwy)A,(jw,) = Xlzgwor)d"' ;((v;u(a))")

and using (3.3) we obtain

X
Bljog Ay ) = E2587L100) (3.4)

For oscillations the loop gain in (3.4) must be unity at the frequency of oscilla-
tion, and greater than unity to start the oscillation. Therefore, X (w) and X; (o)
must have the same signs. That is, if Z; is capacitive (i.e., X1(w) = -1/wC1), then
Z» must also be capacitive (i.e., X3 (w) = =1/wC;). From (3.3), it also follows that
X3(w,), where X3(w,) = =X1(w,) = X3(w,), must be inductive (i.e., X3(w) =
jwL).

The oscillator in Figure 3.1(a) with Z1 and Z; capacitive, and Z3 inductive is
known as an FET Pierce oscillator. For such configuration, the frequency of oscilla-
tion, from (3.3), is given by

1 1
—m—m'l'woll—o (3.5)
or
w, = 1_ (3.6)
VLCr
where
_ GG
Cr = Ci1+Cy

At w, the phase shift through the amplifier is —180°; therefore, the phase shift
through the feedback network must also be =180°. The phase shift due to B(jw)
can be seen as follows. Since

1
Bljw) = — 12—

- +jowL
joCy "/
and observing that the denominator must have a net inductive effect at w,, we

can express the impedance in the denominator in terms of an equivalent L. From
(3.5), the equivalent L' is
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Therefore,

which shows that the phase of B(jw,) is —180°.
The gain condition follows from (3.4), namely,

Xa(wo) _ Cy

ry 2 =
Emld =X (wy) ~ Cy

(3.7)

While the analysis of tuned oscillators can be performed in terms of the loop
gain, an alternate approach is in terms of the system determinant as follows. A
general configuration for a common-source FET tuned oscillator is shown in Figure

3.2(a). The coupling capacitors are designed to act as short

circuits at the frequency

of oscillation. The drain resistor R p is replaced in many designs by a radio frequency

Zl L ZZ —
.‘\—\_\L‘(Iﬂ__ﬂ.—-—""".
ZS
(@ (b)
g»evg:
© s
+ oA iz
Ve R, — Ve
@ [
b — P \
1-\__\_‘11‘___‘__,_-—-’
[ ]
12|
© (d)

Figure 3.2 (a) General configuration of FET tuned oscillators, (b) an ac
by its ac model, and (d) a Thevenin’s equivalent model.

model, (c) the FET replaced
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coil (RFC), or an RFC in series with Rp is used. An RFC is very convenient since
its inductance is selected so that its impedance is very large at the frequency of
oscillation, and therefore blocks the oscillation signal from going into the dc supply.
Hence, in the ac model the RFC is open circuited and the ac signal path is from
the FET to the feedback network, and back to the input of the FET. The elements
that determine the closed-loop path of the signal are shown in Figure 3.2(b). The
elements Z, Z,, and Z3 are the reactive elements that form the tuned circuit, and
provide the proper positive feedback at the frequency of oscillation. A mutual
impedance is included between Z1 and Z, because in some oscillators these imped-

ances represent the inductances of a coupled coil. The mutual impedance is related
to Ly and Lj by

M = k_
VL1L;

where k is the coefficient of coupling (0 < k < 1). If Z1 and Z, are capacitive
impedances, then M = 0. The FET provides the proper amplification and a phase
shift of =180°. Therefore, the tuned circuit must contribute a phase shift of —=180°
at the frequency of oscillation.

In Figure 3.2(c) the FET is replaced by its transconductance model where
Ri =74||Rp, and in Figure 3.2(d) a Thevenin’s equivalent model is used. The loop
equations for the ac model in Figure 3.2(d) are

(RL+Z3)iy = (Zy + Zp)i3 = —8mR Vg (3.8)
~(Zy+Zp)iy+ (L1 + 2y +Z3+27Z))iz3 =0 (3.9)

and
v = (Z1 + Zp)is = Zyia (3.10)

Substituting (3.10) into (3.8) gives
(RL+Zy = gmRrZMm)iy — [Z2+ Zy = gmRL(Z1 + Zy)li3 =0 (3.11)
Equations (3.9) and (3.11) represent the system of equations for the circuit in

Figure 3.1(d). The conditions for oscillations can be obtained by setting the system
determinant of (3.9) and (3.11) equal to zero. That is,

Dijo) —(Zy+ Zy) (Z1+Zy+Z3+22y) 0
w) = =
/ (R, +Zy = gmR1ZMm) 22+ Zyp = gmR1L(Z1+ Zpm)]

(3.12)
Observe that D (jw) is a complex quantity; that is,

D(jw) = Re[D(jo)] +jIm[D (jw)]
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In order to proceed we must specify the elements Z1, Z,, and Z3. Several
choices of elements are possible. A simple and very practical choice is to select the
three elements to be reactive. That is, let Z1 =jX1, Zy =jX,, Z3 = jX3, and the
mutual impedance is Z); = jX . Observe that the reactances X1, X, and X3 are
positive when they represent an inductor, and negative for a capacitor. With these
values of impedances, the imaginary part of (3.12) is

Im[D(jw)] = R (X1 + X3 + X3+ 2Xy)
The frequency of oscillation is obtained by setting Im[D (jw)] = 0, which gives
X1(wo) + X (wo) + X3(wp) + 2X p(w,) =0 (3.13)

since Ry # 0. This equation determines the frequency of oscillation.

The gain condition is obtained by setting the real part of (3.12) equal to zero.
Actually, we let Re[D(jw)] > 0 in order to start the oscillation. Thus, the gain
condition is written as

Re[D(jw)] = gmRL (X1 + Xp)(Xa + Xy) = (Xp + Xp)* 20
or

X2+XM

gmRr 2 X+ Xy (3.14)

Since g,,, R is a positive quantity, and with the mutual inductance X smaller
than X or X3, it follows that the right-hand side of (3.14) is a positive quantity
only if X1 and X, represent the same type of elements (i.e., either inductors or
capacitors). Also, with X1 and X, having the same sign, (3.13) is satisfied if X3
has an opposite sign to that of X; and X,. Hence, if Z1 and Z, are capacitive,
then Z = 0 and Z3 must be inductive. If Z;1 and Z;, are inductive with mutual
inductance Z)y, then Z3 must be capacitive.

In a design, the small-signal value of g,, is commonly used to satisfy the
inequality in (3.14). Of course, as the amplitude of oscillation increases towards
its stable value, the value of g, decreases and (3.14) is approximately satisfied
with the equality sign. Actually, as discussed in Chapter 1, the poles of the oscillator
move between the right-half plane and the left-half plane around the frequency
W, .

A common way of designing the circuit in Figure 3.2(a) is with an RFC in
place of Rp, or with an RFC in series with Rp, Since the ac behavior of the RFC
is essentially an open circuit, the previous relations apply with Ry =r,. If the series
resistance of the RFC is considered (i.e., a finite Qy), it can be transformed to an
equivalent parallel resistance R, In this case: R} = r4]|R); which, in general, can
be approximated by 74.
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When Z1 and Z; are capacitive and Z3 is an inductor, the oscillator is usually
referred to as a Colpitts-type oscillator. If Z1 and Z, are inductive and Z3 is a
capacitor the oscillator is called a Hartley oscillator. The oscillator in Figure 3.2
uses an FET in a CS configuration. This Colpitts-type oscillator is known as a
Pierce oscillator. If the FET is used in a CD configuration, the oscillator is called
a Colpitts oscillator. If the oscillator uses the FET in a CG configuration (another
Colpitts-type oscillator) it is known as a Grounded-Gate oscillator.

3.2.1 FET Pierce Oscillator

An FET Pierce oscillator is shown in Figure 3.3(a). In this oscillator, Z; and Z,
are capacitive impedances (i.e., X1 = =1/wCq and X3 = -1/wC,), and Z3 is an
inductive impedance (i.e., X3 = wL). There is no mutual inductance (i.e., X1 = 0).
An RFC (or an RFC in series with a drain resistor) is used from the drain to Vpp.
Therefore, Ry in (3.14) is simply equal to 4. The ac model of the oscillator is
shown in Figure 3.3(b). Observe that the feedback voltage vy is vg, and that it is
the same oscillator configuration as the one shown in Figure 3.1, which was
analyzed using the loop gain.
From (3.13), the frequency of oscillation is obtained from

1 1

Xilwo) + Xalwo) + Xslwo) == =
o 0o

which gives

Wy = (3.15)
° JLCr
Zy=jX\=] =
wlC,
-1
Z,=jXK, = j—
S A aC,
C Z,=jX,=jol

(@) (b)

Figure 3.3 (a) An FET Pierce oscillator and (b) the ac model.
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where

_ GG
CT_ C1 + Cz

The gain condition follows from (3.14). That is,

Xa (@) _ Cq
gmrd 2 Xl(a)o) - CZ (316)

Observe that (3.15) and (3.16) are identical to (3.6) and (3.7), respectively.

To start the oscillation, the inequality in (3.16) is satisfied by making g,,74
equal to C1/C, times a factor of 1.5 to 3.

In order to better understand how the Pierce oscillator works, consider the ac
model shown in Figure 3.3(b). The series combination of L and C; must appear
inductive to produce with C, a parallel-resonant tuned circuit. Hence, the current
i lags v, by 90°, and vy lags i by 90°. Consequently, vy lags v, by 180°. Since the
transistor provides a phase shift of —=180°, the total phase shift around the loop is
-360°, as required for oscillation.

At w,, the load impedance

= 1X2(Xq + X3)

ZL=2 2+ 23) = 5 A T s,

is infinite. Hence, the open-loop gain at w, is

. v
Ay(joo) = U—‘; = ~&m'd (3.17)

Also, the feedback factor at w,, is given by

X1 _ Xi_ G

. _vf X1 _A1_
IB(le) - v, - Xl + X3 - X2 Cl (318)

Equations (3.17) and (3.18) show the —360° phase shift that exists around the loop
at w,.
The gain condition is obtained from

Bljwy)Ay(jw,) 2 1 (3.19)

Substituting (3.17) and (3.18) into (3.19) gives

S G
8mtd 2 C,

which is recognized as the gain condition in (3.16).
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The frequency of oscillation and the gain condition are affected by the series
resistance of the inductor and the loading of the oscillator (which occurs when the
oscillator signal is coupled to another stage). These effects can be analyzed by
including appropriate resistances in (3.12). Of course, the required analysis is more
involved. The series loss resistance of the inductor R can be included in the analysis
by letting Z3 = Rg + jwL. Then, it follows that

Zp =jXo || (Rs +jX3 +jXq) (3.20)
_1Xolj (X1 + X3) + Ry]

(X1 + Xy + X3) + R

and the voltage feedback factor is

o _VF VAR 71X1
AU = S 2 2 TR X0 X 20
Hence, the loop gain is given by
. S . _gmrdZL _ gm"dX1X2
B o) = B (-G ) = T S T,
(3.22)
where the approximation jX;(rg + Rg) = jrg X, was used.
From (3.22), the frequency of oscillation follows from
X1(w,) + Xz (w,) + X3(w,) =0
or
_ 1
W, = ——
VLCr
where
_ GG
Cr= Ci+Cy
which is identical to (3.15).
At w,, the load impedance is
) X (w .
Zijwo) = P22 X () + R
N
Since | X3 (w,)| > Rs, Z can be approximated by
2
X
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The open-loop gain and feedback factors are

_ —gmralXa(@,))

AU i (0]
Vo) = 5 st I + 14,

(3.24)

and

S X G
ﬂ(/wo) - _/XZ + Rs -~ X2 - Cl (325)

At w,, from (3.24) and (3.25), the loop gain is given by

gmrdX1X2

2 >1
XZ(wo) + rdRs

Bljwo)Ay(jow,) =

and it follows that the gain condition is

2
X5 (w,) + 4R

&mTd > (3.26)

o) X2 ()

Observe that if Ry - 0, then (3.26) is identical to (3.16).
Equation (3.26) shows how the loop gain is affected by the coil losses. In many

cases r4R > X%(a)o), and the loop gain in (3.26) is satisfied when

851 (3.27)
w,RsC1Cy

This relation basically places a limit on C1, C;, and the required g,,,. The inequality
shows that small values of C; and C, are desirable. However, the values of Cq
and C; cannot be made too small because then the oscillator is dependent on the
input and output capacitances of the transistor.

Example 3.1

Design the Pierce oscillator in Figure 3.3(a) to oscillate at 1 MHz. Use the 2N3819
n-channel JFET. This transistor has the following typical parameter values:
Ipss = 12 mA and Vp = =3.5V.

Solution
Selecting the Q point at Ip = 6 mA and Vpg = 10V, and using Vpp = 20V it
follows from
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that Vgg = -1V and

2(12 x 107%)
Vs - Vp) =222
Gs — Vp (3.5)

(-1 +3.5)=5mS

8m =

The output resistance can be calculated in terms of the channel modulation
voltage V) (similar to the Early voltage) as

_ VM
=1

o

which for Iy = 6 mA a typical 7, is 50 kQ.
The values of Rg and Rp are

_"Ves _ 1

R
ST Ip T gx107

= 1640

and

ko = VbD = Vps=IpRg _20-10-1_. .
b Ip 6x10°

The capacitor C, is in parallel with the transistor’s output terminals. The
transistor has a few picofarads of output capacitance (C,,;) between its source
and drain. This output capacitance can be neglected if C, > C,,,;. Several values
of C,, and the approximate value of |Xc,|, that satisfy Cy > C,y, are listed in

Table 3.1.

Two design procedures are considered. First, assuming that the loss resistance
of the inductor is negligible (i.e., R¢ = 0), and second with R # 0.

If R&=10, (3.16) gives

g7 = 0.05(50 x 103) = 250 > %
2

Letting C, = 1.6 nF, it follows that
Cy <250(1.6 x 107) = 0.4 uF

The inequality can be satisfied with C; = 100 nF.

Table 3.1 Reactance Values at 1 MHz

Cy |XC2|
160 nF 1

16 nF 10
1.6 nF 100

160 pF 1,000
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From (3.15), with Ct = C, = 1.6 nF, the value of the inductor is 15.8 uwH.

If R, # 0, Table 3.2 illustrates the calculation of L for C, = 1.6 nF with
C1 = 100 nF, and also for Cy = 16 nF with C; = 20 nF. Typical values of the
unloaded Q (i.e., Qy = wL/Ry) for the inductor are listed with the associated Rj.
Finally, the inequality in (3.26) is checked.

The above calculations show that the assumption R = 0 will not work in this
case. Of course, when using the design procedure based on R = 0 there are values
for which (3.26) is not satisfied and, therefore, oscillations will not occur.

The calculations also show that if the inductor’s Qy is 30 (i.e., Ry = 0.6Q)
the oscillator will not work. However, if Qy is increased to 50 the oscillation
conditions are satisfied. Also, the inequality (3.26) is better satisfied with a higher
value of g,,. This can be attained by designing the oscillator with Vgg =-0.5V so
that g,,, = 6 mS.

The simulation of the oscillator with C{ =20 nF, C, =16 nF, and L =2.86 uH
(Qy = 50) is shown in Figure 3.4(a). The Q point is at Ip = 5.68 mA and Vpg =
10.6V. The resulting oscillation at 999.9 kHz is shown in Figure 3.4(b). Although
not shown, the simulation was also performed by designing the circuit with Vg
=-0.5V and Ip = 6 mA.

From a practical point of view, the above calculation (based on typical transistor
parameters) shows that (3.26) is “‘barely” satisfied (250 > 228). This information
is especially useful if many units are to be constructed since the spread of the
transistor’s parameters might affect the yield. Hence, the designer can use the
statistical analysis tools, or might redesign the oscillator using a transistor with a
higher g,,.

3.2.2 FET Colpitts Oscillator

An FET Colpitts configuration is shown in Figure 3.5(a) and its ac model in Figure
3.5(b). The capacitor C, is a coupling capacitor. A loop-gain approach is used to
analyze the oscillator. However, a system determinant approach could have been
used similar to the analysis of the BJT Colpitts oscillator in Section 3.3.

From Figure 3.5(b) the load impedance [see (3.20)] is

_ X [j (X1 + X3) + R]

(X1 + X+ X3) +R;

At resonance

1
VLCT

Wo

Table 3.2 Loop-Gain Condition [i.e., (3.26)] for Example 3.1

X% +74R;
Cq 0) Cr L Qu R &mrd > XX,
100 nF 1.6 nF 1.6 nF 15.8 uH 50 1.98Q 250 > 685 (not satisfied)
20 nF 16 nF 8.9 nF 2.85 uH 30 0.6Q) 250 > 378 (not satisfied)

20 nF 16 nF 8.9 nF 285 uH 50 0.36Q2 250 > 228 (satisfied)
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Figure 3.4 (a) Pierce oscillator for Example 3.1 and (b) the output voltage.

where

and it follows that [see (3.23)]

Cy

Cy

T:C1+C2
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W =l
) Cat,
_ -1
" eC,
IC} X, =al
LY

v, =V,
@ (b)
Figure 3.5 (a) An FET Colpitts oscillator and (b) its ac model.
2
: [X2 (wo)]
Zi(jwy) = (3.28)
s

The voltage feedback factor is

. _Yf_ X3 *+ Rposs
Bliwo) = = R+ (%) + X3)

or

o _ R (X + X))
ﬁ(/wo)— Rs_]XZ

If | X5| > Rq, then

(j )_X1+X2_C1+C2
ﬁ/wo - X2 - Cl

The gain of the source follower at w, (with R¢||Z; = Z| and vgs =vf—v,) is

, v gmZr(jo)
Ayljo) =22 = .
O 0 T T4 guzija)
Hence, the loop gain at w, is

, . _C Gy gmZiljw)
Bljwg)Ay(jwy) = C, T+g,7Z; (jwy) >1 (3.29)

Substituting (3.28) into (3.29) gives
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woRsC1Cy
which is recognized as the gain condition.

3.2.3 FET Hartley Oscillator

In a Hartley oscillator, Z1 and Z; represent a tapped inductor with mutual induc-
tance Zyf, and Z3 is a capacitor. A Hartley oscillator can be designed with or
without mutual coupling between L1 and L;. If there is no mutual inductance,
then M = 0. The general configuration of the Hartley oscillator is shown in Figure
3.6(a), and its ac model in Figure 3.6(b) where R = r4||Rp.

From (3.13), the frequency of oscillation is obtained from

X1(wo) + Xa(wy) + X3(w,) + 2X p(w,) = 0oLy + oLy = 0. C +20,M =0
(0]
which gives
1
Wy, = —— (3.30)
VL1C
where
LT = Ll + L2 +2M
VDD

XW 1

R, X,=owl,

¢ -1

C. ] X=ac

— ¢ =
C
R é R c © i
S S + R . +
| Ves ¢ \j— L, M, L gV
= = | 9. Sl . -
——{¢ L
C

(a (b)

Figure 3.6 (a) An FET Hartley Oscillator and (b) its ac model.
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The gain condition from (3.14) is

L,+M
ngLZLl‘FM

(3.31)

A Hartley configuration that is commonly used (with M = 0 between L and
L;) is shown in Figure 3.7. Its ac model is similar to that in Figure 3.6(b). The
negative gate-to-source voltage is obtained from Vg, and Vpp sets the drain-to-
source voltage. The capacitors Cy, are bypass capacitors.

The transformer L, — L3 is used to provide the ac load to the FET. That is,

Ry = n’R
where the turns ratio # is
Ly
n=n]=
L

From (3.30) the frequency of oscillation is given by

w, = 1 (3.32)

V(Li + Ly)C

and from (3.31) the gain condition, with the load Ry =r4 || R, = Rf, is

)
gnRL2 T2 (3.33)

or

Q\/

Figure 3.7 A Hartley oscillator.
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Example 3.2
Design the Hartley oscillator in Figure 3.7 to oscillate at 5 MHz with R = 50().

Solution
Let the supply voltage be Vpp = 12V. Letting L1 = L, = 5§ wH, it follows from
(3.32) that
1
C= =101 pF

T 27 x5 x 109410 x 107°)

For the FET, a 2N5486 JFET was selected. This JFET lists minimum and
maximum values of Vp and Ipgg at 25°C. It also lists the typical minimum values
at 25°C as Vp = =2.5V and Ipgg = 7 mA. A worst-case design requires that the
minimum value of g, be used. Hence, if the O point is set at Vg = -1V, the value

of €y (min) 18

7 x 1073

W[_l - (-2.5)] =3.36 mS

I
on(min) = 225 [Vgs = Vp] = 2
Vp

Let us use gy (min) = 3 mS. Then, from (3.33), with L1 = L,, the value of Ry, is
Rp >—=—"""73=3330Q
Selecting Ry > 3330, say Ry = 500Q), the turns ratio is given by
5= \/% - % - 3.16
The value of the inductor L3 follows from

L, §x107°
Li==2=2"2"" _500nH
T2 3162

The oscillator was simulated in ADS using the bias circuit shown in Figure
3.8(a). The Spice parameters for the 2N5485 are Ipgg = 12 mA and Vp = -3.5V.
Hence, for Vgg = =1V the drain current is Ip = 6.12 mA. The Q point values
calculated by the program are Vpg=12V and Ip = 6.82 mA. The resulting waveform
is shown in Figure 3.8(b) where the fundamental frequency of oscillation is
4.834 MHz.
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Figure 3.8 (a) The Hartley oscillator for Example 3.2 and (b) the simulation results.

Another FET Hartley type of oscillator is shown in Figure 3.9(a). This oscillator
uses an FET in a CG configuration. The ac model is shown in Figure 3.9(b). The

feedback factor is

_Yf_
p= =

Ly

Li+L,

Using a source transformation and the substitution theorem (i.e., replacing one
of the g,,vgs current source by the resistor 1/g,,) produces the model in Figure
3.9(c), where R appears in parallel with 1/g,,. The transformer formed by L1 and
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(a) (b)

G

Va
L+L
+ GV c J-‘+ : n’( Rs"l)
]

(d)

Figure 3.9 (a) A Hartley type of oscillator, (b) the ac model, (c) model for the calculation of the
open-loop voltage gain, and (d) equivalent circuit across C.

L, convert the resistance Rgl|(1/g,,) to a parallel resistance across the capacitor

of value
2 1
R, =n"{Rg||—
P < ’ gm>
where
_Li+1L,
n——L2

The equivalent circuit across C, shown in Figure 3.9(d), is convenient for the
calculation of the open-loop gain.
From Figure 3.9(d), the resonant frequency is

1
V(L + Ly)C

Wy =
and the loop gain is

(3.34)

1 >L1+L2

gm L,

1
- =~ R
gm> gm( S

Ly 2
Blan) Avtwn) = 2 g (Rs
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To start the oscillation, the loop gain is set to a value between 2 and 3. Observe
that for the case that Rg||(1/g,,) = 1/g,,, (3.34) reduces to

Li1+L
Bl Ay(wy) = =2

3.2.4 FET Clapp Oscillator

The Clapp FET oscillator (also known as the Clapp-Gouriet oscillator) is shown
in Figure 3.10. The configuration is somewhat similar to the Colpitts configuration.

The impedance Z3=j(wL3;—1/wC3) must be inductive. The frequency of oscillation
is given by

where

The gain condition is

7 >1
(0% RsCI CZ
Vo @
R, I_ S
@ |
§L3 C1 - —
Z,
) (Z)
Y c =
-G R§§

Figure 3.10 The Clapp oscillator.
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where R represents the coil losses. Hence, C; and C; can be selected to satisfy
the gain condition and Cj3 to adjust the frequency of oscillation.

The addition of a tuning capacitor in series with L3 can also be done to the
Pierce oscillator. In this case the oscillator that results (i.e., a Clapp type) is shown
in Figure 3.11.

The capacitor Cj3 in series with L3 provides another degree of freedom in the
design, since Cq and C, can be selected to satisfy the gain condition, and C3 can
be selected to set the frequency of oscillation. This improves the frequency stability,
making the frequency stability of the Clapp oscillator better than that of the Colpitts.
The frequency stability of the Clapp oscillator due to a change in capacitance is

o o L. ACT

Wo = =5 Wo =
The changes to the total capacitance usually come from the active device. If Cq
and C, are designed with large values, then C7 = C3, making Aw,, independent of
the active device.

3.2.5 The Grounded-Gate Oscillator

A Grounded-Gate (GG) oscillator is shown in Figure 3.12(a) and its ac model in
Figure 3.12(b), where R, represents the equivalent parallel resistance of the induc-
tor. The GG is in the form of a Colpitts oscillator but with the gate grounded.
The analysis of this oscillator is similar to that of the grounded-base oscillator,
which is done in Section 3.3.

Using a source transformation and the substitution theorem (i.e., replacing one
of the g,,v¢ current sources by the resistor 1/g,,) produces the model in Figure

VDD
R

Figure 3.11 A Clapp-type oscillator.
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Figure 3.12 (a) The GG oscillator, (b) an ac model, (c) an alternative ac model, and (d) equivalent circuit

across the inductor.

3.12(c), where Rgappears in parallel with 1/g,,. The capacitive transformer formed
by Cq and C; transforms (Rg||1/g,,) to a parallel resistance across the inductor

with value
, 2 1
Rp=n“|Rg || —
b ( s gm)
where
_Ci+ G
n= o

The equivalent ac circuit across the inductor is shown in Figure 3.12(d). It is

seen that the resonant frequency occurs at

1 (3.35)
VLCr

W, =

where
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_ GG
Cre=g e (3.36)
At w,, the gain is
v .
Aulwo) =52 = gn(Rp | RL I RY)
and the feedback factor is
_vr o G
p= v, Ci1+Cy
In the case that Rp | R || Rp can be approximated by Rp, then
5 1
Aulo) = g (Rs | o) (3.37)
8m
Furthermore, if Rg||(1/g,,) = 1/g,,,, (3.37) reduces to
Ci+C 2
Ao = nz = <C—1)
and the loop gain is
Ci+C
Blao)Ay(wo) = == (3.38)

To start the oscillation, the loop gain can be set to a value between 2 and 3.

Example 3.3

Design the GG oscillator in Figure 3.12(a) to oscillate at 20 MHz using the 2N5486
JFET. Assume that R; = 10 k(, and an RFC is in series with Rg.

Solution

Let the O point be at Ip = 4.5 mA, and Vpg = 5V. For this transistor, typical
values are Vp =-3.5V and Ipgg = 12 mA. Therefore, at Ip = 4.5 mA the value of
Vs is approximately —=1.36V and g, =4.2 mS. The Q point design requires that

—Vgs 136

= 3020
Ips  45x107

Ry

and

_Vop-Vps-Vs _12-5-1.36

R
b Ips 4.5x1073

=1.25 kQ
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For the inductor, select L = 1 uH having Qy = 80 (or Ry, = 10 k(). From
(3.35)

1
Cr=—— =634 pF

Wo
Letting the loop gain be 3, it follows from (3.36) and (3.38) that

C, =3Cr=3(63.4 x 1072) =190 pF

and
_Cy _190x1072
Cl_T_f_% pF
Since
_Ci+Cy
n= o =3

and with Rg||(1/g,,) = 1/g,,, it follows that

2
_n

Rp = o =238(9) =214 k0

m

Hence, the equivalent resistance of the tuned circuit is

Rp || Rp || Rp =10 x 10 || 10 x 10% || 2.14 x 10° = 1.5 kQ

which shows that the approximation (3.37) is not exactly valid. However, making
n = 3 should be sufficient to start the oscillation.

The simulation of this oscillator is shown in Figure 3.13. The Q point is at
Vs = —1.41V and Ip = 4.7 mA, and the fundamental frequency of oscillation is
19.95 MHz.

3.2.6 Tuned-Drain Oscillator

Another FET oscillator is the tuned-drain oscillator shown in Figure 3.14(a). The
transistor produces a phase shift of —180° and the transformer the other —180°.
In this oscillator, in terms of the notation employed in Figure 3.2(a), Zq is the
impedance of the gate coil, Z, is the impedance of the tuned circuit at the drain
terminal, Z3 represents the small impedance coupling through Cgg, (which at
the frequency of oscillation can be neglected), and Zj; is the mutual coupling
of the coils. However, instead of using the general equations for the calculation
of the frequency of oscillation and the gain conditions, it is worthwhile to analyze
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Figure 3.13 Simulation of the oscillator in Example 3.3.

this circuit using the ac model shown in Figure 3.14(b). The resistor R, represents
the equivalent parallel resistance of the coil losses. Also, since i = 0 there is no

voltage induced in the primary of the transformer due to iy. The open-loop gain
is given by

. v
Ay (jo) = UO =8m <7'd
gs

1 .

and the voltage-feedback factor is
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Ve =-v,
(@) (b)
Figure 3.14 (a) A tuned-drain oscillator and (b) the ac model.
diy
-M =2
o Vs _ a __M
Bljw) v, &L (3.40)
2 dr

Consequently, using (3.39) and (3.40), the loop gain can be expressed in the form

M 1
Blia)Autjo) = 1 (14 | Ry H/w_c jol2) (3.41)

Obviously, the transistor sees a parallel RLC circuit whose resonant frequency [i.e.,

the frequency at which the imaginary part of (3.41) vanishes] is

1
VvL,C

W,
At w,, the gain condition [from (3.41)] is
Bliwo)Aujor) = 1= gnlra | Ry) 2 1
or

L
gm(”d ” RP) 2 Mz

3.2.7 Cross-Coupled Tuned Oscillator

A configuration that is used in IC oscillators is shown in Figure 3.15(a), and
redrawn in Figure 3.15(b). This oscillator is known as a cross-coupled tuned



3.2 FET Tuned Oscillators 129

TVDD
(EE0E
Y
? 1 v 1
(@
?VDD

(b)

Figure 3.15 (a) A cross-coupled tuned oscillator and (b) alternate drawing.

oscillator. In Figure 3.15, R, represents the equivalent parallel resistance of the
tuned circuit.

Each stage provides a phase shift of —180° at its resonant frequency. The gain
of the first stage is

Vol _ —8m

=l/,'1 1 . _ 1
Rp +]<a)C wL)

where v;1 = v,y and v;5 = v,1. The gain of the second stage is identical to that of
the first stage. Hence, the loop gain is given by

Vol Voy _ |
Vi1 U — / -
il Vi2 Rp +;<wC wL)

From (3.42) the frequency of oscillation is given by

and the gain condition is
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For IC implementation a current bias is used as shown in Figure 3.16(a).
Another IC implementation [similar to that in Figure 3.16(a)] is shown in
Figure 3.16(b).

In this section various FET tuned amplifiers have been designed, and the
resulting waveforms obtained using the harmonic balance simulator. The transient
simulator could have also been used. However, in some cases the transient simulator
can take a significant amount of time. For example, the transient simulation of
the oscillator in Figure 3.13 can take up to 5 minutes in order for the oscillator
to reach steady state.

In the analysis of the initial response of an oscillator a transient simulator is
required. Of particular interest is the oscillator behavior of when the power supply
is turned on. Figure 3.17 shows the transient response of the oscillator in Figure
3.13 when a step voltage source is used to represent the power supply turn-on
condition. Observe that the steady state response is identical to the one obtained
in Figure 3.13.

An envelope simulator is also provided in ADS. It can be used to obtain the
envelope information associated with the transient response of an oscillator. For
the purposes of this book the envelope simulator was not needed. The reader is
referred to the ADS documentation from Agilent for specific details about the use
of the envelope simulator in oscillator systems.

3.3 BJT Tuned Oscillators

The general configuration of a BJT tuned oscillator is shown in Figure 3.18(a). In
some designs RFCs are used in series with R, Ry, and R;. The elements that

C%L %R R%

S

I~
- AAAS

1.
T

L TIT |

o1

L oo L
I 3
MY

c

Figure 3.16 (a) A cross-coupled tuned oscillator with current bias and (b) another cross-coupled
oscillator with current bias.
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Figure 3.17 Transient simulation for the turn-on condition of the oscillator in Figure 3.13.

determine the path of the ac signal are shown in Figure 3.18(b). The BJT provides
a voltage gain with a phase shift of —180°. The tuned circuit introduces another
—-180° phase shift at the frequency of oscillation.

In Figure 3.18(c) the BJT is replaced by its hybrid model. The resistor Ry,
represents R¢ in parallel with 1/h,,. If an RFC is used in series with R, then
Ry =1h,. If the resistance of the RFC is considered, then Ry, = (1/h,,) || R, where
R, is the equivalent parallel loss resistance of the coil. Using a Thevenin’s equivalent
circuit across Ry , the model in Figure 3.18(d) is obtained. The loop equations are

i1(hig+ Z1) +i2Zy —i3(Z1+Zpy) =0
it(heRp + Zy) +i2(Rp + Z3) —i3(Z2+Zy) =0
and

(L1 +Zy) —ix(Zy+ Zy) +i3(Z1+ Ly + 235+ 27)) =0
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© (d)

Figure 3.18 (a) General configuration of BJTs tuned oscillators, (b) ac model, (c) the BJT replaced
by its ac model, and (d) using a Thevenin’s model across R;.

Hence, the system determinant is

hie + Z1 Zpm —(Z1+Zpm)
D(jw) = |PfeRL+Zy  Rp+2Z; —(Zy+ Zy) (3.42)
—(Z1+ZyM) —(Zy+ZyM) Z1+Zy+2Z3+27y

The hybrid parameters b, and b;, in the previous equations are also denoted
by B and 7, respectively. In what follows, both notations are used.

3.3.1 BJT Pierce Oscillator

The schematic of a BJT Pierce oscillator (i.e., a Colpitts-type oscillator) is shown
in Figure 3.19(a), and its ac model is shown in Figure 3.19(b). Setting the imaginary
part of (3.42) equal to zero, it follows that the frequency of oscillation is given by

1 1 1
@o \/LCT " Ci1CoR by, .\/LCT (3:43)

where
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Figure 3.19 (a) A BJT Pierce oscillator and (b) its ac model.

The gain condition follows from the real part of (3.42), namely,

__G G
[gm Clhie]RL o)

where g, = hf./hj, and the load resistance is R = R || (1/h,,). If hf, > C5/Cyq
(which is simple to satisfy), the gain condition reduces to

C
gmR1 2 C—; (3.44)

Observing that the voltage feedback factor in the Pierce oscillator is
Bljw,) = —C,/Cq, and that the open-loop gain of the amplifier is A, (jw,) =
~hfRp/hie = —guRp, (3.44) is simply recognized as the loop-gain condition
Bljwo) Ayljwg) = 1.

If the coil losses are included in the analysis (i.e., with Z3 = Ry + jX3) the
impedance Z (jw) is given by

Zr =Xy | [Rs +iX3 + (X1 || )]

where the approximation Ri || Ry ||7,=r, was used. Furthermore, letting
|X1] < r,, we can write

_JXa[j(Xq + X3) + Rs]
L=(X1 + X3 + X3) + R,

The voltage feedback factor is
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Hence, the loop gain is

Blio)A,(jo) = Bljo)| ~gm(RL || Z1)] (3.45)

_ gmR1. X1 X5
JRL(Xq + X + X3) = Xo(Xq + X3) + RLR;

which is similar to (3.22).
From (3.45) it follows that the frequency of oscillation is

_ 1
@o = .\/LC T
where

_ GG
B C1 + Cz

Cr

and the gain condition is

2
R >X2(wo) + R R;
EmIL Xl(

3.46
w5) X2 (w,) (346)
which is similar to (3.26). Observe that if R; - 0 then (3.46) reduces to (3.44).
Also, in the cases that R; R, > Xzz, (3.46) gives

81 (3.47)
wo R C1Cy

Example 3.4
Design the BJT Pierce oscillator in Figure 3.19(a) to oscillate at 800 kHz.

Solution

A 2N2222 BJT can be used at a bias point of Vg = 10V and I = 1 mA, where
the minimum beta is 50 and /7 =300 MHz. Letting Vcc =20V and using a typical
beta of 100, the resistors are designed as follows:

_10%Vee _ 0.1(20)

R =2 kO
E Ic 1073
Vee = Vee = Vi -10 -
Re= I e 20 1;_03 2_810
Rg 10002 x 10°
Ry = /31013 - 109 10 )= 20 kQ
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2 _
Vg =IgRyy + 0.7 + [gRg = % +0.7+ 1072 x 10°) = 2.9V

vV 20
Ry = RTHV—;i =20 x 103ﬁ =138 kQ

and

Rty _20X103
V29
Vee 20

R, = =23.4 kQ

Atlc=1mA:g,,=107/25x 107 =40 mSand b, > Byin/gm = 50/0.04=1.25 k).
From (3.44), with R} = R, the gain condition is

(0.04)(8 x 10%) = 320 = =L (3.48)

The input resistance is
RIN = R1 ” R2 ” hie =1.18 kQ

The reactance of C1 should be much smaller than 1.18 k(), say, 50 times smaller.
Using a factor of 50 gives

1 1.18 x 10°
X = =
Xl = 500 = 10°C, 50
or C1 = 8.43 nF. Then, from (3.48),
8.42 x 107
C2 > T = 26.3 pF

Let C) = 50 pF.

Finally, from (3.43), with C1=49.7 pF we obtain L =797 uH. The magnitude
of the reactance of the bypass capacitor is selected to be negligible with respect to
R, say Cp = 0.1 uF. A coupling capacitor can be placed from the collector to
C,. Hence, its reactance (magnitude) must be much smaller than that of C,, say
C, =100 nF. It can also be connected in series with the inductor, in which case
its reactance should be much smaller than that of the inductor.

The simulation and resulting waveform are shown in Figure 3.20. The funda-
mental frequency of oscillation is calculated to be f, = 783 kHz.

Example 3.5

The BJT Pierce oscillator shown in Figure 3.19(a) was designed using a 2N2907
BJT with VCC = 15V, Rl =12 kQ, Rz =6 kQ, RE = SOOQ, Ce = Cc2 =0.1 ,LLF,
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Figure 3.20 Simulation of the Pierce oscillator in Example 3.4.

C1=50nF, C, =500 pF, L =300 xH, and the collector resistor R, was replaced
by an RFC whose inductance is 20 mH. Determine the frequency of oscillation
and check if the RFC, the bypass capacitor, and the coupling capacitor were

properly designed.

Solution

The 2N2907 transistor lists hpp(min) = 30, Ic(max) = 800 mA, and fr =
300 MHz. An analysis of the circuit with the values given shows that the Q point
is located at I = 8.16 mA and Vg = 11V. Hence, g,, = 326 mS.
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The total capacitance across L is

coz CiCy _ 50 107(500 x 1071%)
T=Ci+C 50 %107 + 500 x 1072

=495 pF

The frequency of oscillation is

1 1
fp=—— = = 413 kHz

27JLCT  274/300 x 106495 x 10712)

The voltage feedback is

Gy 0.5x107

w,) = =-0.01
Bljwo) ==& = S0 x 107
Hence, the gain for oscillation is
. 11

Since b, (min) = 30, and with Ry = 1/h,, > 50 k{), the gain condition in (3.44) is
readily satisfied.

The resistance Rq||Ry||»;. = b;, appears in parallel with the reactance of C1,
which is X¢, = = 7.7€) at 413 kHz. Using a typical value of 100 for h,, the typical
value of b;, is 306(). Hence, the loading is small.

At f, the reactances of the bypass and coupling capacitors are

-1 -1
X =X = = =-3.85Q
€= T 27 Cl T 2m(413 x 103)(0.1 x 10°°)

and the reactance of the RFC is
Xgpc = 27f,L = 2m(413 x 10%)(20 x 107°) = 51.9 kQ

Also, C, acts as a short circuit to the ac signal, thus properly coupling the ac signal
to the resonant circuit. Since Rg > | X, |, the emitter capacitor acts like a short
circuit at f,. A finite loss of 5Q) was assumed for the RFC. The reactance of the
coil is large and appears in parallel with r;. Hence, the gain condition in (3.47) is
satisfied with R} = r4.

The simulation of the oscillator is shown in Figure 3.21(b). The fundamental
frequency of oscillation is calculated to be f, = 424.5 kHz.

3.3.2 BJT Colpitts Oscillator

The schematic of a BJT Colpitts oscillator is shown in Figure 3.22(a), and its ac
model in Figure 3.22(b). If the RFC is not used in series with R, then for proper
operation



138

Tuned-Circuit Oscillators

V_DC
+| vce | ﬁ | HARMONIC BALANCE
= Vdc=-15V
- 3 HarmonicBalance
R L HB1
L R1 RFC Freg[1]=413 kHz
- R=12 kOhm =20 mH Order[1]=3
R=5
Cc
Cc
C=0.1uF
Vo Ay
)0
|/ ap_pnp_2N2907A_19930601
e,
OscPort
Osct
V | Z1.10hm
1 NumOctaves=2
R R c Steps=10
R2 RE Cb Fundindex = 1
§ R<6 kOhm § R=500 Ohm C=0.1uF MaxLoopGainStep =
¥
| ¢ | ¢
I 1 X
C = Cc
C1 Cc2
C=50nF C=500 pF
V.
L
L
L=300 uH
10—
0
> ]
S 0
2 ]
2 ]
-20
] e
-30
00 05 10 15 20 25 30 35 40 45 50
time, usec freq[1]
424.5 kHz

Figure 3.21

Rg >

Simulation of the oscillator in Example 3.5.

wCy

Also, Cq > Cp, must be satisfied, and C¢ is a coupling capacitor. Either RFCs are
used or the input resistance R{||R3||BRE must be high in order not to load the

resonant circuit.

The analysis of the BJT Colpitts oscillator can be performed like the one for
the FET Colpitts oscillator in Section 3.2. The analysis can also be performed in
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Figure 3.22 (a) A BJT Colpitts oscillator and (b) its ac model.

terms of the system determinant using (3.42). However, Figure 3.22(b) shows that
in the Colpitts configuration the current in Ry, = 1/h,, can be neglected and only
two loop equations need to be written. That is, with Z;=1/jwCq,
Zy =1/jwC;, and Z3 = jwL, we obtain

0=i1(Z1+2Zy+Z3) +ip(hpeZy - Z1) (3.49)
and

0=i1Z1-ip(Z1 + hy) (3.50)

Oscillation occurs when the determinant of (3.49) and (3.50) is set equal to
zero. That is, when

VAR AR WA herZ_Zl :
Zy ~Z1+hie) |~

or
(Z1+Zy+ Z3)hip + b 2172y + Z1(Z2 + Z3) = 0 (3.51)
Setting the imaginary part of (3.51) equal to zero gives
Z1+7Zy+75=0

or
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Hence, the frequency of oscillation is

0y =
VLCr
where
_ GG
Cr= Ci+Cy

Setting the real part of (3.51) equal to zero gives
21Z2(hfe +1)+21Z53=0

which can be expressed as

A4
hetl>-Z =1+7,
or
C,
be> G (3.52)

which is the start of oscillation condition.
If coil losses are included in the analysis (i.e., Z3 = R + jwL) the real part of
(3.51) gives

1 1 R, _
(Fae w60 523

Equation (3.53) gives the frequency of oscillation as

0y = —— (3.54)
VLCr
where
CiC
Cr=
r=ci+c,
and
, C
Cl = 1R = C1
1+
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The gain condition follows from the imaginary part of (3.51), which is,

hfe L

Rohjp = —Lo— + =
sPie w§C1C2 C,

=0 (3.55)

Since the second term is much larger than the third term (i.e., b X ¢, > X1 ), (3.55)
can be expressed as

&m

— > 1 (3.56)
wyRC1Cy

It is also observed from (3.55) that if Ry - 0, it reduces to

as in (3.52).

Example 3.6
Design the Colpitts oscillator in Figure 3.22(a) to oscillate at 1 MHz.

Solution
Let C;=Cy;=10nF, so that C; > Cp, and Cp=35nF. It follows that
|Xc,|=|Xc, | = 15.9Q. Then, from (3.54)

1
L= =5.07 uH
27 x10°)?% 5 x 107 a

If the coil Qy is 60, then R, = 0.64Q).
The condition (3.56) requires that

gm > (27 % 10%)2(0.64)(10 x 107°)> = 2.52 mS$

which is simple to attain.
A 2N2222 BJT can be selected and the bias point set at 8V, 10 mA, with
Vee = 15V. Then,

=———==700Q
F 0% 107
10 x 107
IB :W =100 ,LLA

Let Ig, = Ig, = 1013 = 1 mA. Then,
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_15-7.7

R =7.3kQ
T
7+0.7
Rz = 3 =7.7 kQ
10
The value of g, is
-3
10 x 10
=—— =400 mS
S TITE

which certainly satisfies the gain condition.

The coupling capacitor C, is selected so that its reactance is negligible to that
of the inductor at 1 MHz. Hence, let C, = 0.1 uF.

The simulation of the oscillator is shown in Figure 3.23(a). The O point values
are: Vg = 8.13V and I = 9.78 mA. The oscillation signal is viewed across the
emitter resistor. The fundamental frequency of oscillation is 1.023 MHz.

A modification to the configuration in Figure 3.23(a) is shown in Figure 3.23(c).
The collector-tuned circuit at 1 MHz is used to couple the output signal and provide
further filtering at the fundamental frequency. The simulation results are shown
in Figure 3.23(d) where vgg and i are shown. The plots of vgg and i are useful
with phase noise considerations.

The pulse width of the collector current affects the phase noise of the oscillator
(see Chapter 2). Further considerations associated with controlling the collector
pulse width and the phase noise of the oscillator are discussed in Section 3.7. The
SSB phase noise of the oscillator is shown in Figure 3.23(e). The harmonic balance
controller used for the calculation of the phase noise is shown. ADS recommend
that for phase noise calculation in the harmonic balance controller use: Order =7
and Oversample = 4.

3.3.3 BJT Hartley Oscillator

The schematic of a BJT Hartley oscillator is shown in Figure 3.24(a), and its ac
model is shown in Figure 3.24(b). For this oscillator the frequency of oscillation
is

1 1
_ a2 -\/LTC
.\/LTC_LlLZ M

®

(O

where

Lt=L{+L,+2M
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Figure 3.23 (a) Colpitts oscillator simulation for Example 3.6, (b) the oscillation waveform, (c) a collector
coupling circuit for the Colpitts oscillator, (d) the waveforms of vgr and ic, and (e) the SSB
phase noise.

With an RFC from the collector to V¢, we have Ry =1/h,,, and the gain condition
is

L,+M
§mRL2 T M
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Figure 3.23 (Continued).

Another BJT Hartley type of oscillator is shown in Figure 3.25(a). In this
oscillator the BJT is in a CB configuration. The biasing could also be done as
shown in Figure 3.25(b). The ac model is shown in Figure 3.25(c).

From Figure 3.25(c) the feedback factor is

_vf_ Ly
B_Uo_Ll"'LZ

The transformer formed by L1 and L converts the resistance Rg||7, = 7, to a
parallel resistance across the capacitor of value
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£y =X, = jol,
=X - jel,
Zy= JX -

(b)

Figure 3.24 (a) A BJT Hartley oscillator and (b) its ac model.

Figure 3.25 (a) A Hartley type of oscillator, (b) a dc bias variation, (c) the ac model, and
(d) equivalent circuit across the capacitor.
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Rp =nr,
where

_Li+ Ly
===

The equivalent model of the tuned circuit is shown in Figure 3.25(d).

From Figure 3.25(d), the resonant frequency is

U B
V(Ly +Ly)C

At w,, the loop gain is

) 2, _Li+ly
Blwo)Avlwo) = =57 8 Te = ——

(3.57)

(3.58)

where g,,,7, = 1. To start the oscillation, the loop gain is set to be between 2 and

3.

Example 3.7

Design the BJT Hartley oscillator in Figure 3.25(b) to oscillate at 1 MHz using
the 2N3904, a general purpose BJT. The Q point is to be at Vcg = 6V and I =

3 mA. The 2N3904 lists f7 > 300 MHz and a typical beta of 100.

Solution
Let Voo = 12V, then

12-6
Rp=—="% 710
E73x107

Let

Ry = pRE 10 = 1002?80 =20 kQ

and it follows that

VTH =6+0.7=6.7V

R1=RTHV = (20 x 103)67 20 kQ
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and

_ Ry _(20x10%) _
R, = Vi &7 =453 kQ
Vee 20

Let C = 5 nF, then from (3.57)

1 1
Li+1,=——= =51 uH
P02 T 2r108)? 5 x 1070 H

Letting the value of the loop gain be 3, it follows from (3.58) that

Ly+L, 51x10°
EE

L, = 1.7 uH

and
Ly=2L, =34 uH

The simulation of the oscillator is shown in Figure 3.26. The fundamental
frequency of oscillation is 999.5 kHz.

3.3.4 The Grounded-Base Oscillator

Two grounded-base (GB) oscillators are shown in Figure 3.27(a, b). In Figure
3.27(b), Ry, also serves as the collector resistor. The GB oscillator is in the form
of a Colpitts oscillator but with the base grounded. An ac model is shown in Figure
3.27(c). Replacing the BJT by its ac model we obtain the ac model in Figure 3.27(d),
where

h ie

bibzh_fe

The parameter hj, is also denoted by 7, in the literature. Observe that r, = 1/g,,.

It is of interest to analyze this oscillator by calculating the loop gain. To this
end, the model in Figure 3.27(d) is drawn in the form shown in Figure 3.28(a)
where it is assumed that C) > Cj, and C; > C,. Observe that the impedance
across Cy is Rg||b;p. Since b, is small it follows that Rg||h;, = bjp,. Therefore, if

< by, (3.59)

wCy

the resistor hj, does not load the reactance of the capacitor C,. However, the
resistor b, transforms to a parallel resistor across L, which must be considered in
the calculations of the voltage gain. In Figure 3.28(a) the losses of the inductor
are represented by R,.
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Figure 3.26 Simulation of Example 3.7.
Assuming that (3.59) is satisfied, the voltage feedback factor is
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Figure 3.27 (a) A GB oscillator, (b) a GB oscillator with a different dc bias network, (c) an ac model,
and (d) using the ac model of the transistor.

(a) (b)

Figure 3.28 (a) Model to calculate the loop gain and (b) an equivalent ac model.

it follows that for a high-Q tuned circuit the capacitive transformer formed by Cy
and C, transform the resistor Rg||h;;, to a parallel resistance across the coil given

by

, Ci+ GV
Rp = (hip || Rg)n® = bib<lc—12>

The total parallel resistance is
Rr=Ry || Rp || R

The equivalent ac model across L is shown in Figure 3.28(b). Therefore, the
open-loop gain is
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) v :
Ayjo) =U—‘; =gmZ1(jo) (3.61)
where
Zi(jw) =Rt | joL H 7wCr (3.62)
and
_ GG
Cr= Ci1+C

The phase shift through the feedback network is 0°. Therefore, the phase from
A, (jw) in (3.61) must also be 0°. This occurs at the resonant frequency of the
tuned circuit, which is the frequency of oscillation. From (3.62), the imaginary
part is zero at

1
VLCr

Wo

Then, observing that Rp = Rp, it follows that

. , Ci+C\Y [Ci+CyV
Av(/wo):ngP:gmbib< 1C1 2) =<1C—12> (3.63)

since g,,hjp = a = 1.
From (3.60) and (3.63), the loop-gain requirement to start the oscillation is

Ci1+C
Bljo) Ay (jwy) = 152 (3.64)

A design procedure is to use a factor of 10 to satisfy the inequality (3.59), or

10

wh

C, 2 (3.65)

and in (3.64) to make the loop gain a value between 2 and 3.

Example 3.8

Design the GB oscillator in Figure 3.29(a) to oscillate at 10 MHz. The transistor
(a 2N3904) has 8 =100 and it is to be biased at I = 1 mA.
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Figure 3.29 (a) GB oscillator

Solution
With I =1 mA,

and

0 20 40 60 80 100 120 140 160 180 200 220
time, nsec

(b)

for Example 3.8 and (b) the simulation results.

it follows that

CVp 25x107
(A ERIETE I
_Ic_ 1 _ 1 _
§m =Yy T hy T25 =40 mS
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From (3.65)

10 _ 10 =6.36 nF

> =
2T whiy " 27 x 107 (25)

and from (3.64) letting the loop gain be 3, we obtain

C, 6.36x107
C1:72:+:3.18n13

Then,
CT = C1 ” C2 =2.12 nF
The value of L is

L= 21 = 721 - =0.12 uH
wlCr (27 x107)%2.12 x 107)

and

2
+
Rp = h,-b<C1C1C2> =25(3)2 = 2250

Since Rp = 2250, any R such that R} > 2250 can be used.

The simulation results are shown in Figure 3.29(b) where the fundamental
frequency of oscillation is 9.977 MHz. The actual Q point values are: Vg = 7.5V
and I¢ =1.07 mA.

3.3.5 BJT Clapp Oscillator

Two Clapp oscillators are shown in Figure 3.30. For the oscillator in Figure 3.30(a),
the frequency of oscillation occurs when

Xp(wo) = =X¢, (@) = X, (wy) = X (@0)

or

W, = —— (3.66)

where

1 1.1 1
Cr Ci Cy C;
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Figure 3.30 (a) A BJT Clapp oscillator and (b) another Clapp-type oscillator.

The gain condition is

&m

__Sm 5 (3.67)
0o C1CyR;

Example 3.9
Design the Clapp oscillator in Figure 3.30a to oscillate at 10 MHz.

Solution
The BFS17P BJT was selected for this design. This RF transistor lists a maximum
fr value of 2.5 GHz. At a typical Q point of Vg =5V and I¢ =2 mA, the value
of fris 1.5 GHz.

The QO point is obtained with Ve = 10V, Rg = 2.5 kQ, Ry = 4.3 kQ and
Ry = 5.7 kQ. The value of g,, at Ic =2 mA is 80 mS.

Let L. =25 wH with Qg = 80. Then, X; = 1,571Q at 10 MHz and

wL _27x%107(25 x 107°)

RS = m = 30 =19.6Q)
From (3.67), with C; = C,, we obtain
c?<bm 0.08 =1.04x 10718

w2R, (27 x107)%19.6

or Cy <1 nF, which is satisfied with C; = C» = 100 pF (or X¢, = -159Q).
The value of Cj3 follows from
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XC3 ==X - XC1 - XC2 =-1,571 + 159 + 159 = -1,253Q

or C3 = 12.7 pF. The total capacitance across L is Ct = 10 pF.
The simulation of the oscillator is shown in Figure 3.31. The fundamental
frequency of oscillation is 10.01 MHz.

3.3.6 Tuned-Collector Oscillator

A tuned-collector oscillator is shown in Figure 3.32. The ac model is similar to
the one shown in Figure 3.14(b), except that the resistor b;, must be included.

R
+—L v_be R1
= SRC1 -
T veeoioy < R=43K0MM
|@ HARMONIC BALANCE
B = DC_Feed
HarmonicBalance DC Feed1
HB1 -
Freq[1]=10 MHz
Order{1]=3
c § DC_Feed I\j
C3 DC_Feed?
C=12.7pF
) |
R
t A ¢ R2
T =
~ c1 R=5.7 kOhm
;=25 uH | c=100pF
R o~
Rs C
R=20 Ohm — o 822?0”
T C=100 pF Steps=100
=
freq[1]
10.02 MHz
12
10
> 7 \
= 8
, i
> s
® i
4
2 T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
time, nsec

Figure 3.31 Simulation for Example 3.9.

pb_sms_BFS17P_19960901
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R
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Figure 3.32 A tuned-collector oscillator.

Hence, the analysis of this oscillator is somewhat similar to the one used for the
FET tuned-drain oscillator.

3.4 Op-Amp Tuned Oscillators

Tuned oscillators can also be designed using an op amp. Figure 3.33 illustrates
a Pierce oscillator using an op amp. The analysis is very similar to that of the
FET Pierce oscillators. The frequency of oscillation is given by [see (3.12)]

1
=— 3.68
Wy \/LCT ( )
where
Rz
NV
RI
— A ——
- L
7YYL _
+ 1
v i

I

Figure 3.33 A Pierce oscillator using an op amp.
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Cr

The gain of the inverter configuration is A,, = -R, /R and the feedback factor

1s

Therefore, the gain condition is

Although the previous results are straightforward, it is of interest to analyze
the op-amp oscillator ac model shown in Figure 3.34 where the inverter gain is
A,o = —-Ry/R1, and its output resistance is R,. From Figure 3.34, assuming that

R1 > 1/wCq, the open-loop gain is

_Yo

l/f_ZR"'RO

v =

where

Zg =

The feedback factor is

ol Loz
e -

_R

|Auo| =

C1Cy
C1 + Cz

Ry Ci
R1 G

~ AwZr

_2Z1 + Z3)
1+ 7Zy+ 75

=L
G.f_.
7= JX = jeol.

Z,=JX=]

— 4y,

T)

L

R,

S

Zy

Figure 3.34 An ac model for the op-amp oscillator.
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Hence, the loop gain is
,BA — Avozlzz
U Zy(Zy+ Z3) + Ro(Zy + Zy + Z3)

_AUOX1X2
=X (X1 + X3) +jR, (X1 + X2 + X3)

Setting the loop gain equal to one shows that
X{+ X, +X3=0 (3.70)
and the loop-gain condition is

ApoXq _ _AvoX1

X +X; Xy =1

or

X G

Avo = X1 G

(3.71)

which of course, is identical to (3.69).
If the inductor losses are considered in the analysis, it follows from (3.23) that
at w,

and the gain condition is

X3 (w,) + RgR

Ayp>——c——
"7 X (o) X2 (w,)

Figure 3.35 illustrates a Hartley oscillator using an op amp. The frequency of
oscillation is given by

w, = _1
VvLTC
where Lt =Ly + L, if M =0.
The feedback factor is
__ Ly
Blw,) L,

and the required gain is
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Figure 3.35 A Hartley oscillator using an op amp.

R,

Ry Lo
Ri Ly

|Avol = >

Example 3.10
Design the op-amp Pierce oscillator in Figure 3.33 to oscillate at 10 kHz.

Solution
The op amp used is a general-purpose op amp, such as the 1458 or 741. General-
purpose op amps have typical slew rates of 0.5 V/us and gain-bandwidth products
(fr) of 1 MHz. These parameters limit the frequency of oscillation. Of course,
there are many special purpose op amps with high slew-rate values and high fr
values, which can be used to attain higher frequency of oscillation.

Using supply voltage values of V" = 5V and V™ = =5V, the op amp output is
limited to its saturation values (i.e., approximately £5V). In this case the SR limits
the frequency of oscillation to

SR 0.5 x10°

fo < 27T|1/O| - 27(5) =15.9 kHz

Hence, the oscillator should perform well at 10 kHz.
Letting L. = 100 uH, the required total capacitance, from (3.68), is

1 1

Cr= = =253 uF
Qaf,)’L  (2710%%(100 x 107°) H
Letting C; = 10 uF, then
-6 -6
C, = CiCr _10x107°(2.53 x107) _ 555

" C1-Cr 10x10%-2.53%x10"°
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From (3.69), the required gain is

Ci_ 10x10° _
~Cy 339%x107°

[Avo]
The gain condition can be satisfied with Ry = 200 kQ and Ry = 50 kQ (i.e.,
[Avo| = 4).

The simulation is shown in Figure 3.36. The output is shown across Cj.
The fundamental frequency of oscillation is 10.79 kHz. Although not shown, the
waveform across C, has a peak value of approximately 5V.

A circuit that limits the amplitude of v, in an op-amp tuned oscillator is shown
in Figure 3.37. Other limiting circuits that can be used are those shown in
Figures 1.18, 1.19, and 1.21.

3.5 Delay-Line Oscillators

A delay-line oscillator uses a transmission line as a delay line in the feedback path
to accomplish the necessary phase shift for oscillation. The oscillator is shown in
Figure 3.38(a). The amplifier is assumed to have a constant voltage gain with phase
shift 4, namely,

A, = Aoeie

The transmission line is assumed to be ideal and to be described by the feedback
factor

Bljw) = 7T

where 7is the delay time. The phase shift introduced by the transmission line (i.e.,
¢ = —wt) is a linear function of frequency, as shown in Figure 3.38(b). The slope
of the phase shift is

dé _ _
do

The phase shift associated with the loop gain is 6 + ¢ (or 8 — wt). Oscillations
occur at the frequency w, when 6+ ¢ = 0.

In an RLC tuned circuit, Q and the phase shift are related by

__@ d¢
Qr= 2 dw

Defining the O of the delay-line oscillator in a similar way gives

W, T

QL: b}

which shows that high-Q values are obtained with long time delays.
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Figure 3.36 Simulation for the oscillator in Example 3.10.

Delay lines can be implemented with coaxial cable, although the resultant
length can be long. Surface acoustic delay lines are more practical, but more
expensive.
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Figure 3.37 An amplitude-limiting mechanisms for op-amps tuned oscillators.
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Figure 3.38 (a) Delay-line oscillator and (b) its phase shift.

3.6 Voltage-Controlled Tuned Oscillators

In a voltage-controlled oscillator (VCO) either the capacitance or inductance of
the tuned circuit is varied to change the frequency of oscillation. VCOs are used
in many electronic applications, such as AM and FM modulation, TV tuners, and
frequency synthesizers.

A varactor-tuned oscillator uses the voltage-controlled capacitance of a varactor
diode (also known as varicaps) to accomplish the electronic tuning. Varactor diodes
of different types (i.e., abrupt and hyper-abrupt) having a wide range of capacitances
are available. Abrupt varactor diodes operate over a wide range of tuning voltages,
and the phase noise performance is lower than the one obtained with hyper-abrupt
varactor diodes. The phase noise performance of a varactor diode is determined
by its series resistance.

Hyper-abrupt varactor diodes have a more linear characteristic than the abrupt
diode. Hence, they are a good choice for wide-band VCOs. For example, it is
possible to cover a range of one octave with a tuning voltage of 1V to 20V.
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The varactor diode symbol is shown in Figure 3.39(a), and its circuit model
in Figure 3.39(b). The varactor diode junction capacitance (C) is given by the
formula

_ G
n
1 + ﬁ
&
where C,, is the value of the capacitance at zero voltage, Vg represents the reverse
bias voltage, ¢ is the junction contact potential (¢ = 0.7V for Si and 1.2V for
GaAs), and 7 is a number from 0.3 to 2. Lower values of # are associated with
abrupt junction diodes, and larger values with hyper-abrupt junction diodes.
The total varactor capacitance C is composed of the sum of the junction

capacitance C plus the case capacitance C¢. The resistance R represents the series-
loss resistance of the diode. The unloaded Q of a varactor diode is

1
Qu= wCTR;

For example, if at 100 MHz the capacitance C; is 100 pF and Qy = 80, then
R;=0.2Q. The Q of many varactor diodes is specified at S0 MHz, and for varactor
diodes used at microwave frequencies the Qy; is usually specified at 1 GHz.

Figure 3.40 shows typical characteristic of a varactor diode. For this diode a
bias voltage of 4V produces a capacitance of 9.5 pF.

B

(a) ()

Figure 3.39 (a) Varactor-diode symbol and (b) model.

10T
™
RS>
[+
(&)
c
&
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3]
3

1

y 10 100

Voltage

Figure 3.40 Typical varactor’s characteristics.
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A basic schematic of a varactor-tuned oscillator is shown in Figure 3.41(a).
The capacitance of the varactor is determined by the voltage V, which is set by
V* R,, and Rp. The RFC is used to isolate the dc signal from the ac signal.
Another varactor-tuned oscillator is shown in Figure 3.41(b). This configuration
is recognized as a Clapp oscillator with the varactor diode used in place of Cj3 (see
Figure 3.30). The relations (3.66) and (3.67) apply to the VCO with Rs being the
sum of the series-loss resistance of the inductor and the varactor equivalent series
resistance.

Another important parameter is the tuning ratio TR (or the capacitance ratio).
For example, if a varactor specifies

_ Cr(2V) _
R=c560v) =3

and C1(2V) = 15 pF (i.e., the total capacitance at 2V), then C1(30V) = 5 pF.

In the previous oscillators, at the frequency of oscillation, the resonant circuit
can be represented by a parallel tuned circuit with an equivalent inductance L, a
fixed value of capacitance Cy, and a variable varactor diode capacitance C,. There-
fore, the frequency of oscillation is

W, = ;— (3,72)
VL(Cr+ Cy)
For simplicity, write C, in the form
Vi

where C, now represents the capacitance at V, = 1V. Then, (3.72) can be written

as
L= 5 ! —
w*(Cp+ C, ;")
v —
R, L L& Sy
rRrc G
% L p—— e
-+
R, § v “:f @ S

I}

Figure 3.41 (a) A varactor-tuned oscillator and (b) a Clapp oscillator using a varactor diode.
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The unmodulated frequency of oscillation (i.e., @ = w,) is obtained when
Vy, =V, and C, = C,,, where

Cuo = CoV,"
If V, is varied by AV, the unmodulated frequency is varied by a small Aw given
by
1
L= 2 -n
(wo + Aw)"[Cr+ Cy(V, + AV) 7]

or

1 1

WH(Cr+ Co V") (@ + Aw)*[Cr+ Co(V,y + AV) ]

The previous relation gives

(1 +A_“’)2: Cr+ CoVy" _
Wo Cr+ Co(V, + AV)™

Finally, the tuning sensitivity (K) in hertz/volt is

_dw

K =29 _ nw, Cy’o
dv. 2V, \C1+C,,

The use of a varactor diode in a crystal oscillator is illustrated in Figure 4.40.

3.7 Large-Signal Analysis of Oscillators

A large-signal analysis is required to analytically determine the amplitude of
the oscillation. In tuned oscillators the mechanism that stabilizes the oscillation
amplitude is the nonlinear behavior of the active device. Basically, the transistor’s
transconductance decreases as the oscillation amplitude grows. To analyze the
transconductance behavior of a BJT under large-signal conditions we consider the
circuit in Figure 3.42 where

vBe = VBgQ * vi(f) (3.73)

= VBEQ + V{ cos wt
Therefore, i is given by

ZC - ISeUBE/VT - ISeVBEQ/VTexCOS wt (3'74)
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v,(1) =V, cosert —

Figure 3.42 Large-signal analysis of a BJT.

where
-9
VT =7
and
-1
x = Ve

where I is the saturation current, V is the thermal voltage, g is the electron charge
(1.6 x 10719 C), k is Boltmann’s constant (1.38 x 10723 J/K), and T is the temperature
in degrees Kelvin. At a room temperature of 300°K, it follows that V=26 mV.

For small-signal excitation x < 1 (or V| < 26 mV), and (3.74) can be approxi-
mated by

ic= ISeVBEQ/VT[l + x cos wt]
or
ic=1Icg +i.(t)

where the dc value of i¢ is

ICQ = IsevBEQ/VT
and its ac value is
o _Ico _
ic(t) =Icpx cos wt = Vr V1 cos wt = g,, V7 cos wt

where g, is the small-signal transconductance, namely,
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dic _i(t) _Ic

O0vgE - _U,‘(t)_VT
tc=lco

(3.75)

8m

For large-signals, the function e®** “* in (3.74) can be expanded in a Fourier
series as

excoswt =1,(x) +2 z I,,(x) cos nwt
n=1

where I,,(x) (m =0, 1, ...,) are the modified Bessel functions of the first kind of
order # and argument x. Hence, (3.74) can be expressed in the form

ic=Ico [Io(x) +2 i L,(x) cos nwt] (3.76)

n=1

From (3.75) it is seen that the dc value of i¢ is affected by the amplitude of
the sinusoidal signal and it is given by

Ic,de = Icolo(x)

If the load circuit Zj, in Figure 3.42 is a tuned circuit with a high value of Qj,
only the fundamental component of i¢ contributes to the output voltage v,,. From
(3.76) the fundamental component of ic is 2Icgl(x) cos wt. The large-signal
transconductance G, (x) is defined as the ratio of the fundamental component of
ic to the voltage V7. That is,

_ 2lcoli(x) _2I¢ g1y (x) _ 2Ic 4011 (x)

G(x)

Vi Vilg(x)  Vrxl,(x)
or, using (3.75),
21
Gp(x) = gmﬁzz; (3.77)

A plot of (3.77) is shown in Figure 3.43. For small argument (x — 0) the
modified Bessel function can be approximated by I,,(x) =1 and I (x) = x/2. Hence,
it follows that for small signals (i.e., for x — 0) (3.77) reduces to G,,,(x) = g, as
shown in Figure 3.43.

It also follows from (3.76) that a calculation of 2I,(x)/I,(x) for a given x
provides information about the amplitude of the harmonics. For example, for x =10
it follows that 21 (x)/I,(x) = 1.9, 2I(x)/I,(x) = 1.6, and 2I3(x)/I,(x) = 1.25.
Hence, if the dc collector current is 1 mA, the amplitude of the first harmonic is
1.9 mA, for the second harmonic it is 1.6 mA, and for the third harmonic it is
1.25 mA, showing that a drive of x =10 produces a significant number of harmonics.

Low values of x, say x = 1, results in low harmonic distortion, but can also
lead to problems with the oscillator design.
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Figure 3.43 Plot of the function Gg,_(x) = i;]_gx)? (From: [1]. O 1971. Reprinted with permission of Pearson
m o

Education, Inc.)

The exponential relationship between the collector current and the base-to-
emitter voltage shows that a large amplitude vy, voltage produces a series of periodic
pulses in the collector current. The smaller the width of these current pulses, the
higher the harmonic content. However, from the phase noise discussion in Chapter
2 there is a relation between the collector pulse width and the resulting phase noise.

In tuned oscillators, capacitors are used to provide feedback. In addition,
capacitors might be needed for coupling and bypass purposes in order to ensure
that the feedback oscillator signal appears across the base to emitter junction of
the transistor. For example, consider the GB oscillator shown in Figure 3.44. If
there is no oscillation the voltage difference between the capacitors Cp and Cj sets
the Q point value of vgg (i.e., Vpgg = 0.7V), and I¢g is given by

RIRC|IR.
+ V'e J_
V,S L c =
> 1
RL% [
= +
CZ T Rf hmVr

(a) (b)

Figure 3.44 (a) A GB oscillator and (b) the small-signal model.
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Igg = Yo =07 _ROT;
R+ =g
where
i
1 2
and
Rty =R1 || R,

An oscillation signal will produce an ac variation in vgg [see v;(¢) in Figure
3.42] that affects the resulting average value of vgg and ic. However, this is usually
a second-order effect and the large-signal transconductance can be calculated using
(3.77) with g,, given by (3.75). The analysis of this effect is discussed in Clarke
and Hess [1] where the resulting G,,(x) was found to be given by

In Io(x)} 214 (x) (3.78)

Gm<x>:gm[1+ |

where
R
‘/)l = ICQ<RE + —TH)

The parameter V) represents the sum of the quiescent voltages across Rg and Rp.

It is also equal to Vg — 0.7.
If

v, 0 lo(x) (3.79)
Vr

which is satisfied in most circuits with good beta stability, the value of G,,(x) in
(3.78) reduces to that in (3.77).

The small-signal model of the GB oscillator in Figure 3.44(a) is shown in Figure
3.44(b). For this oscillator

_vr_ G
B=L,7Cr+C,
and
s
A Vo . &m'C _ gmR7(2as)
Yovr 2 1 1 s+ 2as + w§

TSRyCr TICT
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where
Rr=(R, || Re || RL) || [#*(RE | bip) ]
_Gi+ G
n = C—l
_ 1
" RrCr
and
AN
@o = LCrt

Therefore, it follows that the loop gain is

_1 gnRr(2as)

”52+2as+w§

BAy (3.80)

At the resonant frequency w, the oscillation will grow if BA, > 1, or from

(3.80) when
ngT >1
n
or
n

The small-signal g,, decreases to its large-signal value G,,,(x) and the small-
signal model in Figure 3.44(b) is replaced by the large-signal model shown in Figure
3.45. Only the fundamental components of vy, = V{ cos w,t are considered since
the tuned-circuit shorts all other harmonics to ground. The amplitude of vy, ()

+ [
%L R R | o

Figure 3.45 Large-signal model of the GB oscillator shown in Figure 3.44.
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(i.e., V1) at which the oscillator stabilizes can be calculated assuming that the
transistor does not saturate. For the large-signal model in Figure 3.45 the loop
gain is identical to (3.80) but with g,, replaced by G,,(x), namely,

G (x)RT(2as)

s2 + 2as + wg

1
BA, = ;

At the resonant frequency the large-signal loop gain is unity when
Gplx) =5— (3.82)

In order to use the plot in Figure 3.43, (3.82) is written in the form

G (x) _ n
8m gmRT

(3.83)

Equation (3.83) gives the value of G,,(x)/g,, that sets the loop-gain equal to
unity. Then, from the plot in Figure 3.43 the value of x is obtained (or Vi =
xVr). The amplitude V7 is the amplitude of v}, at which the oscillation amplitude
stabilizes.

Example 3.11 illustrates the previous large-signal analysis in a GB oscillator.

Example 3.11

(a) A design for the GB oscillator in Figure 3.27(b) at f, = 1.5 MHz is shown in
Figure 3.46. For this design, calculate the oscillation waveform of v, (¢).
(b) Calculate v, (¢) if the load resistor is changed to 20 k(.

Solution
(a) For this oscillator the feedback factor is

Cy 1.142 x 10~

= = =0.0141
k C1+Cy 1.142x107 +80x 107

and

n:C1+C2_ 1

c; -ooia !

The total capacitance Cr is
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ort=10V

10 uH

~
1.142 nF ~
8 kO

.

RI:’ —1 (jﬁ 1
22 kQ AT~ 86 nF f—

Vo=-l0V —

Figure 3.46 GB oscillator for Example 3.11.

and the resonant frequency is

1 1 1 1
-1 _1 = 1.5 MH
fo 27 '\/LCT 27 '\/10 x 107°(1 x 107) ’

The QO point value of I¢ is

10 - 0.7
ICQ = IEQ :22x—103 =0.423 mA

and the small-signal g,, is

Ico 0423 %107
=== = =16.27 mS
& =V T 26 x 107

From (3.82) the amplitude Vy stabilizes when

Omlx) .7 _ i — = 0.545
8m  8&mRT (1627 x 107%)(8 x 10°)

and it follows from Figure 3.43 that x = 3. Therefore,
Vi=xVr=3(26x107) =78 mV
Vo =nVy=71(78 x 107°) = 5.54V

and the output voltage is
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Vo = 5.54 cos wyt (3.84)

It is of interest to observe that for this example the value of Vy (i.e., the dc
value across Rg) is

V)y=10-0.7 =9.3V

and therefore, (3.79) is satisfied.

The simulation of this oscillator is shown in Figure 3.47(a). The O point is at
Vg =10.6V and I = 0.426 mA. The output waveform, shown in Figure 3.47(b),
oscillates between £5.4V at a fundamental frequency of 1.498 MHz in fairly good
agreement with (3.84). The base-to-emitter voltage and collector current waveforms
are shown in Figure 3.47(c). The peak value of v}, shows that V; = 78 mV. From
the discussion in Chapter 2, the pulse width and amplitude of the i waveform
when the BJT conducts affects significantly the phase noise of the oscillator. The
SSB phase noise for this oscillator is shown in Figure 3.47(d).

(b) If Ry =20 k), then

Gulx) _ n _ 71
&n  &mRT (1627 x 1073)(20 x 10°)

=0.218

In this case, from Figure 3.43, the value of x is 8.8, and it follows that
Vi =xVr=8.8(26x107) =228 mV
and
V, =nVy = 71(0.228) = 16.1V
But V,, cannot be 16.1V. In this case the BJT saturates and the amplitude V,, is
limited to approximately Ve = 10V. With V, = 10V, it follows that V1 =141 mV

and x = 5.42. This value of x implies that the large-signal value of G,,(x) is

Gl(x)

&m

=0.33

or

Gplx)=16.27 x 1073(0.33) = 5.37 mS

The reason that G,, settles at 5.37 mS is due to the saturation of the BJT. The
corresponding v, is

vo(t) =10 cos w,t (3.85)

The simulation of the oscillator with Rt = 20 k) is shown in Figure 3.48(a).
The output waveform is limited by saturation and in agreement with (3.85). The
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Figure 3.47 (a) The GB oscillator for Example 3.11, (b) the output waveform, (c) the vgr and ic waveforms,
and (d) the SSB phase noise.
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Collector current
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Figure 3.48 (a) Simulation data for the GB oscillator in Example 3.11 with R; = 20 k), (b) the vgr and i¢

waveforms, and (c) the SSB phase noise.

base-to-emitter voltage and the collector current waveforms are shown in Figure
3.48(b), and the SSB phase noise is shown in Figure 3.48(c).

This example shows how the SSB phase noise of the oscillator is affected by
the collector current pulse width and amplitude. In this oscillator, a higher value
of x decreased the current pulse width with a corresponding decrease in the SSB
phase noise. This is one type of analysis that can be performed to reduce the phase
noise.

For n-channel FETs if the device is operating in the square-law region the drain
current is given by

2
ip = 1D55<1 - ’%f) for Vp < vgg < 0 (3.86)

where vgg and Vp are negative numbers.
To analyze the transconductance of such FETs under large-signal conditions,
we let

vGs = VGSQ + V1 cos wt (3.87)

Substituting (3.87) into (3.86) produces
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1
ip= D_SZS [V;% -2V, Vq cos wt + Vlz cos2 wt] (3.88)
p
2

I 2 \%

D& V2+ Vi) - 2V, Vi cos ot + == cos 2wt

V7 2 2
p

where
Vi =Vp-Vagso

The voltage V, is negative if the FET is biased in the square-law region.
Equation (3.88) shows that ip contains three terms. The first term is a dc term
(called I,) of value

Ipss (5 Vlz
[ === =
° v} (Vx "2 >

The second term, whose amplitude is denoted by I, represents the fundamental
current,

I
L=-223v,v (3.89)
Vi
and the third term, with amplitude denoted by I,, represents the second harmonic,

2
_Ipss Vi

I
vy 2

From (3.89) a large-signal transconductance can be defined as

i I
G,, = 71 =23y, (3.90)
1 Vp

which happens to be identical to the small-signal transconductance g,,,, since

Ip Ip
gm==2"23(V, - vgy) =28y,
VP ves=Vaso VP
A plot of (3.90) is shown in Figure 3.49. The transconductance is a linearly

decreasing function of vgg, where the largest value, denoted by g,,,, occurs at
vgs = 0 and it is given by

Ipss
8mo = _ZV_p
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G, =g,

G, = &

-

K’ vlz.\'

Figure 3.49 Transconductance variation for operation in the square-law region.

If the value of vy in (3.88) is such that it exceeds Vp during some part of the
cycle, as shown in Figure 3.50, then the corresponding ip can no longer be expressed
by (3.88). The resulting ip contains many Fourier terms. The Fourier analysis of
the signal shown in Figure 3.50 can be found in Clarke and Hess [1]. The amplitude
of the fundamental component is given by

1
2] %sin q§+ﬁsin 3¢p— ¢pcos ¢
[ ==L > (3.91)
(1 = cos ¢)

where ¢ is the conduction angle, namely,

cos qSZ%

and I, is the peak value of ip, namely,

1
I, =22 (Vi - V,)?

24\
|
¢\1/

Figure 3.50 A typical ip for Vgsq < Vp.
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Figure 3.51 shows a plot of the normalized fundamental component I;/I,,
versus V,/V1. Negative values of V, occur when Vsg is selected to bias the FET
in the square-law region (i.e., Vp < Vgg0).

For operation in the square-law region, the graph of I /I, agrees with (3.89).
This can be seen better if (3.89) is written in the form

(Ve

I Vi

= 5 (3.92)
p

A
Vi

and observing that for V,/Vy = -1, (3.92) gives I1/I, = 0.5 in agreement with
Figure 3.51.

If the load circuit of the FET is a tuned circuit with a high value of Qj, only
the fundamental component of i contributes to the output voltage. A large-signal
transconductance G,, is defined as the ratio of Iy to V7. That is,

I
G =+
Vi
L 0 ,
1, I
[ I
0.5 |
1
1
I
1
1
1
1
I
0.1 | !
2 1
1
L 1
0.05 :
1
1
1
1
B 1
1
1
1
0.01 1
|
1
I
_108 -06 04 -02 [ 02 04 06 08 5

M

Figure 3.51 Plot of the normalized fundamental component vs. V,/Vq. (From: [1]. O 1971.
Reprinted with permission of Pearson Education, Inc.)
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If the peak value of ip is Ipgg, G,, can be expressed in the form

Iy I
21DSS<IP) :gm0<1p>
NRAYNNYAL
Vi Vp

A plot of G,,/g,,, is shown in Figure 3.52.

Just as in the discussion of BJTs, the small-signal g,, decreases to its large-signal
value G, at which point a large-signal model of the oscillator can be developed for
the calculation of the loop gain and the value of G, at which the oscillator voltage
stabilizes.

For example, consider the grounded-gate oscillator shown in Figure 3.12(a).
It follows from the ac model in Figure 3.12(d), with g, replaced by G,,,, that the
large-signal loop gain is

1,
1 0.9
-V
2 1
[ ‘/,’ ] 0.8

0.7

G, =

0.6

0.5

law region

04

0.3
0.2F
0.1
1 1 1 1 1 |
0 0.5 1.0 1.5 2.0 2.5 3.0
_VI
|4

Figure 3.52 Plot of Gp,/gmo versus =V1/V,. (From: [1]. O 1971. Reprinted with permission of
Pearson Education, Inc.)
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Gm
_ G Cr
BAU - Cl + C2 52 +s 1 + 1 (393)
RtCr LCr
where
. . 2 1
RT=Rp ”RL ”szszn RS —)
&m
and
_ GG
Cr= Ci+C

Setting the loop gain in (3.93) equal to 1 gives the frequency of oscillation as

0=
VLCr
and the gain condition is
Gy
Ci+C, G,Rt21
which can be expressed as
Cq 1
G, = T+ G < 1 ) (3.94)
R |[—
8m

Equation (3.94) gives the value of G,, that sets the large-loop gain equal to
unity. Then, from Figure 3.52 the value of the oscillation amplitude V; follows.
Of course, V7 is the amplitude of the oscillator voltage between the gate and source.
The voltage v, is

Vo = (—Cl + C2

ol > V1 cos wyt (3.95)

Example 3.12
Calculate v, (t) for the GG oscillator designed in Example 3.3.

Solution

In the oscillator of Example 3.3 (refer to Figure 3.13): C; = 95 pF, C, = 190 pF,
L =1 pH, Rg = 302Q, Rp = 1.25 kQ, Ip = 4.5 mA, g,,0 = 6.86 mS, and
gm = 4.2 mS. Therefore, from (3.95),
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C 1 (95 x 1072 1
G, = = 3 3 =2.5mS
Ci+Crfp o1\ 95x107"%+190 x 107'2 (302 + 238)
T &m
From Figure 3.52, with
Gy _ 2.5%x107°
m 2 22 220 20,364
8&mo  6.86 x 10
it follows that
Vi =0.7(-Vp) = 0.7(3.5) = 2.45V
Then,
V,=nVy =3(2.45)=7.3V
or
vo(t) =7.3 cos w,t (3.96)
where the frequency of oscillation is 19.75 MHz.
The simulation for this example is shown in Figure 3.13. The output waveform
varies between £7.2V with a fundamental frequency of 19.95 Hz in good agreement
with (3.96).
Reference

[1] Clarke, K. K., and D. T. Hess, Communications Circuits: Analysis and Design, Upper
Saddle River, NJ: Pearson Education, Inc., 1971.



Crystal Oscillators

4.1

Introduction

As their name implies, crystal-controlled oscillators use a crystal usually made
from quartz for their operation. Quartz exhibits a very interesting property: if a
mechanical stress is applied to the crystal along a certain direction or axis, a voltage
is generated along a perpendicular direction. Conversely, an ac voltage applied
to the crystal changes its physical shape, producing mechanical vibration. This
phenomenon between mechanical and electrical effects is called the piezoelectric
effect. Other crystalline materials exhibit piezoelectric effects, but quartz is the
most suitable material for oscillators. If the frequency of an applied signal is equal
to the mechanical resonant frequency of the crystal, the crystal will vibrate and
only a small voltage is required to keep it vibrating. In fact, the main reason for
using a crystal oscillator instead of an LC tuned oscillator is that the Q associated
with crystal oscillators are 1,000 to 10,000 times greater than those associated
with LC tuned oscillators. The crystal will act like a very-high Q tuned circuit,
permitting oscillations (i.e., vibrations) only at its resonant frequency. The resonant
frequency of the crystal is very important since at frequencies slightly above and
below its resonant frequency the amplitude of the crystal vibrations are essentially
zero. The oscillation frequency of a crystal oscillator is the same at that of the
crystal.

4.2 Crystal Characteristics

The crystal symbol is shown in Figure 4.1(a). A typical quartz crystal and mount
are shown in Figure 4.1(b). The crystal plate is supported by springs or wires
attached to points that do not attenuate the mechanical vibrations. The wires are
then connected to the pins for external electrical connections. The electrical contacts
to the crystals are made with special metal plate contacts. Typical crystal-holder
(HC) dimensions are shown in Figure 4.1(c) for an HC-49/U holder. The HC-49/U
holder is the resistance-weld version of the older solder-seal HC-18/U holder. Many
types of holders (i.e., metal, plastic, ceramic) are available for crystals.

The quartz crystals used in oscillators must be cut and polished to extremely
accurate dimensions. Crystals are classified according to the manner in which the
crystal was cut from the original quartz material. A variety of cuts are used, among
them are the X, Y, AT, BT, GT, and SC cuts. For example, in an AT cut the crystal

181
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(@ (b) ©

Figure 4.1 (a) Crystal symbol, (b) crystal and mount, and (c) crystal-holder dimensions (in inches)
for the HC-49/U.

is a cut along its x-axis at an angle of 35° with respect to its z-axis. Each cut exhibits
different characteristics, especially temperature effects. Temperature stability in
crystals refers to the variation of its nominal resonant frequency as a function of
temperature. It is the allowable frequency drift in ppm (parts per million) over a
specified temperature range. Typical temperature stability specifications are from
10 to 100 ppm in hertz per degrees Celsius. The AT-cut crystals are very popular
because of their small temperature variation. For example, an AT-cut crystal can
be specified with a temperature range of 30 ppm (or 0.0003%) over a temperature
range of —=55°C to 105°C. The X-cut crystals have negative temperature coefficient.
That is, the crystal frequency decreases with increases in temperature. The Y-cut
crystals have positive temperature coefficients.

Frequency tolerance (or accuracy), also expressed in ppm, describes how close
the actual crystal frequency is to its specified frequency at a reference temperature
(usually 25°C). For example, a 3.24500-MHz crystal with a frequency tolerance
of 10 ppm is cut differently from one with a specified frequency of 3.24555 MHz.

The sum of the frequency tolerance and the temperature tolerance is known
as the overall tolerance. The overall tolerance is a measure of the frequency deviation
over a temperature range of operation with respect to the nominal frequency.

Example 4.1

The frequency tolerance of a 32.768-kHz crystal is listed as 20 ppm at 25°C.
Calculate the frequency of operation of the crystal and the associated timing error.

Solution
The 32.768-kHz crystal is used in digital watches. Since 2B = 32,7635, it follows
that division by 15 stages of division 2 provides a 1-Hz pulse.

The 20-ppm accuracy means that the crystal frequency of operation can vary

by
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+20
Af= ~ o7 (32,768) = £0.6554 He

or the frequency of operation can be between 32,767.3446 < f < 32,768.6554.
In a week, a watch using such crystal can vary by

seconds

week

=9 (604,800
10

) = +12 seconds/week

or 50 seconds/month, or 10 minutes/year, which is not bad for an inexpensive
watch.

The 32.768-kHz watch crystals are of the tuning-fork variety. It is an NT-cut
crystal that is shaped like a tuning fork. The crystal is commonly manufactured
in the NC-38 holder, which is shaped like a tube (about 3 mm by 8 mm).

Crystals are affected by temperature variations, vibrations, shock, and aging.
Aging is a systematic crystal effect that results in a change in the operational
frequency of the crystal. It is observed over a period of time (days to years). The
main causes are associated with a mass transfer due to internal contamination,
excessive drive level, or a chemical reaction in the crystal structure. For example,
a crystal can specify a maximum aging per year of 5 ppm.

In an AT-cut crystal the fundamental resonant frequency is related to the crystal
thickness by the formula

167.64 x 10°
foxs———F——
where ¢ is expressed in centimeters. For example, for f, = 1 MHz the required
thickness is # = 0.16764 cm. As the fundamental frequency increases, the required
thickness becomes smaller. The small thickness associated with higher f, makes
the crystal very fragile and susceptible to fracture. This places a practical limitation
on the highest £, possible. Many manufacturers provide crystals with fundamental
frequencies from a few kilohertz to about 30 MHz. Fundamental frequencies
higher than 30 MHz are associated with crystals fabricated using the inverted mesa
technology. Crystals can also be operated at their higher mechanical overtones,
especially the third and fifth overtone. Crystals operated at their overtones are
normally used above 20 MHz. For example, typical frequency ranges for AT crystals
are: 30 to 90 MHz at the third overtone; 50 to 150 MHz at the fifth overtone;
and 100 to 180 MHz at the seventh overtone.

There are several classifications of crystal oscillators. Standard crystal oscilla-
tors (XOs) have typical accuracy of 20 to 50 ppm. These crystals are suitable
for many digital timing applications. Temperature-controlled crystal oscillators
(TCXOs) use the output signal from a temperature sensor to generate a correction
voltage that depends on temperature. This voltage is applied to a varactor diode
whose reactance variation compensates for the crystal frequency variation due to
temperature. TCXOs have typical aging rate of 0.5 ppm/year and typical tempera-
ture stability of 0.5 ppm. Accuracy is of the order of 1 ppm.
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Oven-controlled crystal oscillators (OCXOs) use a crystal placed in a stable
oven. The oven temperature is adjusted so that the frequency versus temperature
slope is zero. OCXOs have typical aging rate of 0.005 ppm/year and typical
temperature stability of 0.001 ppm. Accuracy is of the order of 0.01 ppm. These
devices are costly.

An important application of crystals is in voltage-controlled crystal oscillators
(VCXOs). This type of oscillator commonly uses a crystal in series with a voltage-
controlled capacitor to vary the frequency of oscillation.

The reactance characteristics of a crystal are illustrated in Figure 4.2(a). An
expanded view of the characteristics of the fundamental mode is shown in Figure
4.2(b). The crystal exhibits several series resonances, which are modeled by several
series-resonant branches, as shown in Figure 4.2(c). The first RLC branch (i.e.,
R{, Cq, and L{) models the fundamental mode of oscillation, and the other
branches the odd overtones. The overtone frequencies are approximately odd multi-
ples of the fundamental frequency. Spurious resonances appear between the domi-
nant modes. For operation around a certain resonant frequency the crystal can be
modeled by the circuit of a single branch, simply denoted by L, C, and R, as shown

X1 Third . Parallel
! overtone Fifth ., 4 resonance
[ I overtone JX region !
. i
Iy L1y | E :
A |
)

)
—— Spurious :/

Fundamental resonances
mode Fundamental
mode
@ 0)
00— RE—
1
L <L, L, I
o C, c
TC 2
G G Tcn ’[
R 2R, ER" gR
ot 1 ] | o |
Z(s)
Odd
overtones
© (@)

Figure 4.2 (a) Typical reactance characteristics of a crystal, (b) reactance characteristics of the
fundamental mode, (c) equivalent circuit of a crystal where n represents the nth odd
overtone, and (d) model for operation at a certain resonance.
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in Figure 4.2(d). The inductor L is the electrical equivalent of the crystal mass, the
capacitor C represents the crystal stiffness or elasticity, and R represents the heat
losses due to mechanical friction in the crystal. The series I, C, R portion of the
circuit is called the motional arm of the crystal (or circuit). The capacitor C,
represents the shunt capacitance of the electrodes in parallel with the holder capaci-
tance. It is called the static arm of the crystal (or circuit).

The overtone element values are calculated using

L,=L
C
Cn = —
n
and
R, =n’R

where 7 is the nth overtone (=3, 5,7, ...).
The impedance of the equivalent circuit in Figure 4.2(d) is given by

( )s + a)s
Z(s) = C (4.1)
ol 4 (7)o (14, )+
52 + <§Z)s + wsz
sCO[s2 + (52)5 + (1 +C£>w52]

where
ws = 27fs = 1 (4.2)
S N -\/E
and
L
Qu="% (4.3)

If R is neglected (due to a high-Qy value) the impedance reduces to

52+w52

sC, [sz + (1 + C£O>w52]

Z(s) =
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which shows that the crystal exhibits a series resonance at wg and a parallel reso-
nance (i.e., an antiresonance) at

=2 = 1+—=— =— 4.4
Wy 7Tfa ws< CO> \/LCT ( )
where
_ CC,
Cr=c+ C,

Typical magnitude and phase plots of (4.1) are shown in Figure 4.3. The
impedance plot in Figure 4.3 [or reactance plot in Figure 4.2(b)] shows that the
circuit has a series and a parallel resonance. At the series resonance frequency ws,
X1 = =X and the crystal branch impedance is simply R. The resistor R is also
called the equivalent series resistance (ESR) at series resonance. At series resonance,
the resistor R appears in parallel with the reactance C,. However, |X Co| > R so
the crystal essentially appears resistive. Between f; and f, the impedance is inductive
with the phase being 90°. This is an important region of operation, which is called
the parallel-resonance region (or the region of usual parallel resonance). In Figure
4.2(b) the frequency f, is the frequency where the reactance is zero. The difference
between f, and f; is due to C,. Hence, for practical purposes f; = f, and no distinction
is made between these two frequencies.

The parallel-resonant frequency is given by (4.4). From (4.4), since C, > C,
the relation between f, and f; is approximately given by

parallel — resonance

A region
——

0°f

-90° L

Figure 4.3 Impedance plot of the crystal.
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12
fa =fs<1 +C—CO> = fs<1 + 28)) (4.5)

Hence, the frequency separation (Af) between f, and f; is

sf=fo-fi=fi(5; )

This frequency separation is very small. For example, for a crystal with f, =2 MHz
and C,=300C, it follows that Af=3.33 kHz and f, =2003.33 kHz. The frequency
range Af is known as the pulling range.

The crystal parameters can be measured very accurately using a variety of
equipment, such as an impedance analyzer, a capacitance meter, and a crystal
impedance meter. It is important to know if a crystal is specified to operate at its
fundamental or at an overtone mode. The reason is that crystal overtones are not
exactly integers multiples of the fundamental. Hence, a crystal manufacturer will
calibrate a third overtone crystal at the third overtone and not at the fundamental.

Two figures of merit used in the specifications of crystals are » and M. The
parameter 7 is defined as

It provides a measure of the separation between f; and f,. The parameter M is the
ratio of the impedance of the static arm of the crystal to the impedance of the
motional arm at series resonance, which is R. That is,

1 6 €5 2 k)
M=ocr=Cve, mv

Hence, the parameter M also provides a measure of the separation between f, and
fs. In fact, M and r are related by Qy = Mr. Crystals operating in the fundamental
mode have high values of M (see Example 4.2). Crystals operating at an overtone
have smaller values of M. It can be shown that an inductive region exists for values
of M greater than 2.

From Figure 4.2(b) it is seen that for frequencies between f; and f, the impedance
is inductive (i.e., the crystal appears inductive), and for f < f or f > f,, the impedance
is capacitive. The region above series resonance, where f; < f <f,, is known as the
parallel-resonance region. In oscillator applications the crystal is operated either
at series resonance or in the parallel resonance region. Crystals are not operated
at the anti-resonant frequency.

Next, consider the crystal circuit shown in Figure 4.4(a). At frequencies lower
than f; the motional arm impedance is high and the current increases as the frequency
increases due to the decreasing reactance of C,. As the frequency reaches the series
resonant frequency (f = /s = f,), the current increases significantly since it is only
limited by the crystal resistance R [see Figure 4.4(b)]. As the frequency increases
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Crystal A
L ¢ R |1

+ I
69 AN R
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(@) (b)

Figure 4.4 (a) A crystal in series with a load R; and (b) the current response.

toward f, the motional arm exhibits a net inductive reactance, which is in parallel
resonance at f, with C,. At parallel resonance the circuit exhibits a high resistance
and the resulting current is low. At series and parallel resonance the crystal appears
resistive and the applied voltage and current are in phase. Figure 4.4(b) also shows
that at frequencies higher than f, the circuit is again controlled by C,.

An equivalent circuit for the crystal for frequencies between f; and f, can be
obtained as follows. Consider Figure 4.5(a) where

v 1
1Xm = /<wL R)
The input impedance of the circuit is given by

X6, (R * jXom)
"R +j(X,, + Xc,)

ZIN

or

RXE, X¢,[R? + XX, + X, )]
ZIN = +] (4.6)
2 2 2 2
R*+(X,, + Xc,) R* + (X, + Xc,)

The ESR, denoted by R,, is given by the real part of (4.6). The imaginary part of
(4.6) is denoted by X,. A typical plot of R, and X, is shown in Figure 4.5(b).

From Figure 4.5(b) it is observed that the function X, is zero at f,. At f=f, =
fs, the equivalent resistance is approximately R, since |XC(, > R. From (4.6), in
the cases that

|Xc, + X,

> R (4.7)

the following relation approximates the behavior of the crystal impedance in the
parallel-resonant region:
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Figure 4.5 (a) Crystal model, (b) typical plot of R, and X, and (c) equivalent model of the crystal in the parallel-resonance region.
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S R . XmXc,
( Xco>
or
R,= R (4.8)
X 2
Zm
(1+%2)
and
X, = ol XnXc, (4.9)
= w = .
e e XmXC

The equivalent model for the crystal in the parallel-resonance region is shown in
Figure 4.5(c).

For frequencies around the series resonance of the crystal we let w = w; + dw,
where dw represents a small frequency increment. Hence, the impedance behavior
of X,,, can be approximated by

_ 11 27
Xm—a)L E_R[MLC 1]

_ 1 [280 (607 _ 1 (260
" w,C | w wsz ~a)SC<a)S)

and

and
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and it follows that

ZIN=R+j (a:C) [2(‘” - wS)} (4.10)

Ws

=k | 1+i0u ™|

Ws

which shows that the equivalent circuit is composed of a resistor of value R in
series with a reactance whose sign depends on whether w is greater or less than
w,. An inductive reactance results for w > w;. It is also observed that the series
resonance does not depend on C,,.

The previous approximations are based on the assumption in (4.7). It is
observed that if dw - 0 (i.e., X,, —» 0), the assumption is identical to the figure
of merit requirement that

1
M=o g >

which is valid for crystals operating in the fundamental mode. Also, if dw - Aw
(i.e., for operation close to f,;) the assumption (4.7) is not valid.

An equivalent circuit can also be obtained for the behavior of the impedance
around f,, namely

z Ry (4.11)
IN= .
. 2w~ )
1+jQu=2—"2al
Qu—,
where the equivalent parallel resistance Ry, is given by
R,=— L (4.12)
" R(0,C,)

This relation for Zjy is recognized as the behavior of a high-Q parallel-resonant
circuit.

Equations (4.10) and (4.11) are used to develop the narrowband equivalent
circuits shown in Figure 4.6 for the crystal behavior around the series resonance
and the parallel resonance.

Crystal oscillator design is either based on a design at series resonance or in
the parallel-resonance region where the crystal behavior is inductive.

When the crystal is operated with a parallel load capacitance Cy, as shown in
Figure 4.7(a), its parallel resonance, denoted as the load-resonant frequency [} , is
given by

C 12 C
eb(irere) <fagee| w0
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Figure 4.6 (a) Narrowband equivalent circuit for the crystal around the series resonance for
> wgand (b) narrowband equivalent circuit for the crystal around the parallel resonance
for w < wg.
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Figure 4.7 (a) Crystal with external load capacitance C; and (b) equivalent model at f;.

where f; < fi < f,. Equation (4.13) follows from (4.5) with C, replaced by
C, + Cp. The frequency separation (Af) between [} and f; due to Cy is given by

_fcC
Af=3E, v o)

For the circuit in Figure 4.7(a), for frequencies around its parallel resonance,
the input impedance [see (4.6)], is

ZiN=R,+jX, (4.14)

where
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2
RX RX
R, = Co - Co (4.15)

R? + 1 1 . R2 + x2 _ G
o(CL +C,) wC, S CL+ G,

and, since X¢, = |Xc, || X;n| at fL, we obtain

1
Xe=wrLe= X, |= o (4.16)
If
CL
e, <CLTC> - K
(4.15) can be further approximated by
C,+C,\
Re = (C—O> (417)
L

Equations (4.16) and (4.17) permit the crystal with the external load capaci-
tance Cp to be represented by the model in Figure 4.7(b).

Example 4.2

(a) Consider a 2-MHz series resonant crystal described by L = 0.528H, C =
0.011993 pF, R =100, and C, = 4 pF. Calculate the series-resonance frequency
fs, the parallel-resonant frequency f,, and the crystal Q. Also, calculate the figure
of merits r and M.

(b) Consider the 2-MHz crystal in part (a) with the value of C specified as
C =0.012 pF instead of 0.011993 pF. Calculate f; and f,.

Solution
From (4.2), f; is

1 1

== =2.000042 MHz
27yLC  274/0.528(11.993 x 1077

fs

and from (4.4), with C7T=0.011957 pF, f, is

1 1
27LCT  27+/0.528(11.957 x 1075

fa =2.003051 MHz

The frequency separation is
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Af=f,-f=3kHz
Also, note that (4.5) provides a good approximation for f, since it gives

C

11. 107
fa= fs<1 + T) =2.000042 x 106[1 + 11993 x 10
o)

2 x 107 ] = 2.003049 MHz
X

The unloaded Qy of the 2-MHz crystal is

_wsL _ 27(2 x 10°)(0.528)
Qu=—} = 100

= 66,350

The reactances of L and C at 2 MHz are
X; =-Xc = oL =272 x 10°)(0.528) = 6.635 MQ

In the parallel-resonance region, say at 2.001 MHz, the reactances of the crystal
elements are

X = wL = 27(2.001 x 10°)(0.528) = 6.6384 MQ

1 1
Xc=-—==- . —— = -6.632 MQ
oC  27(2.001 x 10°)(11.993 x 10™)

and

X¢, == - L = -19.9 kO
©Co ~ 27(2.001 x 10%)(4 x 10712)

Hence, jX,, = /(6.6384 — 6.632) = j6.4 k).
The parameter 7 is

C, 4 x 1071
p=—2=—"""7 _ -3335
C 11993 x1071

and the parameter M is

1 1

M= =
w;CoR 272 x 10)4 x 1072(100)

=199

(b) With C = 0.012 pF, it follows that f; = 1.999459 MHz and f, = 2.002456
MHz. In this case the specified crystal frequency of operation (i.e., 2 MHz) is
between f; and f,. This example shows how small variations in the value of C (and
also on L) can make a difference in the resulting f; and f, values.
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To further understand the electrical properties of a crystal consider its pole-
zero diagram, shown in Figure 4.8(a), where (4.1) is expanded in the form

_ (s =sz1)(s = s22)
AINZ ol = sp1)s - 5p2) 18

For example, for a 2-MHz crystal with L = 0.528H, C =0.011993 pF, R = 1004,
and C, = 4 pF it follows that

_w,L 272 x 10°)(0.528) _
Qu=—F% = 100 = 66,350

ws = 12.56663 Mrad/s

-12
0.011993 x 10 } = 18.839 krad/s

Aw = o <i> = 12.56663 x 106[ =
2(4 x 107'%)

2C,

and

ws _ 12.56663 x 10° _ 947
20y~ 2(66,350) "

Hence, there is a pole at s = 0 and the conjugate poles and zeroes are located at
Sp1 = =94.7 +j12.56663 x 10°
sy = =94.7 - j12.56663 x 10°
sp1 = —94.7 + j12.58547 x 10°

sp2 = —94.7 = j12.58547 x 10°

S Ao a9,
80 T3 L 20, A Jjo
-1 §
- Ik _________________
S X - jo, o
- ™
e} A . aw
~Ns=jo
S, -7 L ]a){ M
/r
Sho 1&\
I
$n X l,l
€ e
o, s—s,~2jo, || SFIO
20, s=s,~2jo !
(b)

(@

Figure 4.8 (a) Typical pole-zero diagram of a crystal and (b) pole-zero diagram in the vicinity of
the series resonance.
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These values show that the vertical spacing is about 10° times larger than the
horizontal spacing. Hence, near a complex zero the impedance behaves as an
isolated zero with a very high Qy, and near a complex pole it behaves like an
isolated complex pole with, also, a very high Q. The high Qy values associated
with a crystal oscillator provide excellent frequency stability and reduction of the
harmonics.

From Figure 4.8(b), in the vicinity of the series resonant frequency w;, we can
make the following approximations in (4.18):

S = jws

(0= wy)

(S _Szl) ZQU
. : C
(s =sp1) = JAw= Tesyc

(s —sp2)=(s _5p2) = 2jws

Hence, Zy is approximated by

+ (0 - wy)

2Q U
C
iwsCo | —jws 5~
J@Ws o( J@Ws 2C, )
which is recognized as the behavior of a high-Q series resonant circuit.

In the vicinity of the parallel-resonant frequency w,, the following approxima-
tions apply:

ZIN= —R[l +]QUM}

Ws

S = o

. ) C
(s —s21) zlAw:stE

(w— wy)

(s =sp1) = ZQ
(s =s22) = (s = sp2) = 2joy,
Hence, Zy is approximated by
Rp

1+;0yu

ZIN = 2w = o,)

Ws

where R, is given by (4.12).
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When a crystal is to be operated in the parallel-resonance region. the manufac-
turer constructs the crystal to resonate at the listed frequency when an external
load capacitance is connected in series with the crystal. The load resonant frequency,
denoted by f1, is the frequency at which the crystal is resonant when a given
external load capacitance Cj is connected in series with the crystal. This is illustrated
in Figure 4.9(a) where the basis of a crystal impedance bridge measuring system
is illustrated. In Figure 4.9(a) a tuned oscillator is completed by either a variable
resistor or the crystal (see switch S1). The tuned oscillator is designed to operate
at a frequency close to the desired crystal frequency. Hence, it plays a role in
selecting the desired mode of operation for the crystal. From a pole-zero point of
view, the tuned circuit adds canceling poles and zeroes at the operating frequency
of the crystal. The oscillator is adjusted so the frequency and amplitude of oscillation
is the same through both paths. Hence, the crystal operates at f (zero-phase shift)
and the value of the variable resistor is equal to R. If switch S2 connects a load
capacitor in series with the crystal, the circuit will oscillate at the frequency f7 .

Tuned
Amplifier circuit

T s

1
R
9 >
—
b

C
I @
1 2 1
C,
‘ Cr 1~ I
—1
-1 ®
o—e ©
(b)

Figure 4.9 (a) Crystal impedance bridge setup and (b) equivalent crystal load circuits.
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The value of the variable resistor that produces the same oscillation is equal to
R,.

At f1, the series combination of the crystal reactance (X x7ar ) and the reactance
of the logd capacitor Cy, (i.e., X¢, = —1/w; Cj where wy, =27f1) is zero (i.e., zero-
phase shift). Hence, the crystal reactance is

1
wr Cy.

XXTAL = (4.19)

For example, specifying a 10-MHz crystal at a load capacitance of 30 pF is
the same as specifying a crystal reactance of 530.5Q at 10 MHz. Typical values
of the load capacitance are from 10 to 32 pF.

Crystals operating in the parallel-resonance region operate between f; and f,
with a certain load capacitance. Series resonant crystals do not have a load capaci-
tance specification.

From the previous discussion it is seen that a crystal has a frequency specification
of f1 at a load capacitance C; when its reactance at f7 is given by (4.19). There
is a single frequency f; for each value of Cj. In a parallel-resonance oscillator
configuration, such as the tuned Colpitts oscillators in Chapter 3, the crystal replaces
the inductor and the load capacitance specification is the total capacitance across
the (inductive) crystal. This capacitance value, equal to Cy, produces parallel
resonance at /7 . In Section 4.4 various oscillator configurations that take advantage
of this effect are discussed.

A crystal is usually specified by giving the maximum value of R, the maximum
value of C,, and the minimum value of C. The values of C, and C fix the maximum
value of the ratio » = C,/C. For computer simulation purposes once the values of
R, C,, and C are specified, the value of L follows from (4.2) for a crystal operating
at series resonance. For a crystal operating in the parallel-resonance region at a
given load capacitance, the value of f; is calculated using (4.13), and then, (4.2) is
used to calculate L.

Some typical crystal parameters are given in Table 4.1. Since there are many
varieties of crystals, the designer should obtain from the manufacturer the specific
data for the desired crystal.

It is common for manufacturers to list for a given crystal holder the maximum
shunt capacitance, the maximum ESR, the maximum load capacitance, the typical
value of C, and the maximum drive level.

For example, for a crystal frequency in the 10- to 20-MHz range in an HC-49/U
holder, in the =10°C to 60°C temperature range, a manufacturer specifies a tempera-
ture stability of 10 ppm, series Cj, between 10 and 40 pF, a calibration tolerance of
10 ppm, a maximum ESR of 250}, a maximum shunt capacitance of C, = 7 pF,
a value of C in the 10- to 20-fF range, and a maximum drive level of 0.5 mW.

The crystal maximum drive level is the maximum dissipation allowable in the
crystal. The oscillator circuit determines the drive level in the crystal. An overdriven
crystal will deteriorate fast. For example, a manufacturer lists the maximum drive
level for a crystal in an HC-49/U holder at 1 mW. Other maximum drive levels
listed by manufacturers for crystals operating at frequencies below 100 kHz is in
the range of 5 ©W, in the frequency range of 1 to 30 MHz maximum drive levels
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Table 4.1 Typical Crystal Parameters

L (H) C (pF) R () C, (pF) Qu
20 kHz 4,000 0.005 40,000 7 12,500
200 kHz 27 0.024 2,000 10 17,000
450 kHz 8.5 0.015 1,050 5 23,200
1 MHz 3.16 0.008 400 3.2 50,000
2 MHz 0.528 0.012 100 4 66,000
4 MHz 0.21 0.007 22 2.4 240,990
8 MHz 0.014 0.027 8 5.6 88,680
10 MHz 0.0101 0.025 5 5.5 126,000
15 MHz 0.00417 0.028 5 4 78,500
30 MHz 0.0101 0.0027 45 6 42,300
(3rd overtone)
150 MHz 0.002814 0.0004 70 6 37,887

(7th overtone)

of 10 mW are found, with 1 mW being typical. Overtone crystals are usually rated
at 1 to 2 mW.
The drive level can be calculated using

_ 72
PXTAL = IrmsRe

where I, is the rms current through the crystal. A current probe can be used to
measure [ yq.

Example 4.3

Calculate Qy, f,, Af, and L for the seventh overtone crystal operating at
150 MHz listed in Table 4.1.

Solution
From (4.5), with f; = 150 MHz, we obtain

0.0004 x 10712
+ _—

=150 x 10°| 1
fo [ 2(6 x 10712)

] =150.005000 MHz

and it follows that Af = f, — f; = 5 kHz. This result also follows from

ol ¢ 0.0004 x 10712
Af=f,=—==150x10°—— =5 kHz
f fSZCo 2(6 x 10712)
The value of L is calculated using (4.2):
1
L= =2.814 mH

(27 x 150 x 10%)%(0.0004 x 10712)
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The value of Qy, from (4.3), is

2% 150 x 10°(0.002814)

Ou= =0 =37.887

and the value of M is

1 1
~wsCoR T (277 x 150 x 10°)(0.0004 x 10712)70

M =252

High overtone crystals have low values of M. In fact, values of M less than 1 are
found.

Example 4.4

A 1-MHz crystal is specified to operate with a load capacitance of 32 pF. The
crystal manufacturer specifies C, = 5 pF, R =400 and C = 10 fF for the 1-MHz
crystal with Cy = 32 pF. Calculate L and Q¢ for the crystal.

Solution
The load resonant frequency is 1 MHz. Hence, from (4.13)

10 x 1071
22 x 10712 + 32 x 10712)

10° = £, [1 + } 0 £, =0.999865 MHz

and it follows that

L= ! = ! =2.539H

T @2af.)*C 2w10%)210 x 1079

The value of Qy follows from

Oy = oL _ 2710%(2.539)  39.828
R 400

Because of its resonant characteristics, a crystal is operated either as a series
resonant circuit or in the parallel resonant region. A series-mode oscillator uses a
crystal in a series-resonant configuration where it appears as a pure resistor of
value R at the frequency f. A parallel-mode oscillator uses a crystal in the parallel
resonance region, with Cy specified. In the parallel mode of operation the crystal
appears inductive. Crystals operated in the parallel mode are specified by the
manufacturer to resonate at the frequency f1 with a specific load capacitance. The
frequency listed on a crystal package is the desired frequency of operation. However,
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it depends on the mode of operation. That is, it can be for a series-mode oscillator
or for a parallel-mode oscillator with a specific load capacitance Cy .

The basic parallel-resonant crystal oscillator is the Pierce oscillator shown in
Figure 4.10(a) and discussed in detail in Section 4.4. This oscillator consists of an
inverter amplifier, the inductive crystal and two capacitors. These capacitors and
the circuit stray capacitance determine the value of the load capacitance. The
resistor limits the drive current in the crystal. The crystal operates at a certain load
frequency in the parallel-resonant region at the given load capacitance. If the crystal
fails the oscillator will not oscillate.

The basic series oscillator consists of two inverters with the crystal connected
in series, as shown in Figure 4.10(b). The crystal operates at its series resonant
frequency. If the crystal fails, the oscillator usually continues to oscillate at a higher
frequency due to the high-frequency feedback paths through the ICs.

In the series-resonance oscillator the frequency of oscillation is determined by
the crystal with no easy means for frequency adjustment. The capacitor C, is a
coupling capacitor, and the resistor Rq limits the drive current in the crystal.

A popular, low-cost clock oscillator is shown in Figure 4.11. It consists of two
CMOS inverters (7404 type) and a series resonant crystal. The feedback resistors
Ry bias the inverters in the linear region.

4.3 Frequency Pulling in a Crystal Oscillator

The frequency of resonance of a crystal can be adjusted by using a load capacitor
Cy in series with the crystal, as shown in Figure 4.12.
The input impedance in Figure 4.12 is

Inverter
Amplifer
Inverter
Ve Amplifers
v o\
R, C,
XTAL

G~ ~G6 I 1]
1Ll

£ € XTAL

(@ (b)

Figure 4.10 (a) A basic parallel-resonant configuration and (b) a basic series-resonant configuration.
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AN y
C
I/ V()
I\
74 HC0O4 T4HC04 Rl T4 HC04
[l |]
[ |l
XTAL

Figure 4.11 A clock oscillator using a series-resonant crystal.

i il XTAL “ L ¢ R
| (
| € ||:|| H“m%l I/—’W”
= 102
Z,N ZIN

Figure 4.12 Capacitor C; in series with the crystal.

jXc, (R +7X1 +jXc)
jXc,* R +jXp +jXc

Zin(jw) =jXc, + (4.20)

. . Xc,Xc,
jXc, * XCL)[R +iXL +1<Xc +m>]

R +jX1 +j(Xc, + Xc)

where X¢,, X¢,, X1, and X ¢ are the reactances of Cy,, C,, L, and C, respectively.
Let

Xe=Xc+ xe X
(Ol C XCO + XCL

and observing that

X é(}

+ =Xct+—o———
X, * Xc=Xc Xc, + X,

we can write (4.20) in the form
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j(Xc, + X¢, ) (R +7Xp, +jXc)

Zin(jo) =

2
Xc
R + X + i X: + 0
Xo+i(Xe v )
Letting
)(C0 + XCL CO + CL
n= =

Xc Cr

(4.21) can be expressed in the form

jnXc, (R + Xy +iX¢)

Zin(jo) =

Xc,
R X +j(Xe+ = )

or

jnXc, (R +jn*X ) + jn*X¢)

ZiN(jw) =
! jnXc, + n’R + jn* Xy + jn*Xe

(4.21)

(4.22)

which is recognized as the parallel combination of a capacitor C,/n with three
elements in series consisting of an inductor nZL, a resistor nZR, and a capacitor

C'/n?, as shown in Figure 4.13. The capacitor C' is given by

= GG+ Cp)

c " C+C,+Cp

Since the circuit in Figure 4.13 is similar to that in Figure 4.2(d) it follows that
(4.22) is similar in form to (4.1), and therefore, the series resonance is given by

C(
n’'L n’ 'R
| £
—] —
G,
n

Figure 4.13 Equivalent circuit of the circuit in Figure 4.12.
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1
i = _ 1
oo (nZL)<%> ~JLC (4:23)
n

and the parallel-resonant frequency is

or

fo=fi(14 3¢, )

The parallel-resonant frequency of the crystal with a series load capacitor is identical

to that of the crystal by itself. Hence, the series load capacitor only affects the

series-resonant frequency. In terms of poles and zeroes, the poles of Zjy are not

affected by the addition of the series capacitor, only the zeroes are affected.
Equation (4.23) can also be written in the form

or

, C
fs :fs|:1 +m} (4.24)

This relation shows that f{ - f,as C; - 0 and f; - f; as C; - oo. The pulling
range (i.e., the interval between f; and f;) is

fsC

Equation (4.24) shows that the series load capacitor can be used to pull the
series resonant frequency.

Further analysis of the circuit in Figure 4.13 shows that its impedance is given

by
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2 2 C
’ +QUS+wS<1+Co+CL>

ZIN =
Col 2, o 2 C
Sn |:s +QUs+a)s<l+Co>]

A comparison of (4.26) with (4.1) shows that the poles of the two functions are
identical. The zeroes of (4.26) are located at

(4.26)

—_ 9

Y IR Y L
OQu /"N "Co*Cr 402 Qu | T2C,*Cr)

Since the real part of the zeroes in (4.26) and (4.1) are the same, the circuit Q is
not affected by C; . Narrowband equivalent circuits are similar to those in Figure
4.6, with R replaced by nR.

The capacitor C, has no effect on the series resonance of the crystal. However,
from (4.23) it is seen that f; can be changed by varying C,. Of course, the value
of C, also affects the parallel-resonant frequency f,.

The parallel-resonant frequency can be changed by adding a load capacitor in
parallel with the crystal (i.e., with C,). In this case, as in (4.13), the load capacitor
adds to C, and the parallel-resonant frequency, previously denoted by /} , is given

by

C

which shows that f; - f,as C; » 0 and f; - f; as C;, - . Hence, in this case
the pulling range (i.e., the interval between f;, and fs) is

__ IC
Af_Z(CO+CL) (4.28)

The frequency [} is the specified frequency of operation for the crystal at a
given Cy . At this frequency the crystal reactance is inductive and given by (4.19).
In an appropriate configuration, such that the crystal sees a load capacitance of
Cj, the circuit will oscillate at the frequency f7..

The pullability of a crystal is an important parameter to the designer that wants
to obtain several operating frequencies by changing the load capacitance. The
pullability, which is given by (4.27), provides a measure of the frequency shift that
can be obtained for a crystal operating in the parallel mode. It can be expressed
in ppm as

Af  10°C

7 TGy + Cp) (ppm) (4.29)
The pullability, expressed in ppm/pF, is known as the pullability sensitivity

(PS) or trimming sensitivity (TS). It represents the average pulling per pF around
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a certain value of Cj, and it can be obtained by taking the derivative of (4.10)
with respect to Cy, namely,

06
ps=——10C <Ppm> (4.30)
2(Co + CL)” \ PF

Hence, the PS is calculated at a certain value of load capacitance.
Another useful relation is the pullability between two load capacitances,
denoted by Cy1 and Cj,. It is given by

Af= C(Cra - Cr1)10° (ppm)
2(Co + Cr1)(Co + Cpy) ‘PP

(4.31)

A typical pullability curve (or frequency shift curve) is shown in Figure 4.14.
It is seen from Figure 4.14, or from (4.30), that small values of Cj results are large
values of PS, while larger values of C; are associated with smaller PS values. In
general, in a fixed frequency oscillator a high value of Cj is desired. In a VCXO
a low value of Cj is desired so that an appropriate pulling range is obtained.

Example 4.5

(a) Calculate the pullability for a crystal that lists C, =5 pF and C = 0.015 pF if
a load capacitance of 20 pF is used.

(b) Repeat part (a) if C;, = 30 pF.

(c) Calculate the pullability (or timing range) between C; = 20 pF and Cj =
30 pF.

(d) Calculate the pullability sensitivity for the crystal.

Solution
(a) Using (4.29), the shift from f; with C; = 20 pF is

Af 10°(0.015 x 107'2)

— = =300 (ppm)
fs 2(25 x 10712)
1200
1000\
g_ | \__\
§ 80
}‘:; Boﬂ 1 . N
& \\\\
g 400 S
b | T
200 . . S I
0! PR S (R (U I ——
0 5 10 15 20 25 30

CL (pF)

Figure 4.14 A pullability curve for C, =4 pF and C=0.012 pF.
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(b) Similarly, using C; = 30 pF the shift from f is 214 ppm.
(c) The pullability (or timing range) is (300 — 214) ppm = 86 ppm. The pullability
between two values of load capacitances can also be calculated using (4.31), namely,

0.015 x 10712(10 x 10712)10°
2(25 x 10712)(35 x 1071%)

Af = 86 (ppm)

(d) From (4.30), the pulling sensitivity around Cj = 20 pF is

106 -12
pg = T10°(0.015 x 107%) _ <ppm>

2(35 x 10712)2 pF

Example 4.6

Discuss the selection of a crystal to oscillate at 10 MHz when the circuit load
capacitance is 15 pF. A series pulling capacitor is used to vary the load capacitance
between 10 and 25 pF.

Solution

Applications that use a pulling capacitor usually require the selection of an AT-cut
crystal due to its good temperature stability. When compared to a BT-cut crystal
(which has poor temperature stability), the required pulling in a given system with
an AT-cut crystal is less.

The power dissipation that the crystal will experience in the oscillator deter-
mines the type of crystal holder and the maximum power dissipation of the crystal.
Let us select an HC-49 holder that can dissipate 1 mW.

Some typical specifications for the desired AT-cut crystal are a calibration
tolerance of 25 ppm at 25°C, a temperature stability of 30 ppm in the range of
-10°C to 60°C, and an aging specification of 5 ppm in the first year, and 2 ppm/year
thereafter.

Assume that the oscillator is to be operated for 5 years. Therefore, the total
tolerance for the crystal is 25 + 30 + (5 + 10) = 70 ppm.

For the package selected, the maximum value of C, is listed as 5 pF. Then,
from (4.31) the value of C that produces a pulling of =70 ppm when Cj varies
from 15 to 10 pF is

10°C(10 x 1072 - 15 x 1071?)
2(20 x 10712)(15 x 1071%)

=-700 C=8.4f{F

Next, we check that the value C = 8.4 pF can pull +70 ppm as Cj varies from
15 to 25 pF. Using (4.31), it follows that C = 8.4 pF can attain such a pulling
value. To allow for some margin of error, let us specify a larger value of C, say
C=11fF.

The value of R, can be specified to be between 25 and 50(), say R, = 40Q. If
R, =40Q it follows from (4.19) that R is
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R = R = 40 =22.50

2 -12 2
1+ [ 1+ 5x10
CL 15 x 107
The value of L does not need to be specified, since the crystal is specified to

operate at 10 MHz. However, for simulation purposes the value of L is needed.
From (4.14) the value of f; is

6
f=—10x10 = 9.997251 MHz
11 x 10

2(20 x 1071%)

and from (4.2) we obtain

L= ! — ——=23.04 mH
(27 x 9.997251 x 10°)4(11 x 10™19)

The pullability can also be controlled with the use of an inductor Lj , as shown
in Figure 4.15. For this circuit the pulling range is given by

Af_ fSC

- 1
2{C, + Cj | ————
[ ° L<1 _wszLLCL>]

where a)SZLLCL <1.

4.4 The Pierce, Colpitts, and Clapp Crystal Oscillators

Tuned-circuit oscillator configurations were discussed in Chapter 3. If the inductor
in these oscillators is replaced by a crystal operated in the parallel mode, the result
is a crystal oscillator. Depending where the ground is placed, the oscillator is known
as either a Pierce, Colpitts, or Clapp crystal oscillator.

XTAL

0

™~
!
— O
K

™~

ZIN

Figure 4.15 Using an inductor to increase the pulling range.
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The three resulting ac configurations for crystal oscillator circuits are shown
in Figure 4.16. Figure 4.16(a) illustrates the Pierce oscillator. In the Pierce oscillator
the emitter is grounded. The crystal impedance must appear inductive since the
crystal is operated at f; . Pierce oscillators work fine and are simple to design in
the 100-kHz to 20-MHz range. They are very stable and output powers of 3 to
5 mW are typical.

The Colpitts crystal oscillator is shown in Figure 4.16(b) where the crystal
behaves inductively. This oscillator is grounded at the collector. It operates well
in the 1- to 20-MHz region. Typical output powers are in the low milliwatt range.

In crystal oscillator nomenclature the Colpitts type of configuration with the
base grounded is usually called the Clapp crystal oscillator. The Clapp crystal
oscillator is shown in Figure 4.16(c) where the crystal must appear inductive. Its
frequency of operation and power characteristics are similar to those of the Colpitts
crystal oscillator.

The Pierce, Colpitts, and Clapp crystal oscillators are basically the same circuit
(i.e., a Colpitts type configuration), but with the transistor grounded at its different
terminals. The circuit biasing resistors and stray capacitances appear in shunt with
different elements in each of the three configurations. This makes the performance
of the three configurations different. The Pierce configuration is usually the most
desirable. The analysis of the Pierce oscillator circuit follows.

The ideal operation of the Pierce oscillator is illustrated in Figure 4.17. The
crystal at series resonance is resistive, and the RCy circuit provides a phase shift
of 90°. In the parallel-resonance region the crystal appears as an LR, circuit. If
R, is neglected the phase shift provided by the tuned circuit is —180°. Therefore,
it is seen that if the crystal operates in the parallel resonance region, the total phase
shift is =360°. More specifically, if the crystal operates in the parallel resonance

c M
I L
L 17
— XTAL = [ .
o C .~
’ G xtar L
I G
(@) = =

(b)

S

(I

XTAL —ITI_ T

©

Figure 4.16 (a) The Pierce crystal oscillator, (b) the Colpitts crystal oscillator, and (c) the Clapp
crystal oscillator.
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L R,
—~ W (parallel resonance region)

—VVV— (series resonance region)
R

s L +
v(

= XTAL - v,
- |G (o
Rl
L
\R"
_180° —90° (series resonance)

—180° (parallel resonance)

Figure 4.17 Ideal operation of the Pierce crystal oscillator.

region, the current i lags v, by 90°, and vy lags i by 90°. Thus, the base-to-ground
voltage vylags the collector-to-ground voltage by 180°. The total phase shift around
the loop is —=360°.

In an actual circuit the phase shift through the transistor is more than —-180°
due to the junction capacitance and delay time. Let us assume that the phase shift
is =181°. For the total phase shift to be =360°, the crystal must appear inductive
(i.e., operate in the parallel resonance region) and the tuned circuit must provide
a phase shift of =179°.

The Pierce oscillator circuit is shown in Figure 4.18(a). For proper ac operation
the impedances of C; and C) must not load the input and output of the transistor,
respectively. Figure 4.18(b) shows the load impedance Z; seen by the transistor.
The crystal is replaced by its equivalent crystal resistance R, in series with its
equivalent inductive reactance jX,, where X, = wL,. The impedance Z; , assuming
that Ry || Ry || »ie = hje, is given by

Z1 =X || [Re + iXe + (X1 || hie)]

{% RFC XTAL XTAL
| | T

LA v
IR T I e o
|ZRE|]“Q, r_ TZ WT_ I

(a (b)

Figure 4.18 (a) A Pierce oscillator and (b) the load impedance Z; seen by the transistor.



4.4 The Pierce, Colpitts, and Clapp Crystal Oscillators 211

where X1 = -1/wCq and X, = -1/wC;. Also, if | X1| < h;,, we can approximate

Zy by
1X2[Re + (X4 + X, )]
Z5 = - 4.32
LT R+ (X1 + X * X,) (#.32)
At resonance
X1(wo) + Xp(wo) + X,(wo) =0 (4.33)
which shows that the frequency of oscillation is
0 = (4.34)
'\/Le Cr
where
__ GG
Cr=cre; (4.35)

Note that if the crystal is specified to operate in the parallel-resonance region
at f;, with an external load capacitance Cj , then f, in (4.34) is equal to f} provided
that Crin (4.34) is equal to C . The frequency of operation in a Pierce oscillator
is usually 5 to 50 ppm above its series resonance.

Using (4.33), (4.32) reduces to

X
Zitjo) = 252 (X w,) + R,

Furthermore, since | X, (w,)| > R,, we obtain

: X ()]
Zy (jw,) = 2@l A ! (4.36)
e
The open-loop gain at resonance is
o . X, (@)1
Auljwy) =22 = =g, 7 (w,) = =gy i) (4.37)
f e

The voltage-feedback factor is

S _Uf X1
BU@) = =R A%, + X,)

(4.38)

Substituting (4.33) into (4.38) gives the voltage-feedback factor as
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Xi X% G

Bljwo) "RoX, . X, G (4.39)
which shows that v lags v, by —180°.
The loop-gain condition for oscillation is
Bljwo) Ay(jwy) > 1 (4.40)

Substituting (4.37) and (4.39) into (4.40) gives the gain condition, namely,

X5 G
gm Re Cz

or

5= Em >1 (4.41)
w; R, C1Cy

To summarize, (4.34) gives the frequency of oscillation, and (4.41) gives the
gain condition.

The Pierce crystal oscillator is an attractive configuration since the stray capaci-
tances appear across the large capacitors C; and C;. Furthermore, the resistors
Ry and R, do not appear in parallel with the crystal. The effect of the transistor
input and output impedances are minimized by selecting an appropriate transistor
and the values of Cq and C,;.

Some observations are in order. First, observe that larger output powers can
be obtained by making X, large (i.e., small values of C,). Another observation is
that the crystal power dissipation [see Figure 4.18(b)] can be approximated by

2 V3iems) R
P = il(rms)Re = &Lz)e
X3

which shows that it can be reduced by making | X, | large. A final observation is
that in a Pierce oscillator the crystal is not grounded. Some applications that require
the interchanging of crystals might be unsuitable for the Pierce configuration.

Example 4.7

Design a 2-MHz Pierce crystal oscillator. The load capacitance of the 2-MHz
crystal is specified to be 32 pF.

Solution

The oscillator configuration is shown in Figure 4.19(a). It uses a variable series
capacitor C, with the crystal (shown as 40 pF) to adjust the frequency of oscillation.
Using an MPS5179 BJT with Ve = 12V, Ry = 26.5 kQ, R, = 33.5 kQ and Rg =
6 kQ places the Q point at I¢ = 1 mA and Vg = 6V. The RFC is implemented
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Figure 4.19 (a) A 2-MHz Pierce crystal oscillator, (b) the resulting waveform, and (c) a capacitive
transformer.
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with a 1-mH inductor (X, = 12.6 k). The crystal sets the frequency of oscillation
at 2 MHz when the load capacitance is 32 pF. The crystal parameters listed in
Table 4.1 were used. The value of C1 =450 pF (X¢, = -177Q) was selected so
that its reactance is much smaller than b;, (b;, = 2.5 kQ). The ratio C;/C, was
selected to be between 1.5 and 2.

The total capacitance seen by the crystal is the series combination of Cq, Cj,
and C;. The series capacitance of Cq and C; is 161 pF. The trimmer capacitor C;
is set so that the series capacitance of Cs and 161 pF is 32 pF.

The inequality (4.41), with R, = R = 1000, and C} = 36.7 pF being the series
capacitance of C; and Cq, requires that

gm > @2R,C1Cy = [2m(2 x 10°)]2100(36.7 x 10712)250 x 1072 = 0.14 mS

which is easily satisfied since at I¢ = 1 mA the value of g,, is 40 mS.

The simulation data is shown in Figure 4.19(b). The fundamental frequency
of oscillation is 2 MHz. There are several ways that the oscillator signal can be
coupled to a load. For example, a capacitive coupled resistor connected to the
collector can be used. Such a resistor should not load the capacitor C,. One can
also use an amplifier connected to the collector to extract the oscillation signal.
Another way is to connect a low-value resistive load using a capacitive transformer,
as shown in Figure 4.19(c). The oscillator signal is coupled to the 50 resistor
through the coupling network formed by C; and C3. When viewed from the
collector, the load resistor R} appears as

Cy+C3\V . /2,250\
(228 5022 - 40510
which does not load Cj.

In the Pierce configuration a trimmer capacitor for frequency adjustment can
also be placed in parallel with C,.

Another dc bias configuration that works well with a Pierce oscillator is shown
in Figure 4.20. The design shown produces a Q point at Vg = 7.7V and I¢ =
3.6 mA. The load capacitance is 21 pF. The data shows that the fundamental
frequency of oscillation is 2 MHz.

An FET Pierce crystal oscillator is shown in Figure 4.21(a), and its ac model
in Figure 4.21(b). Figure 4.21(b) shows that Cq should be larger than Cg and the
output resistance of the FET can be neglected if

2
X
ra>|ZL| = zléw") (4.42)
e
It also follows from the gain condition in (4.41) that
m____ o (4.43)

wiR,CiCy
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Figure 4.20 A Pierce oscillator at 2 MHz.

Example 4.8

Design the FET Pierce crystal oscillator in Figure 4.22(a) to oscillate at 10 MHz.
The load capacitance of the crystal is specified as 32 pF.

Solution

The 10-MHz crystal parameters are those listed in Table 4.1. Using a typical value

for 74 of 20 kQ, it follows from (4.42) that C, > 5 pF. Hence, let C, = 19 pF.
Next, we let C1 = 100 pF, and from

———= =32 pF
5 p

it follows that the value of C, is 47 pF.
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R |
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T ™ T A =
B (a) ) (b)

Figure 4.21 (a) An FET Pierce crystal oscillator and (b) its ac model.

From (4.43), using R, = R = 65Q), it follows that

gm > (27107)265(100 x 10712)(47 x 107'2) = 0.1 mS

which is simple to satisfy.

The oscillator was designed using the 2N5459 JFET at Vpg = 5V and Ip
2 mA. This JFET has the following typical parameters: Vp = =3V and Ipgs =
4.5 mA. Then, for Ip = 2 mA it follows that Vgg = -1V, g, =2 mS,

_Vgs _ 1

= 5000
Ip  2x1073

R

and

k2 VDD~ Vbs=IpRs _12-5-1__
b Ip 2 x 107

An RFC (L = 3 mH) was used in series with Rp.

The simulation of the oscillator is shown in Figure 4.22. The resulting O point
is at Ip = 1.93 mA and Vpg = 5.2V. The resulting oscillation is at 10.02 MHz.

A popular Pierce configuration is shown in Figure 4.23. It uses an unbuffered
IC inverter (such as the 4049 CMOS, the 7SU04 CMOS, the 74HCU04 CMOS,
or the HA7210) as the active linear device to provide a phase shift of approximately
-180°, and the other 180° are provided by the crystal and capacitors circuit. The
second inverter is used as a buffer to couple the oscillation signal.

The inverter is biased in the linear region by the feedback resistor R whose
value is in the 500-kQ to 10-MQ range. The resistor Rq is employed in certain
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Figure 4.22 The FET Pierce crystal oscillator for Example 4.8.

situations to reduce the crystal drive level. The crystal behaves inductively since it
operates in the parallel-resonance region. The load capacitance in the ideal case is
given by

- GG
CL_C1+C2

In the actual oscillator the input and output capacitances of the inverter, as well
as the board parasitic capacitances, affect the capacitance seen by the crystal at its
terminals (i.e., the crystal load capacitance). In practice, the actual load capacitance
is estimated using

) = C1Cy

_—C1+C2+C5
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o
A
/1
AY|
/
0

Figure 4.23 A Pierce configuration using an IC inverter.

where C; is the total effective stray capacitance. Typical values of C, are from
2 to 7 pF.

Table 4.2 shows typical component values for operation of the oscillator in
the 1- to 25-MHz range using an appropriate crystal at the given load capacitance.

The design of the 10-MHz oscillator is now discussed. The loop gain is first
analyzed to check that the oscillation conditions are satisfied. To this end, the
inverter is simulated using a typical MOSFET configuration and biased using +5V.
The 10-MHz crystal is represented with R = 15Q, L = 10.1 mH, C = 25 fF, and
C, = 6 pF. The stray capacitance across the crystal is assumed to be 5 pF. In Figure
4.24(a) the loop gain is calculated by representing the circuit as a continuous circuit.
That is, the feedback loop is broken in Figure 4.23 and the crystal is loaded with
the input impedance of the inverter. A current signal of 1A is placed at the input
and the loop gain [v, /v;in Figure 4.24(a)] is calculated. The results of the simulation
are shown in Figure 4.24(b). The gain at 10.022 MHz where the phase is 0° is
15.85 dB, which shows that with the loop closed the circuit should oscillate at
10.022 MHz. This loop-gain simulation can be used to analyze the effects of the
loading capacitance and the crystal resistance on the loop gain. For example, the
maximum values of the load capacitance and of R can be determined.

The simulation of the 10-MHz oscillator is shown in Figure 4.24(c). The
resulting output signal oscillates at 10.02 MHz with an amplitude of approximately
SV.

Table 4.2 Component Values for Oscillation
in the 5- to 25-MHz Range Using Rf=1 MQ
and a Crystal at Its Fundamental Frequency

f (MHz) C1=C Ry CL

5 33 pF 5kQ 20 pF
10 22 pF 1kQ 16 pF
15 15 pF 5000 12 pF

25 10 pF 3300 10 pF
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Figure 4.24 (a) Loop-gain simulation for the 10-MHz oscillator, (b) magnitude and phase of the loop gain,

and (c) simulation of the 10

-MHz oscillator.
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A design for a 32.768-kHz oscillator (i.e., a watch oscillator) is shown in Figure
4.25. This oscillator uses a 4049 CMOS, and the crystal load capacitance is specified
as 20 pF. The stray capacitance is estimated to be 7 pF.

Another design for a 32.768-kHz oscillator, using the Harris HA7210, is shown
in Figure 4.26. This IC can be externally programmed to operate between 10 kHz
and 10 MHz. In the 10- to 100-kHz range with the enable pin high and with a
high in the FREQ1 and FREQ2 pins, the IC places internal 15-pF capacitors from
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Figure 4.25 A Pierce configuration for a watch oscillator.
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Figure 4.26 A 32.768-kHz Pierce oscillator using the HA7210.

pin 2 and pin 3 to ground (i.e., grounding pin 4). The two 15-pF capacitors make
the loading capacitance of the crystal to be 7.5 pF.

In the frequency range above 100 kHz the oscillator circuit in Figure 4.27 can
be used where Cj3 is a trimming capacitor. For example, with a 1-MHz crystal at
a load capacitance of 2.5 pF, the values of the components can be C; = C, =
33 pF and C3 =5 pF to 20 pF trimmer.

Two Colpitts crystal oscillators are shown in Figure 4.28. The bias resistors
Ry and R, appear in parallel with the crystal and, therefore, reduce the circuit Q.
The transistor’s input impedance should not load Cy, and its output impedance
should not load C;.

Although the basic results in (4.32) to (4.41) apply to the Colpitts crystal
oscillator, it is of interest to perform the following analysis of the circuit. Consider
the ac model shown in Figure 4.28(c) where the crystal is represented by R, +jX,
The ac model assumes that the input and output impedances of the transistor do
not load the resonator. Hence, Z| is given by (4.32), and at resonance (4.33) to
(4.36) are also satisfied. Hence,

Zi(jo,) = TR, (4.44)
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Figure 4.28 (a) A Colpitts crystal oscillator, (b) a Colpitts crystal oscillator using a negative supply
voltage, and (c) the ac model.

The voltage vy is given by

L RetiX,
YT OR (K + X (#49)

Using (4.33) in (4.45), we can write the voltage feedback factor as

R, -j(X1+X))
R, -7X;

Bljw,) =Z—Z =

if |X3| > R, then
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The gain of the emitter follower is

Vo

- y=lo__8&mZL
Ay(]w)_l/f _1 +ngL

Hence, the required loop gain is

. . X1+ Xy gmZl
Bljon) Autjon) = 2 () 21

Using (4.44), the gain condition is

851 (4.46)
Wo Recl C

which agrees with (4.41). Observe that in this configuration the phase shift through
the emitter follower is 0°, and also the phase shift through the feedback network
is 0°. A trimmer capacitor can be placed in series with the crystal to adjust the
frequency of oscillation. One way of pulling the frequency and coupling the oscilla-
tion signal is shown in Figure 4.29(a). Another way of coupling the signal from

O I'f‘

¥\

'”-—{DI—'—*%
S 3

(b)

Figure 4.29 (a) A Colpitts crystal oscillator with a frequency pulling capacitor C; and coupling
circuit and (b) another coupling circuit.
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the oscillator is shown in Figure 4.29(b). A small resistance in series with the crystal
permits the extraction of the signal. The filtering produced by the crystal results
in an output signal with very low distortion.

An FET Colpitts crystal oscillator is shown in Figure 4.30. This oscillator works
better than the BJT version at the lower frequencies (down to 10 kHz) because of
the high value of Rg. However, at the higher frequencies the low values of the
FET’s transconductance might present a problem.

Example 4.9

Design the Colpitts crystal oscillator in Figure 4.31(a) using the 10-MHz crystal
described in Table 4.1. The crystal load capacitance is specified by the manufacturer
to be 30 pF.

Solution
Let Vpp = 10V and the Q point be at Vg = 5V and I¢ = 2 mA. The resistor
values for the desired Q point are shown in Figure 4.31(a). The capacitor Cy is
selected at 200 pF (or Xy, =-79Q), and C, = 270 pF. Then, the value of Cj
is 40.6 pF for a total load capacitance of 30 pF. The trimming capacitor C; is
implemented with a variable capacitor (say, a 20- to 100-pF trimmer).

From (4.46), with R, = R = 5(), the required loop gain is satisfied if

gm > @>C1CyR, = (2710 x 10°)%(200 x 10712)(270 x 107!%)5 = 1.1 mS

The transistor’s g, value satisfies the above inequality since

Ic  2x107
= C =27 " -80mS
&M Vr T 25 x 107 n
’—I/?/I)I)
_ATAL =
j
Cz__ Rs

Figure 4.30 An FET Colpitts crystal oscillator.
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Figure 4.31 (a) Simulation of the Colpitts crystal oscillator in Example 4.9 and (b) the simulation
data.

The simulation data is shown in Figure 4.31(b) with C; set at 41 pF. The
resulting Q pointis at Vcg =5.03V and I =1.98 mA. The frequency of oscillation
is at 10.02 MHz.

The following example illustrates the design of an oscillator with an overtone
crystal. For example, when using a third-overtone crystal, care must be exercise
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that the oscillator does not also oscillate at the fundamental frequency of the
crystal. Two methods that can be used to prevent the oscillation at the fundamental
frequency are shown in Figure 4.32. In Figure 4.32(a) a trap (i.e., a parallel LC
network) at the fundamental frequency is placed in the feedback path, and in Figure
4.32(b) the L in parallel with C, is resonant at 2f,; this produces a net inductive
reactance at f, and a net capacitive reactance at 3f,. Hence, only at 3f, are X,
and X capacitive for the oscillation condition to be satisfied.

Example 4.10

Design a 30-MHz Colpitts crystal oscillator. A third-overtone crystal is available
with a frequency stability of 20 ppm from —25°C to 50°C. The load capacitance
is specified as 27 pF, and the supply voltage is a 9V battery.

Solution

The Colpitts crystal oscillator is shown in Figure 4.33(a). The bias point for the
MPS5179 BJT was selected at Vg = 5V and I = 500 wA. The Q point was
designed with Rg = 8 k), R1 =46 k), and R, = 44 kQ.

The load capacitance of 27 pF is obtained with C; = 43 pF and C, = 68 pF.
Observe that | X¢,| < Rg. Also, in order to provide for some tuning, a variable
capacitor C,, is placed in parallel with the crystal, as shown in Figure 4.33(a). Using
a 2- to 20-pF variable capacitor, it follows that the total capacitance seen by the
crystal when C, is at a mid-value of 10 pF is

Cr+C,=27%x10"12+10x 1072 = 37 pF

In order to bring the load capacitance seen by the crystal back to 27 pF when C,
=10 pF, a series capacitor, as shown in Figure 4.33(a) is used. Its value is

(27 x 10712)C,

— =27 x 107"
27 x10 "+ C,

or C, =46 pF.
The value of g, is 20 mS and satisfies (4.46).

oscillates tuned to

Figure 4.32 Two methods for oscillation at the third overtone of the crystal.
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Figure 4.33 (a) The simulation of the 30-MHz Colpitts oscillator for Example 4.10 and (b) the
oscillator waveform.

The ADS simulation data for the oscillator is shown in Figure 4.33(b). The O
point is at Vg = 5.47V and I = 0.435 mA. The frequency of oscillation is at the
third overtone, or 30.32 MHz. No oscillation occurred at the fundamental.

An overtone oscillator that uses the 7SHUO04 inverter (a very-high speed unbuf-
fered inverter) is shown in Figure 4.34. The values listed are for a crystal oscillator



228 Crystal Oscillators

R, =1MQ

7SHU04 7SHUO04

R =8200
XTAL
1000 pF

| Ve

I8l !
C =10 pF = C, =18 pF L=22 uH

\

Figure 4.34 A 30-MHz oscillator using a third-overtone crystal.

at 30 MHz with a load capacitance of 10 pF. The 18-pF and 2.2-uH inductor are
designed to be parallel resonant at 25 MHz. Hence, at 10 MHz the resonant circuit
appears inductive, and at 30 MHz it appears capacitive. Hence, only at 30 MHz
are the conditions for oscillations satisfied.

A Clapp crystal oscillator is shown in Figure 4.35(a). The ac model is similar to
that in Figure 3.27(c, d) (with no Ry). If R || bjp = hjp, C2 > Cp,and C1 > Cg,
the ac model in Figure 4.35(b) is obtained. The transistor’s output capacitance
appears across the crystal, thus limiting the frequency of operation.

From Figure 4.35(b) the open-loop voltage gain is

AU = V_f = ngL (4-47)
VCC
RC
R, ; RFC
VU
" .
C] T RB CI . S
XTAL T
C, LR i
b 2§ T R, § +
RE% C, e X3 G2 vy
a = IZ
nE L
(@) ()

Figure 4.35 (a) A Clapp crystal oscillator and (b) its ac model.
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where

R, +jX.)| ;X hip || 71X
L:( e+7. e)[]. 1+ (bip ”7 )] (4.48)
R, + X, + X1+ (b || /X2)

. . X1X

(Re +jX,)| /(X1 + X,) = =2

_ blb
- XX, X1Xy . R.X>

R, - - (X * X+ X,) +
e b b (X1 2 e) tJ b,
If R, < X,, and
X1+ Xy > X1 Xo/by (4.49)

then with X + X, + X, = 0 it follows that (4.48) reduces to

_ X (X1 + X))
ZL—R T X (X, * Xa) (4.50)
¢ hip
(X1 X))
- 2
X3
R, ++—=
b
Substituting (4.50) into (4.32) gives
gm(X1+ Xp)*
A, =2 =0 (4.51)

2
Re+gmX)

Observe that if ng22 > R,, (4.51) reduces to

A = X1+X22_ C2+C12
”_< X3 G

which is identical to (3.63).
The feedback factor is

g=Y - hip || 7 X2
vo  jX1+ (b ||iX2)
_ X
= XX,
X1+ Xy +
1 27 b,

Using (4.49), it follows that
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X; Cy

'BZX1+X2:C1+C2 (4.52)
From (4.51) and (4.52) the loop gain condition is
2
BA, = Xy gm(Xy +X22) 51
X1+ X2 R, +g,X3
which simplifies to
E§m___ 5 (4.53)

wlR,C1C,

The oscillator signal can be coupled to a high resistance load R}, connected to
the collector or to a resistive load capacitively coupled to the emitter.

Example 4.11
Design the Clapp crystal oscillator shown in Figure 4.36(a) to oscillate at 10 MHz.

Solution

A 2N4124 BJT was selected and biased at Vg = 5V and I = 1.5 mA, as shown
in Figure 4.36(a). This is a general purpose transistor that lists: /7= 300 MHz and
h f,(min) = 120.

Assume that the 10-MHz crystal described in Table 4.1 is used with a specified
load capacitance of 28 pF. This load capacitance can be obtained with Cy =
40 pF and C, =100 pF (X, = —1580). The condition in (4.53) is satisfied since
gm = 60 mS.

The simulation data for the oscillator is shown in Figure 4.36(b), and the
resulting output is shown in Figure 4.36(b). The SSB phase noise of the oscillator
is shown in Figure 4.36(c).

4.5 The Grounded-Base Crystal Oscillator

The transistor’s f7 value limits its frequency of operation, creating a problem when
the values of the capacitors needed to satisfy the oscillation condition in the Pierce,
Colpitts, and Clap crystal oscillators are comparable to the transistor’s terminal
capacitances. One way to solve this problem is to use a transistor with a higher
fT value or to use the crystal in a series resonance configuration. The grounded-
base (GB) crystal oscillator, shown in Figure 4.37(a), uses the crystal as a series
resonator.

The GB crystal oscillator works well at frequencies up to about 150 MHz.
Usually, third-overtone crystals are used up to about 70 MHz, and fifth-overtone
crystals up to about 150 MHz. The ac model is shown in Figure 4.37(b). Observe
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Figure 4.36 (a) Simulation of the Clapp oscillator in Example 4.11, (b) the simulation data, and
(c) the SSB phase noise.
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Figure 4.37 (a) The GB crystal oscillator and (b) its ac model.

the series connection of the crystal. At the frequency of oscillation the crystal
operates in series resonance, the transistor provides a phase shift of 0° and the
feedback-network phase shift is also 0°. The frequency of oscillation is

£ = 1
¢ 2m\JLCT
where
_ GG
Cr= C+G (4.54)

A simple way to check if the crystal is operating in the series mode is to replace
the crystal by a short circuit and observe if oscillations can occur. Obviously, with
the crystal replaced by a short circuit in Figure 4.37(a) the circuit is recognized as
a GB configuration (see Figure 3.27).

A more detailed analysis of the operation of the circuit follows. In Figure
4.37(b) a reasonable approximation is

hip || RE = bip

Also, at the crystal series resonance, the resistance b, + Z,. = b, + R does not load
C,, where R is the crystal resistance. That is,

1
hib+R>a)C2

Then, the relation between v, and vf can be approximated by

e LoCi hip
f Cl + C2 hib + R
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or

N O bip
BWM_UO_C1+C2Q%+R> (4.55)

Equation (4.55) expresses the feedback factor. Observe that the phase shift from
the feedback network, at the crystal series resonance, is 0°.

Since hj, + R transforms to an equivalent resistance across the inductor L given
by nz(h,-e + R), where

_Gi+ G
n——Cl

the load impedance seen by the transistor is

1

ZL(/a)) = RP H ]a)L HICU—CT

where
R, =Ry || n*(hs + R)

and Cr is given by (4.54).
The open-loop voltage gain is given by

Ay(jo) = ’;—f = gnZy(jo) (4.56)

Since the phase shift through the feedback network is 0°, the phase shift from
(4.56) must also be zero at the frequency of oscillation. This occurs at the resonant
frequency of the tank circuit. That is, at

0= e
VLCr

which is designed to be the same as the series resonant frequency of the crystal.
Hence, from (4.56)

Ay(joo) = gm | RL || 72 (hip + R) |

At w,, the loop-gain condition is

: , G hip 2
Bljon) Autjon) = o3, (5 ms o [RL b + R 21

where g,,,hip = 1.
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In the case that R > nz(b,-b + R) the loop gain reduces to

Bli) Ay (joy) > ST 2
Cq

In the tuned GB oscillator the loaded Qj of the circuit was low due to the
small resistive loading across the inductor L. In the GB crystal oscillator the Qy
of the crystal determines the Qj . This can be deduced from the analysis of the
loop gain of the circuit, namely,

. .. cC Z; (jo)
Alie) Aulie) = 16T C Ty + 2]

(4.57)

The frequency stability can be evaluated from (4.57). The phase of (4.57) is

¢(jo) = p1(jo) = da(jo) (4.58)

where ¢1(jw) is the phase of Zj (jw) and ¢, (jw) is the phase of hj, + Z .. Near
the resonant frequency w,, Z1 (jw) can be expressed in the form

. R
Z1(jo) = —
! *fQL<w—O - 7")

where Qj is the loaded O of the parallel tuned circuit. Also, at series resonance
the crystal impedance can be approximated by the series RLC branch of the crystal.
Hence, we can write

Z.~R +ijL<ﬂ—&)

w,

and it follows that

1 _ 1
hzb"‘Zc (hzb+R)|:1 +I'Qx<£_w_a?>:|
o
where
_ oL _ Oy
Qx_R+hib_1+hLb
R

Qy is the unloaded Q of the crystal.
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From (2.15) and (4.58) it follows that

dw w,
and
dw w,

Hence, the frequency stability factor Sk [see (2.1)] is given by

Sp=-2(0r ~ Ox)

Since Q. > Qy, it follows that

Sp=20, ==
1

Observing that b, is of the same magnitude as R, the O of the series resonant
circuit in Figure 4.37 is controlled by Oy, which is very high.

Example 4.12

Design the GB crystal oscillator shown in Figure 4.37 to oscillate at 45 MHz using
a series-resonant third-overtone crystal.

Solution
From Table 4.1, using the third overtone of the 15-MHz crystal, the parameters
are: R =450, C =0.0031 pF, C, =4 pF, and L = 4.17 mH. The tuned circuit is
designed with Cy = 50 pF, C, =270 pF, and L = 0.293 uH.

The transistor selected was the BFR92 at a QO point of Vg = 6V and I =
1 mA. This transistor lists f7 = 5 GHz.

The simulation is shown in Figure 4.38, as well as the resulting oscillation at
44.95 MHz.

4.6 The PI-Network Crystal Oscillator

The Pl-network crystal oscillator is shown in Figure 4.39(a), and the ac model is
shown in Figure 4.39(b). This oscillator uses the series-resonant properties of the
crystal. It is used in the 1- to 100-kHz range. The output power is low with 0.5
to 1 mW being typical values. This oscillator is simple to design, but its frequency
stability is not as good as the Pierce oscillator.

At the frequency of oscillation, which is the series-resonance frequency of the
crystal, the crystal behaves like a short circuit. Hence, the transistor provides a
phase shift of =180° and the PI network the other —180° at
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Figure 4.38 The GB crystal oscillator for Example 4.12.

1
A —
2mJLCt
where
Cr= CiC
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Figure 4.39 (a) The Pl-network crystal oscillator and (b) the ac model.

The analysis of the oscillator in Figure 4.39(a) is a bit involved. Figure 4.39(b)
shows the PI-network loaded by the input resistance of the transistor, which is 4.
The impedance Z, is given by

: . ihie X
iXa (/X1 + hlli—)% ,
7 = ie X2 ) =h Xy (Xo + X)) - j X1 X0 X
x - . - .
: : jhieXs  =Xo(X1+ X1) +jhi(X1+ X2+ X1)
X1+ X + 77—
JELTIAL hie +7X2
(4.59)
At the frequency of oscillation
X1(wo) + Xo(wy) + X1 (wy) =0 (4.60)
Then, (4.59) simplifies to
. XV ., (X e
Zx(/wo) = hie<X_;> _/XL<X_;> = hie<c_i> _/XL<C_T>
Since
C
h,-e<—2> > |X1|= oL (4.61)
Cy

it follows that the real part of Z, is much greater than the imaginary part, or

Zy(jw,) =R _hze<ci>

The voltage vy is given by

v v jhzeXZ
=V he(Xy + X1) - X2 X1

(4.62)
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Using (4.60), we can express (4.62) in the form
_k’ie

hie(%) +jwlL

i
Uy -

Using (4.61), (4.63) reduces to

Also, at w,

— Rx
Px=Vo(R,+R

(4.63)

(4.64)

(4.65)

where R is the crystal resistance. Therefore, from (4.64) and (4.65) the feedback

factor is

oy = G Ry
Bljan) =, =21 (

The open-loop voltage gain of the transistor is given by

Ayljo) =22 = ~g,| Ry || (R + R) |

vf
and the loop gain condition is

C R

R, +R

Bljon) Autjon) = ¢t (s JemlRi D (Re v R)] 21

4.7 Voltage-Controlled Crystal Oscillators

Voltage-controlled crystal oscillators find applications in many circuits, just like
those using a voltage-controlled tuned oscillator. The main difference is that with
a crystal the selectivity is high and the phase noise is low. Also, the range of
frequencies that can be controlled with a single crystal is small due to the limited
pulling range. For this reason some VCXO designs commonly use several crystals

to cover different frequency ranges.

The parallel-resonant frequency of crystals used in the parallel mode can be
varied using a capacitor in parallel with the crystal. For a series mode crystal a
series capacitor can be used to vary the series resonant frequency. A varactor diode
can be used to implement and vary the series capacitance, as shown in Figure 4.40.
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Figure 4.40 A VCXO configuration using a varactor diode as the voltage control device.

4.8 Ceramic-Resonator Oscillators

Ceramic resonators (CRs) make use of the mechanical resonances that occur in
piezoelectric ceramics (usually PZT-lead zirconium titanate). As a resonator, the
ceramic resonators’ performance is better than those of the LC tuned circuits, and
less than that of a crystal resonator. CRs are smaller in size and less expensive
than crystals; also, they are half the size of a comparable crystal. However, crystals
have typical temperature coefficients of 107%/°C, and CRs have 107/°C. Figure
4.41 shows the typical shapes of two and three lead CRs. Murata has a good
application manual for their CRs [1]. Those with three leads have an internal built-
in load capacitor. CRs are used in many digital-clock applications, just like crystal
oscillators.

The symbol and equivalent circuit of the CR (shown in Figure 4.42) are identical
to those of the crystal. The impedance characteristics are similar to the one shown
in Figure 4.3 [or Figure 4.2(b)] for the fundamental vibration. Between the series
(fs) and parallel (f,) resonance of the CR, the resonator is inductive. In this
frequency range the equivalent circuit is shown in Figure 4.42(c), where R, and
L, are the equivalent resistance and inductance for f; < f</,.

The series resonant frequencies is

1

= 2myic

Figure 4.41 Typical shapes of CRs.
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Figure 4.42 (a) CR symbol, (b) equivalent circuit, and (c) equivalent circuit for f; < f < f,.

and the parallel-resonant frequency is

fo=ti 4@

Since the operation is similar to that of a crystal, it can be used in the same oscillator
circuit configurations used with crystals. Typical element values for some CRs are
listed in Table 4.3. These values are, of course, for the fundamental mode. The
resulting Qy values are lower than those of the crystal. Higher harmonic modes
exist due to the mechanical nature of the resonances.

A common way to construct a square-wave oscillator using a CR is shown in
Figure 4.43. The amplifier is a digital inverter gate; a second inverter is used as a
buffer stage. The feedback resistor Ry provides negative feedback to place the
inverter in the linear amplification region. Usually, a gain of about 10 is obtained
from a CMOS inverter. An Ry value of 1 M{} is typical. In addition, the oscillator
might require a resistor R 4. The R ;C, combination is used to add some additional
phase shift and to reduce the gain at high frequencies, thus preventing undesirable
high-frequency oscillations. The resistor R is sometimes referred to as a damping
resistor.

The frequency of oscillator of the circuit in Figure 4.43 is given by

_ C
fo‘fs'\/l"'m

where

_ GG
CL_ C1 + Cz

Table 4.3 Typical Values of the Components in the Equivalent Circuit of
Some Ceralock CRs (From: [1])

fo (MHz) L (uH) C (pF) R (Q) Co (pF) Qu
0.455 7.68(10%) 16.7 10.1 272.8 2,136
2.0 1.71(10°) 4.0 43.9 20.8 475
4.0 0.46(10°) 3.8 9.0 19.8 1,220
8.0 0.13(10°) 3.5 8.0 19.9 775
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Figure 4.43 A CR square-wave oscillator.

The design of square-wave oscillators in the frequency range of 375 kHz to
13 MHz is illustrated in Figure 4.44. The values listed in Table 4.4 are typical for
this oscillator. The RCA (HARRIS) CD4069UBE is a C-MOS that is commonly

used as the amplifier. Some C-MOS inverters ICs can have too much gain, which
can cause RC oscillations and ringing.

I/I)l)
T CD4069UBE (RCA)
14

C 7

Figure 4.44 A C-MOS square-wave oscillator for use with CRs.
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Table 4.4 Typical Values for the Oscillator in Figure 4.44

Frequency (kHz) Vpp (V) Cr1 (pF) Cra (pF) Ry (MQ) Rq (kQ)
375-429 5 120 470 1 0
429-699 5 100 100 1 0
700-1,250 5 100 100 1 5.6
2,000-6,000 5 30 30 1 0
6,000-13,000 12 30 30 1 0

An example of a Colpitts CR oscillator at 455 kHz is shown in Figure 4.45.
This oscillator uses the Murata CSBLA455KC8-B0 ceramic resonator. This CR
has a fundamental frequency of oscillator at 455 kHz.

4,9 SAW Oscillators

Surface acoustic wave (SAW) resonators are available as one-port and two-port
resonators. The structure of the one-port resonator chip is shown in Figure 4.46.
It consists of an interdigitated transducer (IDT) and two grating reflectors. The
structure is fabricated on a quartz crystal substrate using a photolithographic
process. The chip is usually encapsulated in a ceramic package, and the resulting
component is small in size. The SAW resonators use the mechanical vibration of

Q10w¥
k{IN59]
. |
e T
T
CSBLAASSKECR
i L v,
L1 3 o
i :Z § 1kQ
= 1nF

Figure 4.45 A 455-kHz CR oscillator.
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Figure 4.46 Structure of a one-port resonator. (After: The Murata SAW Resonator Manual [2].)

the piezoelectric material (quartz) to generate the surface acoustic wave between
the reflectors.

SAW resonators can be used in oscillators just like quartz crystals or ceramic
resonators. In fact, they are used in many HF and RF applications where crystals
do not work at their fundamental frequency, or when better performance than
that obtained from a ceramic oscillator is needed. The fundamental frequency of
operation of SAW resonators is from 50 MHz to 1 GHz.

The equivalent circuit for a one-port SAW resonator is shown in Figure 4.47,
and typical values for the electrical parameters are shown in Table 4.5. The model
is identical to that of a quart crystal or ceramic resonator. Hence, its impedance
characteristic is similar to the one shown in Figure 4.2(a). The SAW resonator
exhibits a series resonance ( fs) and a parallel resonance ( f,). The oscillator configu-
rations used with quartz crystals or ceramic resonators are also used for SAW
resonators.

Figure 4.47 SAW resonator equivalent circuit.

Table 4.5 Typical Element Values for Some Murata SAW Resonators (From: [2])

Part Number f, (MHz) L (uH) C (pF) R (Q) C, (pF)
SARCC304M30BX 304.30 164.495 0.001663 22.0 2.37
SARCC315MO0BX 315.00 159.331 0.001602 220 225
SARCC423M22BX 423.22 110.088 0.001284 222 2.00
SARCC433M30BX 433.87 92.747 0.001451 20.2 2.00
SARCC433M92BX 433.92 96.529 0.001394 22.1 2.11

SARCC434M15BX 434.15 95.288 0.001410 20.0 1.97
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A Colpitts SAW oscillator configuration is shown in Figure 4.48. The SAW
resonator behaves inductively in the region f; < f < f,. The BJT must have an fr
value of a few gigahertz.

Example 4.13

Design the SAW oscillator in Figure 4.48 to oscillate at 315 MHz using the Murata
SARCC31500BLO.

Solution

The Murata SARCC31500BLO lists the following parameter values: L. = 159.33
uH, C=0.001602 pF, R =220 and C, = 2.25 pF. The transistor selected is the
surface mount NEC 25C4228 BJT, which has fr =9 GHz. The Q point selected
isat Vcg =2.9V and I = 7 mA, using Ve = 4V. Good beta stability is obtained
by designing the bias circuit with Rg = 1600, R; =2 kQ and Ry =2 k(. Letting
C1 =12 pF and C; = 8 pF, it follows that Cy = 4.8 pF. This SAW resonator has
a series resonance at

1 1

== =315.021 MHz
27yLC 2774/159.33 x 107%(0.001602 x 107')

fs

and the parallel-resonant frequency occurs at

o 001602 x 10712
fa:fS\/l+—COSCT:315X106'\/1+ 000160210 =~ 315055 MHz

225x1072 +4.8 x 107"

Al
71

1[—
=

Vee
vu
O
R

Ay
71

i

Figure 4.48 A Colpitts SAW oscillator.
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The simulation is shown in Figure 4.49(a). The resulting Q point is at Vg =
2.7V and I¢ = 8 mA, and the frequency of oscillation is at 315.1 MHz.

The phase noise of the oscillator is shown in Figure 4.49(b). The harmonic
balance controller used with the oscillator in Figure 4.49(a) for the calculation of
the SSB phase noise is shown. The marker shows that £(f,,) = -105.1 dBc/Hz at
an offset of 10 kHz from the carrier.

In the Colpitts configuration shown in Figure 4.48 at frequencies above
500 MHz the parasitic capacitances begin to affect the design. For this reason, a
preferred configuration at higher frequencies is the Pierce configuration, since the
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Figure 4.49 (a) ADS simulation for the oscillator in Example 4.13 and (b) the SSB phase noise.
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parasitic effects on the resonator are minimized. The Pierce oscillator requires the
use of a two-port SAW resonator in the feedback path to attain the required 180°
phase shift.

A two-port SAW resonator is shown in Figure 4.50(a) and its equivalent circuit
model in Figure 4.50(b). The coupling from port 1 to port 2 results in a phase
shift of 180°. Internal capacitances from ports 1 and 2 to ground can be included
in the model. However, these are usually small in comparison with the matching
circuit capacitances.

Figure 4.51 illustrates a Pierce SAW oscillator using a two-port SAW resonator.
The matching networks might be necessary to properly match the SAW resonator.
The collector matching network is used to transform the high collector resistance
to a lower resistance, and the base matching network is used to transform the
match the base resistance to the output resistance of the SAW resonator. The total
phase shift in the feedback path is due to the phase shift from the matching networks
plus the phase shift of the SAW resonator.

SAW oscillators are a good choice for remote keyless entry (RKE) transmitters.
These transmitters find extensive applications in the automobile industry due to
their simple design, low current consumption, long battery life, low phase noise
characteristics, and resistance to shock and vibration.

The following example illustrates a Colpitts SAW oscillator at 315 MHz, which
is one of the frequencies used in the United States for RFK transmitters.

A 315-MHz SAW resonator from RF Monolithics, Inc (i.e., the RO2073E) is
illustrated in Figure 4.52, as well as a bottom view showing the connections, and
typical values for the equivalent model. This is a 3 X 3 mm device. Some nominal
dimensions are E =3 mm and F = 1.6 mm. Terminals 2 and § are interchangeable
and NC means no connection. The NC pads are used for mechanical support of
the SAW resonator. The manufacturer recommends grounding the support NC
pads in order to reduce the parasitic capacitance.

Two oscillator configurations, adapted from the RF Monolithics application
notes, are illustrated in Figure 4.53. These configurations are recognized as a GB

Reflector Ground Port 2 Reflector

il

Port1  Ground
(@)

Port 1 L R ¢ 1:
L]

E
(b)

1 Port 2
Ld

-

Figure 4.50 (a) A two-port SAW resonator and (b) equivalent model.
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Vee SAW '

: resonator I\{Iatc_hlng
Matching [ circuit
circuit 1= ‘

L LE S

T
Al

Figure 4.51 A Pierce oscillator using a two-port SAW resonator.

Pin Connection
RO2073E 1 NC
2 Terminal
315.0 MHz 3 L
4
SAW 5 Terminal
Resonator 6 NC

3.0X3.0

19 Q 34 uH 7.508 fF

Figure 4.52 (a) The RO2073E SAW resonator from RF Monolithics, (b) the electrical connections,

and (c) equivalent model of the resonator. (From: [3]. Reproduced with permission of
RF Monolithics, Inc.)
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RR 1510 50 nH
100 kO C
08 pF :
K o 4&9 G
5V
10 nF
SAW " =
5 R, c,
— 470 Q3| St 20 pF
(@)
o)
1 v,
15 to 50 nH
RH v
100 £Q — G p
1108 pF < Vee
e} . 400 T
Data input M 2‘ [N IOChF 3V
L B .
SAW| -
-5- n py Cz
R | 51020 pF
== 100 Q
(b)

Figure 4.53 (a) A SAW oscillator configuration for use in the 300- to 500-MHz range and (b) a
low-voltage design for RFK applications.

configuration with the SAW resonator acting as a high-O bandpass filter between
base and ground. The inductor L1 can represent the inductance of a transmitter
antenna. Typical values for the oscillator components used in the 300- to 500-MHz

range are shown.
Figure 4.53(b) shows a design for RKE applications using a 3V battery. The

data input represents the modulation input signal. The Cy, capacitors are RF bypass

capacitors and L1 represents the transmitter antenna.
Another popular band for remote control applications is the 418-MHz band.

The RO2103 SAW resonator from Monolithics operates at this frequency. This
SAW resonator is constructed in a TO39-3 case. A design using this resonator

follows.

Example 4.14
Design a 418-MHz SAW oscillator.

Solution
The oscillator configuration is shown in Figure 4.54. The SAW resonator used is

the Monolithics R02103. Typical values for the equivalent model of this SAR
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Figure 4.54 Design of the 418-MHz SAW oscillator for Example 4.14.

resonator are: R =20Q, L = 91.0109 mH, C = 1.59292 fF, and C, = 2 pF. The
transistor selected is the BFS17, which has an f7 value of 2.5 GHz. The resistor
values in Figure 4.54 set the Q point at Vg = 3.75V and I = 2.4 mA.

The design method for Cq, C,, and L1 is the same as the method used for the
GB tuned oscillator. If L1 = 43 nH, it follows that letting C; = 5 pF and C; =
10 pF produces a resonant frequency of 418 MHz, with proper values for the

associated reactances.

The simulation data is shown in Figure 4.54, where the frequency of oscillation
is 418.6 MHz with C{ = 4.7 pF and C, = 8 pF.
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Negative-Resistance Oscillators

5.1 Introduction

In this chapter the techniques that are used in the design of negative-resistance
oscillators (NROs) are discussed. Tuned-circuit oscillators and crystal oscillators
are usually designed using a feedback approach. In fact, whenever external lumped
elements are used for the feedback network, the feedback approach is the method
of choice. In oscillators operating in the microwave region the transistor’s internal
capacitances play an important part in the design. In this range of frequencies it
is more convenient to represent the transistor in terms of its scattering parameters
(i.e., S parameters). The matching network at one of the two ports of the transistor
is called the terminating matching network and the one at the other port is called
the load-matching network. The terminating matching network is used to provide
the proper termination so that the transistor presents a negative-resistance at the
other port (i.e., the load port), which is designed to satisfy the oscillation conditions.

Some of the material in Sections 5.2 to 5.7, and in the TE-Mode DRs in Section
5.12 were adapted or reproduced from the book by Gonzalez [1] (O 1997. Reprinted
by permission of Pearson Education, Inc., Upper Saddle River, NJ.)

5.2 Negative-Resistance Method

The theory and design of oscillators can also be approached using the negative-
resistance method. The method is used extensively in the design of RF and micro-
wave frequency oscillators. If an active device is used to supply an amount of
energy equal to the energy dissipated, the circuit can sustain oscillations. The
behavior of the active device can be represented by a negative resistance in series with
a reactance, as shown in Figure 5.1. The negative-resistance device is represented by
the amplitude- and frequency-dependent impedance

ZIN(A, o) = RIN(A, @) +]XIN(A, o) (5.1)
where A is the amplitude of i(¢) and
RiN(A, w) <0
The oscillator is constructed by connecting the device to a passive impedance

denoted by

251
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Figure 5.1 A negative-resistance model.

Zp(o) =Rp(w) + X (o) (5.2)
If
RL(a)) + RIN(Aa w) >0

the total loop resistance in Figure 5.1 is positive and the oscillation will die out.
The circuit will oscillate at the frequency (w,) and amplitude (A,) where

ZIN(Ag, wo) + Z1 (@) = 0 (5.3)

Substituting (5.1) and (5.2) into (5.3), the oscillation conditions can be written

as
RiN(Ag, @o) + Rp (@) =0 (5.4)
and
XIN(Ao, @o) + X1 (@) =0 (5.5)
If
Ri(w) + RiN(A, w) <0 (5.6)

the oscillation is unstable and its amplitude will grow. From (5.6), the circuit in
Figure 5.1 is unstable if the net loop resistance is negative; that is, when

|IRIN(A, @)| > R (@) (5.7)
In a well-designed oscillator, at the start of oscillations, (5.7) is satisfied. That
is, when the amplitude A is small the oscillations begin to build up. The start of

oscillation condition in (5.7) is usually expressed in the form

|Rin(0, )| >R (@) (5.8)
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The oscillations will continue to build up as long as the loop resistance is
negative, as required by (5.7). The amplitude of the current will reach a steady-
state value (i.e., at A = A, and w = w,,), when the loop resistance is zero and (5.4)
and (5.5) are satisfied. This is similar to satisfying the Barkhaussen criteria, which
we know that can not be exactly satisfied. To satisfy the start of oscillation condition
in (5.8), the build-up of oscillations in (5.7), and the oscillation conditions in (5.4)
and (5.5), the impedance Z (A, w) must be amplitude and frequency dependent.
A typical negative-resistance variation produced by the active device is such that
at the start of oscillations Ryy(0, ) has its maximum value and then decreases
linearly as the amplitude increases. When Ry reaches the value Rin(A,, w), (5.4)
and (5.5) are approximately satisfied and the circuit will oscillate with amplitude
A, at w,. This discussion is similar to that in Section 1.2 where a detailed analysis
shows that the circuit poles move between the right-half plane and the left-half
plane with (5.4) and (5.5) predicting the fundamental frequency of oscillation.

The frequency of oscillation determined by (5.4) and (5.5) might not be stable
since ZiN(A, ) is amplitude and frequency dependent. Therefore, it is necessary
to find another condition to guarantee a stable oscillation. If the frequency depen-
dence of ZN(A, w) can be neglected for small variations around w,, Kurokawa
[2] has shown that a stable oscillation is obtained when (5.4) and (5.5) are satisfied,
and the following condition is also satisfied:

ORN(A)
0A

dXp (@)
Aza, do

o

_0Xn(A)
0A

dRp (@)
Aza, do

o

L():(U(7

The derivation of (5.9) is given in Appendix A.
In many cases

dRp ()

dw =0

(i.e., Ry is a constant) and (5.9) simplifies accordingly. Also, when R is constant
the term Ry (w,) in (5.6) is simply replaced by the constant value R .

For frequencies around the frequency of oscillation a reasonable approximation
is to assume that Rjn(A, @) and XN (A, w) are only a function of the amplitude
of i(¢). In some cases the variation for Rjn(A, w) can be approximated by

A
Rin(A, @) = Rjn(A) :—R0<1 —m) (5.10)

where =R is the value of Ryn(A) at A =0, and A is the maximum value of A.
In other words, the magnitude of the negative resistance is a linearly decreasing
function of A (see Figure 5.2).

A practical way of designing R is to select its value for maximum oscillator
power. In Figure 5.1, if Ryy is given by (5.10), the power delivered to Rj by Ry
is
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Figure 5.2 Linear variation of the negative resistance as a function of the current amplitude.

1 oo 10 1, A
P =5Re(VI*) = 5 |[*[Rin(A)| = 54 RO<1 'ﬂ)

Hence, the value of A that maximizes the oscillation power is found from

which gives the desired value of A, denoted by A, 1ax, that maximizes the power.
That is,

At A, max the value of RiN(Aj max) is

R
RIN(Ao,maX) == TO

Hence, a convenient value of Ry, which maximizes the oscillator power, is
R
Rp =3 (5.11)

Observe that (5.11) is valid when the negative input resistance varies linearly with
amplitude. In practice, the selection of Ry, according to (5.11), produces good
results.

Example 5.1

(a) Determine the frequency of oscillation for the circuit in Figure 5.3, and the
negative resistance Ry that makes the circuit unstable. For simplicity in the analysis
use L = 1H and C = 1F.
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Figure 5.3 Circuit for Example 5.1.

(b) Determine if the oscillator is stable when the negative resistance is a linearly
decreasing function of the amplitude.

(c) If R, =45Q and Ap; = 1A in (5.10), determine the value of R; for maximum
oscillator power.

Solution
(a) For the circuit in Figure 5.3,

ZIN= RN
and
1 s+ Rps+1
Zip(s)=s+ -+ R =—"——

From (5.5), since Xy = 0, it follows that
Xp(wo) =0
or

1
jwo+].7:OD w, =1 rad/s
o

and from (5.4), at w,, we obtain that
R+ Ry =0
or
RN =-Rp,

The circuit is unstable for those values of Ry that make the loop resistance
be negative, namely,
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RN <-Rp
or the negative resistance values that satisfy
|IRin| >Ry

(b) For the circuit to maintain a stable oscillation at w, = 1 rad/s the condition
(5.9) must be satisfied. With Ry given by (5.10), it follows that

ORN(A) _ R,

0A A

Therefore, since R, > 0, we have that 0R(A)/0A > 0.
Also, with X; = (w — 1/w) it follows that

dXL(a)) _ 1
do I+ E
Therefore,
ORN(A) dXp (o) >0
aA A=A d(l) W=w

which shows that the oscillation is stable.
(c) From (5.10), the expression for Ryy(A) is

Rin(A) =-45(1 - A)
Using (5.11) the value of R} that maximizes the oscillator power is

el
3

RL:R3—O: =150

and the amplitude of A is

Ao,max -

[OSTI S}

2
AM=§

In some cases it is more convenient to represent the one-port negative-resistance
oscillator using the parallel model shown in Figure 5.4. In the parallel model
the voltage is the same across the two resistors. The negative-resistance device is
represented by the admittance

YIN(A', w) = GIN(A', w) + BIN(A', )

where A' is the amplitude of v(¢), and GN(A', w) < 0.
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Gy (4.0)3 B, (4.0) B(0) 36,(0)

I\Awl YI

Figure 5.4 The parallel circuit model for the one-port negative-resistance oscillator.
The network in Figure 5.4 will oscillate at the amplitude A}, and frequency
® = w,, when
YIN(Ao, o) + YL (0,) =0
or in terms of the real and imaginary parts of the admittance we have
GIN(Ap, @) + GL(w,) =0 (5.12)
and
BIN(A, @) + Br(w,) =0 (5.13)
The start of oscillation condition can be expressed in the form
|Gin(0, ®)|> G (w)

For stable oscillation the Kurokawa condition must be satisfied. In terms of the
circuit in Figure 5.4 the condition reads

0GN(A")
0A'

dBp (w)
A=a, do

dG (w)
ar=py  do

_0BN(A")

A’ >0

w=w, w=w

(5.14)

The selection of the impedance or admittance form for the negative resistance
should not be made arbitrarily. If the impedance plot of Zjy looks like a series-
impedance circuit, the equivalent negative-resistance circuit should be treated using
the impedance form. If the admittance plot of Yy looks like a parallel-admittance
circuit, the equivalent negative-resistance circuit should be treated using the admit-
tance form.

Further understanding of a negative-resistance oscillator is gained by the analy-
sis of the series RLC circuit shown in Figure 5.5. The active device is represented
by the negative resistance Ry (where Ry < 0) in series with the inductor L, and
the load network by Ry in series with the capacitor C. Obviously, the inductor
and capacitor are interchangeable. The voltage that starts the oscillation can be
modeled, for simplicity, as a step voltage with a small amplitude E. For the
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R, V,(s)
(R, <0) B
[E— _
Active Load
device circuit

Figure 5.5 A negative-resistance circuit.

series-tuned circuit the net loop resistance is Ry, + Ryn. If |Ryn| > Ry the net loop
resistance is negative. The loop equation is

Do HRy + Riy) + I()sL+ 2
or
E
L
I(s) = 2, (R, + RIN)s 1
L LC

The output voltage V, (s) = I(s) R can be conveniently expressed in the form

ERp
Vols) = z; 2;)05 + ol (5.15)
where
N
0 LC
and
o= RLZ;OIzIN _ (R +2R1N) \/% (5.16)

Of course, w, represents the resonant frequency and a the damping factor.
The time function v, (¢) is obtained by taking the inverse Laplace transform
of (5.15). The inverse transform depends on the location of the poles of (5.15) at

s = w(-atj /1 - a?) (5.17)
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There are three cases to consider in (5.17). First, (5.17) has real poles when «
> 1, and in this case the circuit does not have an oscillatory behavior, it simply
behaves like a first-order circuit. Second, if @ =1 the poles of (5.17) are equal and,
consequently, the circuit is not oscillating. Third, if @ < 1 the poles in (5.17) are
complex conjugates and v, (¢) is given by

v(t) = ERL ! e 1! sin(a)o\/l - a? t)
L 2
worf1 - a

which can represents either a decaying (for 0 < a < 1) or a growing oscillation
(for @ < 0). The exponential factor is e *“’ and the oscillation frequency is
wo\/1 = a?.

For an oscillation we want a = 0, as shown in Figure 5.6. From (5.16), the
ideal case of a = 0 occurs when R} + Ry = 0 (or no losses in the circuit), and the
oscillation frequency is

The previous analysis shows that an active component is required to implement
the negative resistance. Active components are nonlinear in nature and, therefore,
its impedance will be a function of the current amplitude in a series circuit. For
oscillations to begin and grow we want @ < 0 (or |Ryy| > Rp). At the start of the
oscillation, the term e "*“ increases exponentially. It increases until a steady state
is reached. This occurs when the nonlinearities of the active device decrease the
value of Ryy so that R; + Rjy = 0, or @ = 0. In the ideal case that a = 0, the
growing oscillation reaches a steady state as shown in Figure 5.6.

The concept of Q in an oscillator circuit is related to the resonator’s effect
(i.e., the resonator’s Q) on the loop gain. The equivalent circuit of an NRO can
also be drawn as shown in Figure 5.7 where the resonator losses are represented
by Ry, the load resistor is Ry, and the active device negative resistance by Ry.
This circuit is similar to that in Figure 5.5, except that Rg was included and the
resonator was viewed as composed of L, C, and Rg. The loaded Q in Figure 5.7
is infinite, since Rg + Ry + Ry =0. That is, in Figure 5.7, when the circuit oscillates,
the negative resistance cancels Rg + Ry . Hence, an oscillator is basically an infinite
Q1 resonator that (ideally) supports a constant amplitude sinusoidal voltage.

Il
<

e (a>0) @

DAL
ATATATE

v,(1)

Figure 5.6 The oscillatory response of v,(t).
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JoC L R,

RIN R,
ha'ad A 'and
Active Resonator Load
device

Figure 5.7 A negative-resistance circuit with Ry representing the resonator losses.

The unloaded Q of the resonator is

_ 0y dX
Qu 2Rg do |-,

5.3 Oscillation Conditions—A Negative-Resistance Approach

In this section two oscillator configurations are analyzed to illustrate how the
negative resistance arises. Consider the Colpitts oscillator shown in Figure 5.8(a).
Its equivalent small-signal circuit, as viewed from the inductor, is shown in
Figure 5.8(b).

From Figure 5.8(b), it is observed that the transistor’s junction capacitance Cp,
has a negligible effect on the performance of the circuit if Cy > Cp,; and b, can
be neglected if |Z¢,| < 1/h,,. Hence, from Figure 5.8(b) the loop equations are

v1=i1(Z1+ Z3) —ip(Z1 = hpZy) (5.18)
0=11(Z1) = ip(Z1 + hje) (5.19)

Solving (5.18) and (5.19) for Z N gives

1]_> 1/7
Cl l + CI Il_ l/y h/L’ hfeib
el
L |
Jj i+ D,
C, - G
T i
@) (b)

Figure 5.8 (a) A BJT Colpitts oscillator and (b) small-signal model to calculate Z.
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o= A+ hR)ZiZs + hig(Zy + Z5)
N Zy + b,

(5.20)

In (5.20), if |Z1| < b, (i.e., the transistor’s h;, does not load the capacitor
C1), ZN can be approximated by

_hfe
ZIN = Ezlzz +Z1+2Z)
=—gmX1 X2 +j(X1 +X3)

or

—Em 1
VANE + - (5.21)
= wc,c, JCr

where the input capacitance Cyy associated with Zy is the total capacitance of
the Colpitts oscillator, namely,

GG
Cn=Cr=+—"T7~+
IN T Cl T+ CZ
Equation (5.21) clearly illustrates that the input impedance has a negative real
part (i.e., a negative resistance) in series with the total capacitance Ct. The negative
resistance is given by

—8m
Ry = —8m (5.22)
IN= w2,y

The equivalent negative-resistance resonant circuit is shown in Figure 5.9,
where Z; = R + jwL, and R; is the inductor’s loss resistance.
The gain condition for this circuit [see (5.8)] is |[Rjn| > R or

| (5.23)
w5 C1CyR;

G

1
L.
I

} Ch’\‘ = C'/

Figure 5.9 Equivalent negative-resistance circuit.
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and the frequency of oscillation is

1
a)o = ——
VLCiNn

(5.24)

The transistor’s g, is a function of the oscillation amplitude [i.e., g,,,(A)]. As
the amplitude builds up, the value of g, decreases. Hence, a convenient way of
writing the start of oscillation condition in (5.23) is

—gm® oy (5.25)
wy C1CoR;
where g,,,(0) being the small-signal value of g,,.

At the start of oscillations the loop resistance is negative. As the oscillation
amplitude builds up, the value of g,,, decreases, and the oscillator reaches a steady
amplitude value of A, when (5.23) is approximately equal to 1.

It is also observed that in this oscillator Ry represents the inductor’s losses,
which is determined by its Q. Hence, a design procedure based on (5.11) does
not readily apply.

Equation (5.25) places a limit on the maximum value of the capacitors Cq and
C,, since for oscillations to start, Ry must satisfy

R, < _&m(0) (5.26)

wlC1Cy

For the case that C1 = C;, (5.26) shows that

1 >\/ R,
w, Cy &m(0)

or the minimum required reactance for oscillation is a function of the series loss
resistance of the inductor, and of the transistor’s conductance. If C; # C;, (5.26)
must be satisfied.

The use of a feedback resistor R, as shown in Figure 5.10, results in the
following expression for Zjy:

-X1X .
ZiN= s (X X)) (5.27)

—+ R

&m

Equation (5.27) shows that the negative resistance is reduced. Also, if R > 1/g,,,
the dependence of the negative resistance on g, is reduced, which might result in
an improvement of the phase-noise characteristics.

The Hartley configuration shown in Figure 5.11(a) is analyzed in a similar way.
Its ac model is shown in Figure 5.11(b). Neglecting the loading of the transistor’s b,
and Cp,, and assuming no mutual coupling, it follows that
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©

Figure 5.11 (a) A BJT Hartley oscillator, (b) its ac model, and (c) negative-resistance model.

v .
ZIN=Z—-=—gmw§L1L2+]w(L1 + L) (5.28)

The negative resistance model in Figure 5.11(c) follows from (5.28).
With the load network composed of a capacitor and a resistance, as shown in
Figure 5.11(c), we obtain

1
@o = \/<L1 +1,)C
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and the gain condition is

L < 1
L1L g g
In Figure 5.11, R represents either coil losses or an external load resistor.
In some configurations the selection of Zyand Zj is not obvious. For example,
consider the FET Pierce oscillator shown in Figure 5.12(a) and assume that the
inductor is lossless. Its small-signal model is shown in Figure 5.12(b). Since the
controlled source depends on v = vy, it is not obvious how to obtain an equivalent
circuit across either C1, Cy, or L. A particular selection of Z; and Zy that works
for this circuit is to select Zj to be the impedance between the drain and ground;
that is,

Zp(jw) =rq || iX2 || (X5 +X1) (5.29)
and Z|y to be the equivalent impedance of the source g,,v;. Since

_ X1
e X+ X;
then,

— gmX1 _ Vo
EmPes =VoX 1 + X3~ Zin

©

Figure 5.12 (a) An FET Pierce oscillator, (b) its small-signal model, and (c) the equivalent negative-
resistance circuit at resonance.



5.3 Oscillation Conditions—A Negative-Resistance Approach 265

where

AN B (5.30)

Observe that Zy is purely real. It is a negative number if X + X3 is inductive,
and a positive number if X + X3 is a capacitive. Obviously, X1 + X3 better be
inductive for Zy to represent a negative resistor, and for the circuit to have a
resonant frequency.

The frequency of oscillation requires that the imaginary part of Zjn + Z1 (jw)
be zero. Since Zjy is real, the imaginary part of Zj (jw) in (5.29) vanishes at the
frequency o, where

. . . 1 1
X1(/wo)+X2(lwo)+X3(lwo)=—w—cl—w—cz+wL=0 (5.31)
or
1
w, =
VvLCr
where
- GG
Cr= Ci+Cy

Furthermore, Zj (jw,) = r4 is a real number.
At the frequency w, it follows from (5.31) and (5.30) that

-X; _ (4
gmX1 gmCy

ZIN=Rin=

and the equivalent negative-resistance model at resonance is obtained, see Figure
5.12(c). From Figure 5.12(c) oscillation occurs when the loop resistance is zero.
That is, when

-Cy
+7r4=0
ngZ d
or
gmrdzc_2

which is the well known gain condition for the FET Pierce oscillator.
The start of oscillation condition requires that the small-signal value of g,
[i.e., g5, (0)] satisfy
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Cq
Carg

gm(0) >

5.4 Traveling-Waves and Power-Waves Concepts

In this section a short review of transmission lines concepts is given. A transmission
line of length d = with real characteristic impedance Z,, is shown in Figure 5.13(a).
The transmission line is excited with a sinusoidal source v, having an impedance
Z,, and terminated in the load Z; . The phasor form of the voltage and current
along a transmission line can be expressed in terms of an incident traveling-wave
voltage V ¥(d) and a reflected traveling-wave voltage V 7(d) as

V(d) = V'(d) + V7(d) = Ae’P4 + Be TP
and

I
1d) = 1°d) - 17(d) = A4 B¢

Zo Zo
where B is the propagation constant,
w 27
B= E = (5.32)

In (5.32), vy, is the velocity of propagation (i.e., the phase velocity) and A is the
wavelength (i.e., A = v, /f).

The reflection coefficient at d = 0, known as the load reflection coefficient ',
is given by

d

:}_..
z 1" Z
+ Z__ Z; 7:.'(")
L 7(d)
5 ~ g,_ ) +
V“IQ_[\. ,> ’_' b(d) r V’@(\ /
T | — | _
T (d) I, 1))
(@) ()

Figure 5.13 (a) A transmission line with characteristic impedance Z,, load impedance Z;, and
length d = /; and (b) the equivalent circuit at d = I. (From: [1]. O 1997. Reprinted by
permission of Pearson Education, Inc., NJ.)



5.4 Traveling-Waves and Power-Waves Concepts 267

_ZL=Zo
=T (5.33)
The reflection coefficient at a distance d from the load is given by
Tin(d) = T,e 7254 (5.34)
The impedance at any point along the line is given by
1+T
Zin(d) = vid) _ Z IN(d) (5.35)

I(d) ~ 7°1-Tn(d)

Substituting (5.33) into (5.34) and then into (5.35) results in the following
expression for Zn(d):

_ . Zjp cos Bd +jZ,sin Bd
Zinld) = Zo Z,cos Bd +jZ; sin Bd

At the input of the line (d =) the input reflection coefficient and input impedances
are given by I';n(]) and Zn(I), respectively. Observe, from (5.35), that

Zin() - Z,

I'iN) =5—F—F—5— 5.36

N =7 I+ Z, (5.36)

The normalized incident and reflected traveling waves, denoted by a and b,
along the transmission line are defined by

_Vid) _ 1
a(d) = N 2\/Z_O[V(d) +Z,1(d)]
and
_Vid_ 1 3
b(d) - '\/Z_O - 2_\/2—0 [V(d) Zol(d)]

At the input of the transmission line there is an input impedance Zn([), as
shown in Figure 5.13(b). This input impedance could also be implemented with
lumped elements, as shown in Figure 5.14(a). The circuit in Figure 5.14(a) has no
transmission line and the input impedance is denoted by Zy. For this circuit we
can still define an input reflection coefficient in terms of a real source impedance
Zs as

[ = ZIN= Zs
IN=Zin+Z,

Thus, if Z;, = Z,, then
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,’;
Z\ = ZI) Z\ = R\ + jX\ +
Z/\ V Z/\
+ +
Vo v |o° N
r

IN

(@) (b)

Figure 5.14 (a) Input circuit with Z; = Z, and (b) general case where Z; is complex.

INNE % (5.37)
The source impedance is known as the normalizing impedance. If a transmission
line is inserted between Z; = Z, and a load in Figure 5.14(a), then 'y in (5.37)
represents the reflection coefficient associated with Zpy.

Equation (5.36) (which applies to a transmission line) and (5.37) (which applies
to a lumped network with Z; = Z,) are equivalent in form. A (VSWR)y can be
defined in terms of I'jy for the circuit in Figure 5.14(a), namely

_ 1+ |FIN|
(VSWR)N = (5.38)
1+ |FIN|

Hence, there is maximum power transfer when (VSWR);ny =1 (or Zjy = Z; =
Z,), and whenever (VSWR);y > 1 there is a power mismatch. Observe that the
transmission-line concepts are useful even if there is no transmission line.

A generalization of the circuit in Figure 5.14(a) is shown in Figure 5.14(b),
where Z is complex, or Z; = R +jX;. Since Z; is complex the reflection coefficient
concept used in (5.37) does not apply. However, a new set of waves, known as
power waves, was developed by Kurokawa to analyze such a circuit [3]. Kurokawa
introduced the incident and reflected power waves (a;, and by, respectively) defined

by
_ 1
ap—Z\/R_(V+ZSI)
and
b, =— (V-2
P 2VR :

The reflection-coefficient T, associated with the power waves, also known as the
generalized reflection coefficient, is given by
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b Z _ Z:?
_Y9p _ZIN-Z;
T, = b N (5.39)

Observe that when the normalized impedance Z is real and positive (say,
Z,=7,), the expressions for the power waves are identical to those of the traveling
waves [see also the similarity of the power reflection coefficient in (5.39) and the
input reflection coefficient in (5.37)]. A (VSWR)y can be defined in terms of I’
by replacing I';y by I'y in (5.38). Equation (5.39) shows that when Zjy = Z7 there
is maximum power transfer to Zy, and (VSWR);n = 1.

5.4.1 S Parameters

A short review of the S parameters concepts is now presented. For detailed informa-
tion on S parameter theory the reader is referred to Gonzalez [1]. For the two-
port network shown in Figure 5.15, the relations between the normalized reflected
waves bq(l1) at port 1 and b, (/) at port 2, and the normalized incident waves
ay(l1) and ay(I) are

b1(lh) =S1ar(ly) + S1pazx(ly) (5.40)
and
by(ly) = Sx1a1(ly) + Spaz(ly) (5.41)

Observe that port 1 is located at x1 =1 and port 2 is located at x, =/, . Equations
(5.40) and (5.41) can be expressed in matrix form

bq(l S S aq(l
[ 1(1)]=[ 11 12][ 1(1)] (5.42)
ba(ly) S»1 Saa|laally)
Z/|| :Zyz
| |
] > 1,
e o D R e
- a,(x) 7
Two — port by(x) - o
network +
Z, £,
P(.)rt 2
Xy :Zz

Figure 5.15 Incident and reflected waves in a two-port network. (From: [1]. O 1997. Reprinted by
permission of Pearson Education, Inc., NJ.)
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The waves aq(l1), ax(l»), b1(l1), and b, (ly) are the values of the incident and
reflected waves at the specific locations denoted as port 1 and port 2 in Figure 5.15.
The parameters S11, S22, S»1, and Sy, which represent reflection and transmission
coefficients, are called the scattering parameters (S parameters) of the two-port
network, measured at ports 1 and 2. The matrix

[S n S 12]
S21 S»
is called the scattering matrix. The term Sq1aq(l1) represents the contribution to
the reflected wave b1(/1) due to the incident wave aq(l1) at port 1. Similarly,
S12a, () represents the contribution to the reflected wave b1 (/1) due to the incident
wave a;(ly) at port 2, and so on.

The § parameters are seen to represent reflection or transmission coefficients.

From (5.42), the S parameters measured at the specific location shown as port 1
and port 2 in Figure 5.15 are defined as follows:

(Input reflection coefficient with output properly terminated)

by(ly)
ay(ly

$y1 =

~

a,(l,)=0
(Forward transmission coefficient with output properly terminated)

by(ly)
ar(lp

Sy =

~

ay(l;)=0
(Output reflection coefficient with input properly terminated)

bq(l1)
ar(lp

S12=

~

a(l,)=0

(Reverse transmission coefficient with input properly terminated)

If the two-port network in Figure 5.15 represents a transistor, the transistor
must be properly biased. Hence, the transistor S parameters are measured at a
given Q point, under small-signal conditions. In addition, the S parameters vary with
frequency; therefore, their values as the frequency is varied are usually measured.

In Figure 5.15 the two-port network is excited by the sinusoidal voltage sources
represented by the phasors Eq{ and E;, and the source impedances are denoted
by Z,. The impedances Z, are also known as the reference impedances (or the
normalizing impedances). In practice, the S parameters are measured with a real
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Z, (usually Z, = 50Q)). The S parameters measured in Figure 5.15 are said to be
measured in a Z, system.

From Figure 5.15 (i.e., with E) = 0) the input reflection coefficient S11 at
xq1 =14 is given by

Sll = p (5.43)

where Z 1 is the input impedance at port 1. Equation (5.43) shows that S11 is the
input reflection coefficient at port 1 with port 2 terminated in its normalizing
impedance Z, (i.e., a2 (l) = 0).

Similarly, S is the reflection coefficient of port 2 with port 1 terminated in
its normalizing impedance Z,, [i.e., a1 (/1) = 0]. That is,

_Z12=Zo
Z1y =2,

Sy =

where Z ) is the input impedance at . port 2.
If we consider the quantity |S 11| , it can be shown that

RIZIOE _ Pays — P(ly)
|Sul”= ai(lq) - P
or
Py(ly) = Pays(1 - [S11]%) (5.44)

where P4yg is the power available at port 1 and Pq (/1) is the input power at port
1. Equation (5.44) shows that |S 11| represents the ratio of the power reflected
from port 1 to the power available at port 1. If |S11| > 1, the power reflected is
larger than the power available at port 1. Therefore, in such case port 1 acts as a
source of power and oscillation can occur. Similar considerations apply to port 2.

5.4.2 Sp Parameters

For the case of a two-port network with complex source impedances Z1 and Z;,
as shown in Figure 5.16, we can define generalized scattering parameters (S,
parameters) denoted by S,11, Sp12, Sp21, and S,25 in terms of the circuit power
waves as follows:

bp1 = Sp11ap1 + Sp12ap1

bpr = Spa1ap1 + Spa2ap

where
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Two - port
network

(S;- parameters)

Figure 5.16 Two-port representation in terms of generalized scattering parameters.

1
“mzz\/R—l(V1+2111)

1
apzz—z\/R—(Vz’szlz)

2

1 *

bpz:z-\/R_z(VZ_ZZ I)
and

1 &

bpl:z-\/R_l(Vl_Zl Il)

The resistors Ry and Rj are Ry = Re[Z] and R = Re[Z;]. The values of the S,
parameters depend on the terminal impedances Z1 and Z;. These impedances are
known as the references impedances.

5.5 Stability Considerations

Figure 5.17 shows a two-port network connected to a source Eg with source
impedance Z; and to a load Z;. The two-port network is characterized by its S
parameters measured in a Z, system. The input and output reflection coefficients

are given by

and

where

Iin=811+

S1eS$ul'y _ 811 — Al
1-SpI't 1-8»pI

S12811 s _ Sy — Al

I T R T

(5.45)

(5.46)
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A=81182-81812 (5.47)
— Zs - Zo
Is= Z.+Z,
and
_ZL=2Zo
L= Z+Z,

The source and load impedances are assumed to be passive. Hence, the real parts
of Z; and Z are positive, and it follows that |T's| <1 and |T'p | < 1.

In the two-port network in Figure 5.17 oscillations are possible when either
the input or output port presents a negative resistance. This occurs when
|Tin| > 1 or |[Tour| > 1. The two-port network is said to be potentially unstable
when |T'1x| > 1 or [Toyr| > 1. An appropriate selection of I'y and T's will make a
potentially unstable two port to oscillate.

If either [S11| > 1 or |Sy2| > 1, the two port is potentially unstable because the
termination I';, = 0 or I'; = 0 will produce |I'jy| > 1 or |Toyr| > 1.

A two-port network is unconditional stable at a given frequency if the real
parts of Z;n and Zgyr are greater than zero for all passive load and source
impedances. It can be shown that a two port is unconditionally stable if

K>1 (5.48)
and
|A]<1 (5.49)

where

K=i” 1S11]> - [S22]? + A
2181281]

N F()w r

7z J Ly Two — port

" network
Eﬁ ¢

VA4

A
+_

v
A

IN V4

our

Figure 5.17 A two-port network connected to a source and a load. (From: [1]. O 1997. Reprinted
by permission of Pearson Education, Inc., NJ.)
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The unconditional stability conditions (5.48) and (5.49) can also be expressed
in terms of a single condition, namely u > 1, where

_ 1-|82|?
Iu’ - *
|S11 — ASTo| +[S12821]

(5.50)

That is, if u > 1 the two-port network is unconditionally stable, and if u < 1 the
device is potentially unstable. Alternatively, the single u > 1 condition in (5.50)
can also be expressed in terms of w' (i.e., u' > 1), where u' is obtained by inter-
changing S11 by S5 in (5.50). If u > 1, it also follows that u' > 1, and vice versa.
The parameters u represents the distance from the center of the Smith chart to the
closest point on the output stability circle. Hence, if u > 1 the input stability circle
is outside the Smith chart and the device is unconditionally stable. The larger the
u the more stable the device is.

When the two-port in Figure 5.17 is potentially unstable, there are values of
I’y and I';, for which the real parts of Zjn and Z gy are negative. These values of
I’y and I'; are useful in the design of oscillators. It can be shown from (5.45) and
(5.46) that the values I'y and I'; that make || = 1 and |Toyr| = 1 lie on circles,
called stability circles.

The radius and center of the circle in the I'y plane that produces |Ijy| =1
(i.e., the output stability circle), and in the I’y plane that produces [Toyr| =1 (i.e.,
the input stability circle) are as follows:

Output stability circle:

= —5122521 5 (radius) (5.51)
S22 = 4]

= (822_2# (center) (5.52)
[S22]" — [A]

Input stability circle:

= % (radius) (5.53)
|S11]” — [A]

= M (center) (5.54)

ISul* - [a]

The expressions (5.51) to (5.54) can be calculated and plotted on a Smith chart
for a set of S parameters, and the values of I';, and I’ that produce || =1 and
|Tout| = 1 can be easily observed. Figures 5.18 and 5.19 illustrate typical construc-
tions of the stability circles in a potentially unstable case. On one side of the stability
circle boundary in the I'; plane, we will have |I';x| <1 and on the other side
|T'in| > 1. Similarly, in the I's plane on one side of the stability circle boundary,
we will have |[Toyr| <1 and on the other side |[Toyr| > 1.
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Output stability ~~ _
T circle

-

\\|rl.\":1 \\|rm"=]

4

/
/
plane Smith Chart I, plane

IS, | <1 S, |>1
U] =|S)|ar T, =0

(@ (b)

Figure 5.18 Smith chart illustrating stable and unstable regions in the I'; plane for (a) |S11| <1
and (b) |S11]> 1. (From: [1]: O 1997. Reprinted by permission of Pearson Education,
Inc., NJ.)

Input stability < _

circle RN . |1"0,,, | =

<1

P |r()(r/ | >1 ot |
-

4

/

/ !
Smith Chart T plane Smith Chart T, plane
S.,| <1 [S,u[>1
|r()m" = |Szz ar' =0
(@) (b)

Figure 5.19 Smith chart illustrating stable and unstable regions in the I's plane for (a) |S22| < 1
and (b) |S22] > 1. (From: [1]. O 1997. Reprinted by permission of Pearson Education,
Inc., NJ.)
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Next, we need to determine which area in the Smith chart represents the stable
region and which area represents the unstable region. In other words, the stable
region is where values of I'j, (|FL| < 1) produce |I';x| < 1 and where values of T

|Ts| < 1) produce |Foyr|<1. The unstable region is where values of T
ITr| < 1) produce |Tin|>1 and where values of T (|Fs| <1) produce
|Tour| > 1. From (5.45), for I'y, = 0 it follows that |I';n| = [S11]. Hence, if the
magnitude of 11 is less than 1, then |I';x| < 1 when I'y, = 0. That is, the center of
the Smith chart in Figure 5.18(a) represents a stable operating point when
|S11] < 1. On the other hand, if |S11|>1 then |In|>1 when I'; = 0, and the
center of the Smith chart represents an unstable operating point. Figure 5.18
illustrates the two cases discussed. The shaded area represents the values of I'f
that produce a stable operation. Similarly, Figure 5.19 illustrates stable and unstable
regions for [;.

In an unconditional stable case (i.e., when K > 1 and |A| < 1) the stability
circles fall completely outside the Smith chart or completely enclosed the Smith
chart. Hence, any passive terminations result in a stable condition.

5.6 Oscillation Conditions in Terms of Reflection Coefficients

In a microwave circuit a closed-loop gain function of the type in (1.4) can be
developed as follows. Consider the circuit shown in Figure 5.20(a) and its flow
graph in Figure 5.20(b). The coefficient I' (jw) represents the load reflection coeffi-
cient, and I';y(jw) the input reflection coefficient of an active device. ' (jw) is
associated with Z; , and I'jy(jw) is associated with Z . The input impedance Zy
represents the active device impedance. The incident and reflected waves from Zj
are ay and by, respectively; and from Zpy the incident and reflected waves are ajy
and by, respectively. The incident wave a,, represents a small noise signal generated
in the circuit. From the flow graph in Figure 5.20(b) we can write

g = anlINGo)
L™ 1 -Tin(jo)TL(jw)

(5.595)

all
al‘l
—> Y
b, a
- ' w
a, a /N_>
Z, _>b - Zy
. ' ) .
' 4_‘ ’_» by L, (jo) I (o)
i | a; byy
I, (jo) U, (jo)
(@) (b)

Figure 5.20 (a) A microwave circuit and (b) its flow graph.
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Equation (5.55) is the closed-loop gain of the circuit in Figure 5.20(a). From
(5.55) we observe that the system is unstable when some disturbance produces a
growing signal ay . This occurs when the loop gain 1 — I'jn(jw) 'L (jw) has right-
half plane zeroes. The Nyquist test can be applied to analyze the function 1 -
I'in(jw)T'1 (jw) by determining the encirclements of the point I'iy(jo) ' (jw) = 1.

Equation (5.55) shows that for oscillations to occur the loop gain must be
unity; that is,

IiN(jo)T(jo) =1 (5.56)

The notation used in (5.56) is very general. A more convenient way of expressing
(5.56) is to specify the frequency w, and the amplitude A, at which (5.56) is
satisfied; that is,

IiN(Ag, @)L (w,) = 1 (5.57)
where
I'iN(Ag, w,) = Zﬁiﬁz ZZ; - Z’ (5.58)
and
() = L2220 (5.59)
where
ZIN(A, ®) = RIN(A, @) +jXN(A, @)
and
Z1(w) = Rp(w) +jX[ (@)
Substituting (5.58) and (5.59) into (5.57), it follows that
ZIN(Ag, wo) + Z1 (@) =0 (5.60)

which is, as expected, identical to (5.3). Hence, the oscillation condition (5.3) in
terms of reflection coefficients is identical to the oscillation condition in terms of
impedances. It also follows from (5.60) that

RiN(Ag, @) + Rp(wo) =0
and

XIN(Ao, @) + X1 (@) =0 (5.61)

which are the conditions for oscillation.
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Example 5.2

(a) Use reflection coefficients to determine the values of Ry that make the circuit
in Figure 5.21(a) unstable. For simplicity in the analysis, choose L = 1H and
C=1F.
(b) Determine the frequency of oscillation.

This example is identical to Example 5.1, except that in this example reflection
coefficients are used in the analysis. In Example 5.1 we found that the circuit is
unstable when Ry < -Rj.

Solution

(a) The location of I'jyy and I'} can be selected arbitrarily. For the circuit in Figure
5.21(a), the input and load reflection coefficients were selected at the location
indicated in the figure. That is,

jala,

Iy(jo) T, (jo)

(@

4 Im[I', ()]

Re[l', ()]

(b)

Figure 5.21 (a) Circuit for Example 5.2 and (b) the Nyquist plot of I')y(jw)T';(jw). (From: [1].
0 1997. Reprinted by permission of Pearson Education, Inc., NJ.)
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ZIN= RN
and
1 s+ Rps+1
ZL(5)25+;+RL:f

where s = jw. Then, in a 50-Q) system

_Rin-50 _
TinG) =g +50- ©1
and

Zi(s) =50 s>+ s(Rp - 50)+1
Zp(s)+50 24 s(Rp +50) +1

Ip(s) =

The selection of Zjn = Ry made I'jny(s) a constant, which is denoted by Cj.
In order to apply the Nyquist test, we form

Iin(jo)l'L(jo) =1

or

(1 - %) +jw(R; -50) 1
- 5.62
(1 - w?) +jwRy +50) Ci (5-62)

The Nyquist plot of (5.62) is shown in Figure 5.21(b) for C; > 0 (the plot for
C1 <0 is quite similar). The circuit is unstable when the number of encirclements
of the point 1/Cj is nonzero. Figure 5.21(b) shows that the circuit is unstable when

R;-50 1
RL+50<C_1<1

Since 1/Cq <1 for any value of Cq, it follows that the circuit is unstable when

RL_50<RIN+50
R;p +50 Rjny-50

Since Ryy < 0, we can express the inequality in the form
(Rp = 50)(RiN = 50) > (Rqn + 50)(Rp + 50)

which reduces to
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R; +Rin <0
or simply
RiN<-Rp

which is the expected result for the circuit in Figure 5.21(a) to be unstable.
(b) From (5.61), with XN = 0, the frequency of oscillation is given by

. . 1 . 1
X1(jwy) = jo, +E:/<wo ‘w—> =0

(o]
or

w, =1 rad/s

5.7 Two-Port Negative-Resistance Oscillators

The schematic diagrams for one-port negative-resistance oscillators are shown in
Figures 5.1 and 5.4. The general block diagrams for two-ports negative-resistance
oscillators are shown in Figure 5.22(a, b). The transistor network is characterized
by its S parameters, Z is the terminating network impedance, and Zj is the load
impedance. Observe the notation used in Figure 5.22(a, b), which shows that in
an oscillator either port of the transistor can be used as the terminating port. Once
the terminating port is selected, the other port is referred to as the input port. The
load-matching network is connected to the input port, in agreement with the one-
port notation.

When the two-port is potentially unstable, an appropriate Z permits the two-
port to be represented as a one-port negative-resistance device with input impedance
Z N, as shown in Figure 5.1, or with input admittance Yy, as shown in Figure
5.4.

When the input port is made to oscillate, the terminating port also oscillates.
The fact that both ports are oscillating can be proven as follows. The input port
is oscillating when

FINFL =1 (5.63)

and from (5.45) and (5.63) (using the nomenclature in Figure 5.2.2), it follows
that

b L _1-Suly
L=Tin ~ Si - ATr
or
Ip= 1=5uly (5.64)

Sy — AL
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Input Terminating
port port
_0_ _O_
Load Transistor Terminating
network 4| ’—P [S] = network
zZ, Z, Wi
() i) (i) (0w
(@
Terminating Input
port port
Terminating Transistor Load
network [S] nefwork
z Loor Ziy Z
Tz} (Tor) (Ty) (7))
(b)

Figure 5.22 (a) Two-port oscillator models and (b) alternate representation. (From: [1]. O 1997.
Reprinted by permission of Pearson Education, Inc., NJ.)

Also, from (5.46)

=S — Al
Pour =125 (5.65)

Hence, from (5.64) and (5.65) it follows that
FourI'r=1

which shows that the terminating port is also oscillating.
A basic design procedure, based on the small-signal § parameters, for a two-
port oscillator can be as follows:

1. Use a potentially unstable transistor at the desired frequency of oscillation
W,

2. Design the terminating network to make |1y | > 1. Series or shunt feedback
can be used to increase |1y |.

3. Design the load network to resonate Zjy, and to satisfy the start of oscilla-
tion condition in (5.8). That is, let
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X (wy) = =X N(@o) (5.66)
and
Ryn(0
L= Rin(0, )] IN(3’ 2l (5.67)

This design procedure is popular due to its high rate of success. However, it
is based on the small-signal S parameters and, therefore, cannot be used to properly
characterize the oscillator performance. For example, the frequency of oscillation
will shift somewhat from its designed value at w,,. This occurs because the oscillation
power increases until the negative resistance is equal to the load resistance and
XN varies as a function of A (i.e., as a function of the oscillation power). Also,
the procedure cannot be used to predict the oscillator power, or to calculate the
harmonics.

The following example illustrates the previous design procedure.

Example 5.3

Design the common-gate (CG) microwave oscillator shown in Figure 5.23(a) to
oscillate at 9 GHz. The S parameters of the FET at 9 GHz in a CG configuration,
at a given Q point, are

S11=0.5|-95°
Sy = 1.1[44°
S1, =0.35]|-31°
Sy, = 0.8 |46°

Solution
This example only considers the ac part of the design. From (5.48) and (5.49) it
follows that at 9 GHz: K = 0.355 and |A| = 0.405. Therefore, since K < 1 the
transistor is potentially unstable. Either port can be used as the terminating port.
For this design, port 2 is selected as the terminating port, as shown in Figure
5.23(b). Using (5.51) and (5.52), the stability circle radius and center at port 2
are: r7 = 0.808 and C7=1.493 |—59.8°. The terminating-port stability circle is
drawn in Figure 5.23(c). Any 't in the shaded region produces a negative resistance
(i.e., |Tin| > 1). The reflection coefficient I'r is selected at point A in Figure 5.23(c),
or I'r=11-67.38° (i.e., Z1 = — j75Q). This capacitive reactance at 9 GHz can be
implemented with an open-circuited 50-Q) microstrip line of length 0.092A.

The value of I'jy follows from (5.45), namely 'y = 1.49 |—1 00.43°. The associ-
ated input impedance is Zy = —16.25 - j38.95Q. The load-matching network is
designed using (5.66) and (5.67), namely,
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0.2914

/

(d)

Figure 5.23 (a) The FET in a CG configuration, (b) a CG oscillator circuit, (c) the terminating port
stability circle, and (d) implementation of the oscillator.

XL = _XIN =38.95Q

and

R
RL=TIN|=%=5.429



284

Negative-Resistance Oscillators

Hence, Z; = 5.42 +j38.95Q0,0rI';, = 0.874 |103.76°. The microstrip implementa-
tion of Zj, as well as the complete ac implementation of the oscillator, is shown
in Figure 5.23(d). Further analysis and simulation of this oscillator requires the
large-signal model of the FET.

For negative-resistance oscillators at microwave frequencies using BJTs the
common-base (CB) configuration is normally used. For FETs, the CG configuration
is commonly used. As we will see in these configurations the transistors are usually
potentially unstable, and this is a very desirable condition in oscillator design.

In a negative-resistance oscillator, the capacitances of the transistor provide
some or all of the feedback needed for oscillation. However, a properly designed
series-feedback network can significantly increase the negative-resistance presented
by the two-port network. In other words, the unstable region of the two-port
network can be enhanced by the use of series feedback. In general, for B]Ts a
series-feedback inductor of a few nanohenries, as shown in Figure 5.24(a), enhances
the unstable regions. For FETs, see Figure 5.24(b), either a series-feedback inductor
or a series-feedback capacitor of a few picofarads enhances the unstable regions.
The purpose of the series feedback element is to provide positive feedback, making
the configuration more unstable. Analytical and mapping methods that can be used
to design the series-feedback network are presented in Appendix B.

It is not always necessary to design the feedback network to maximize |T'jy|
or |[Toyr|- In fact, the next step in many designs involves the selection of the
terminating network and the observation of its effect on the input impedance.
In a potentially unstable two port, I'r must be selected to be in the unstable
region so that |I';ny| > 1. Series feedback can easily enhance the unstable region so
that (in some cases), even with I't = 0 (i.e., a 50- termination), |I';x| is greater
than 1.

The next example illustrates in a simple manner the use of series feedback and
the selection of the terminating network.

Example 5.4

Design a 2.75-GHz oscillator using a BJT in a CB configuration. The S parameters
at 2.75 GHz, at a given Q point, are

S 11 = 0.9]150°
Load Terminating] Load fﬁ Terminating]
network I network network network
ah
(or L)
(€)) (b)

Figure 5.24 Typical series feedback for (a) a BJT oscillator and (b) an FET oscillator.
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S21 =1.7 | -80°

S12=0.07[120°

Sy, =1.08 |—56°

Solution

The transistor is potentially unstable at 2.75 GHz (since K = -0.64). The region
of instability in the Smith chart can be increased using series feedback, as shown
in Figure 5.24(a). Using the methods discussed in Appendix B, or using the tuning
capabilities of ADS, it follows that the largest magnitudes of S11 and S;; were
obtained using a series feedback inductor of value L. =1.45 nH. With L =1.45 nH,
the resulting S parameters for the network in Figure 5.25(a) are

S11 =1.72]100°

S»1 =2.08|-136°

S12 =0.71294°

Sy =1.16|-102°

Either port can be used as the terminating port. In this design the emitter-to-
ground port was selected for the load matching network, and the collector-to-
ground port for the terminating network. The terminating port stability circle is
shown in Figure 5.25(b). Observe the large region of instability and note that the
center of the Smith chart is unstable. Hence, a 50-Q) resistor at the terminating
port will ensure that |Ijy| > 1. However, a 50-Q termination might not be the
most suitable since for the associated value of I'jy the required value of I';, for the
oscillator might be difficult to implement. In addition, some tuning capabilities are
needed in the matching network to attain the desired frequency of oscillation.

The values of I'r and T'jy are related by

s 0

One way that the value of I'r can be selected is by varying I't in the unstable
region and calculating the associated value of I'jy. The calculations are shown in
Table 5.1, where the magnitude of I'r was set at 0.25, 0.5, 0.75, and 1, and the
angle of I'r was varied from 90° to 270° in increments of 36°. From Table 5.1 it
is seen that there are many convenient values of I'r that can be selected for this
design. The value selected was I't=0.5 Iﬁ and it follows that
iy =231 |117.6° (or Zin = —25.6 +j24Q).From (5.66) and (5.67) the impedance
of the load-matching network can be selected as Z; = 8.5 — j24Q.
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CL=I_stab_circle(S,51)
(@
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Center: 5.53 @ 23.1
Radius: 4.91
=
£
&8
(b)

Figure 5.25 (a) BJT with series inductive feedback, (b) terminating port stability circle, and (c) the
oscillator circuit.

A design for the terminating and load networks is illustrated in Figure 5.25(c).
Power is delivered to the resistors in the load and terminating networks, the 50-Q)
resistor can be used to extract the oscillator signal.

In what follows, design procedures for negative resistance oscillators will be
discussed and design examples given to illustrate the procedures. The following
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Z,=-256+24Q o 5=300
| =]
Load L -
network L1450l g R=300Q
W > F
Z, l8.5—j24 Q r, =05162°
©
Figure 5.25 (Continued.)
Table 5.1 TI')y Versus I't
I'r I'in I'r I'in
1190° 3.67|-67.1° 0.5 [90° 2.80(67°
1]126° 3.79(154.5° 0.5]126° 3.11(104.8°
1]162° 3.67(137.3° 0.5 [162° 2.31|117.6°
11198° 1.781130.5° 0.5]198° 1.881118.9°
11234° 1.521125.9° 0.51234° 1.62]117.2°
11270° 1.33|121.7° 0.51270° 1.441113.9°
0.75(90° 4.68118.5° 0.25 [90° 2.05187.8°
0.75|126° 4.13(127.1° 0.25|126° 2.21(98.5°
0.75 [162° 2.351128.7° 0.25 |162° 2.071106.8°
0.75[198° 1.841125.6° 0.25]198° 1.861110.2°
0.751234° 1.571122.2° 0.251234° 1.68]110.2°
0.751270° 1.38]118.3° 0.251270° 1.55]108.1°

examples deal with the specific design of a 1-GHz oscillator using the BJT AT41411
in a CB configuration. The Agilent AT41411 is a BJT (npn type) for use in low-noise
and wideband amplifiers, mixers, and oscillators at RF and microwave frequencies.

Example 5.5

(a) Analyze the stability of the BJT AT41411 in a CB configuration at 1 GHz.
(b) Analyze the effects of a series-feedback inductor [as in Figure 5.24(a)] on the
stability of the BJT AT41411.

Solution
(a) The typical S parameters of the AT41411 in a CE configuration at Vg = 8V
and I¢ =25 mA in a 50-Q system are shown in Table 5.2.

From the CE S-parameters, the CB S-parameters are calculated (see Table 5.3).
The simulation shown in Figure 5.26(a) also gives the CB S-parameters.
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Table 5.2 CE S-Parameters of the AT41411

Frequency S(1, 1) S(1, 2) S(2, 1) S(2,2)

500.0 MHz 0.460/-137.000 0.025/56.000 13.210/100.000 0.570/-26.000
1.000 GHz 0.430/-175.000 0.038/58.000 6.850/80.000 0.520/-29.000
1.500 GHz 0.440/163.000 0.048/61.000 4.630/67.000 0.510/-32.000
2.000 GHz 0.470/148.000 0.062/61.000 3.470/56.000 0.500/-37.000
2.500 GHz 0.500/140.000 0.071/60.000 2.820/50.000 0.470/-39.000
3.000 GHz 0.530/132.000 0.092/61.000 2.360/40.000 0.460/-48.000
3.500 GHz 0.550/122.000 0.105/57.000 2.020/30.000 0.450/-60.000
4.000 GHz 0.560/112.000 0.122/53.000 1.740/19.000 0.450/-73.000

Table 5.3 CB S-Parameters of the AT41411

Frequency S(1, 1) S(1,2) S(2, 1) S(2, 2)
500.0 MHz 0.929/175.209 0.009/127.126 1.925/-8.209 1.015/-4.481
1.000 GHz 0.982/170.132 0.037/152.131 2.002/-17.026 1.068/-9.239
1.500 GHz 1.084/164.744 0.083/157.542 2.148/-26.523 1.150/-14.274
2.000 GHz 1.252/158.536 0.162/160.089 2.396/-37.870 1.289/-20.885
2.500 GHz 1.410/151.586 0.245/152.997 2.590/-50.032 1.392/-29.495
3.000 GHz 1.778/140.811 0.450/148.793 3.194/-67.976 1.740/-42.549
3.500 GHz 2.467/117.608 0.934/128.975 4.303/-99.046 2.406/-68.392
4.000 GHz 2.784/66.432 1.550/81.511 4.846/-160.030 2.757/-122.137

The stability of the transistor in the CB configuration can be analyzed using
the ADS simulation shown in Figure 5.26(a) by varying the frequency from 500
MHz to 4 GHz. That is, setting in the S_Param component: Start = 500 MHz and
Stop =4 GHz. The AT41411 in a CB configuration is potentially unstable at all
frequencies. Specifically, in Figure 5.26(a, b) the S parameters for the device in the
CB configuration at 1 GHz are listed and the stability circle of port 1 is drawn.
(b) There are several methods that we can use to analyze the effects of a series
inductor on the stability of the circuit. The most complete way is to map the
feedback plane onto the I'jy plane. Another way is to find the value of L that
maximizes |I';n|. Both of these methods are discussed in Appendix B. A simple
way to analyze the effects of the feedback inductor is to calculate its effect on the
u factor; that is, to plot the u factor versus the series inductance value. One could
also analyze the effects of the series inductance on the K factor, since this is the
factor that usually becomes less than 1 (in the K and |A | test) in BJTs. The previous
method uses a 50-() termination. Later, the effect of a different termination is
analyzed.

Figure 5.27 shows the ADS simulation used and the resulting plot of u versus
the series inductance at 1 GHz. It is seen that a value of 2 nH makes the configuration
more unstable, since u decreases to about —0.9. However, for this circuit the series
inductor is not needed since the configuration is already unstable at 1 GHz and
the improvement was minimal. In fact, a plot of the Port 1 stability circle for the
circuit in Figure 5.27 is almost similar to that in Figure 5.26(b).
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Figure 5.26 (a) Stability simulation for the AT-41411 and (b) port 1 stability circle at 1 GHz.



290 Negative-Resistance Oscillators

5.8 The Terminating Network

The general block diagrams for two-port negative resistance oscillators are shown
in Figure 5.22. The input reflection coefficient I'jy and the terminating network
coefficient I'r are related by

_Su - Alr
'IN=T25,,T7 (5.68)

Equation (5.68) describes the mapping of the I'r plane onto the I';y plane. The
mapping of |I'r| = 1 onto the I'jy plane gives information about the passive imped-
ances at the terminating port that will make |Ijy| > 1. The |T'r| = 1 circle maps
onto a circle in the I'jy plane with center at

Cix = S11 = ASy
1- |522|2
and radius of

81282
FIN= ————
|1 =152/

sp_hp_AT-41411_2_ 19921201

SNP1

Bias="Bjt: Vce=8V Ic=25mA"
Frequency="{0.10 - 4.00} GHz"

Brm S P T Tarm
Term1 Term2
MNum=1 Num=2
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L=L_value nH =
= f VAR =
VAR1
s L_value=1.0
inwt | SPARMETERS | [(i] paRAMETER SweEP | wl
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0.2
-0.0-
-0.2-
5 044
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,06—
-0.8
A0t—r—T—T T
0 2 4 6 8 10
L_value

Figure 5.27 Stability simulation for the AT-41411 with a series inductor.
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Figure 5.28 shows a typical mapping of the I't onto the I'jy plane, where
| TN | max is the largest magnitude that I'jy can attain. |T'jn|max is obtained when
the value of I'jy on the |I'r| =1 circle has the same phase angle as Cjy, or

It = (|Civ] + 71n) [Civ

Of course, the selection of I't does not have to produce the maximum value
of |IN|max- The main point is that the selection of I'r must produce sufficient
negative resistance in Zjy.

The mapping in Figure 5.28 can also be generated with ADS. Figure 5.29 shows
the simulation used to map the I't plane onto the I'ty plane. The terminating
network is represented by the SIP_Eqn component which is a one-port reflection
coefficient defined by S(1, 1), where S(1, 1) = I'7. The values of I't are generated
by the program, as described in the VAR component. The ParamSweep component
sweeps the resistance (r) values by fixing the reactance (x), and vise versa. By fixing
x at 0 and £1 and sweeping , the simulation generates the mapping of the constant
normalized reactances. When 7 is fixed at 0 and 1 and x is swept, the mapping of
the constant normalized resistances is generated. The selected values of r and x
are usually sufficient to properly view the mapping. To generate a smooth mapping
the number of points calculated for both variables were selected as described in
Figure 5.29.

I, plane Smith chart
I, plane

| FIN

max

1)
1)

1
1

SP2.SP.S(
SP1.SPS(

r (0.000 to 50.000)
X (-50.000 to 50.000)

Figure 5.28 Typical mapping of I'r onto I'jy.
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Figure 5.29 ADS simulation used to generate the mapping of the I'r plane onto the I'jy plane.

While the mapping can be generated as described in Figure 5.29 (i.e., using
the transistor’s S parameter) it is more accurate to generate the mapping using the

nonlinear model for the transistor.

Example 5.6

(a) Show the mapping of the I'T plane onto the I'jy plane for the AT41411 in a

CB configuration at 1 GHz.

(b) Select an appropriate value of I't (and the associated I'jy) for part (a).
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Solution

(a) Figure 5.30 shows the ADS simulation used and the resulting mapping of I'r
onto the I'jy plane for the AT41411 at 1 GHz. The nonlinear model of the transistor
was used, and the Q point is at Vo = 8V and I = 25 mA. The mapping shows
an inversion since the » = 1 circle maps outside the r = 0 circle.

(b) From Figure 5.30, 't and its resulting I';y can be selected so that |I'jn| > 1. A
value of [I'n| > 1 can be selected with I't on the = 1 circle at the point m1. The
value of I't associated with I'jy is obtained from

I'in=S11
= 5.69
T TiNSp - A ( )

that is, at m1:

r=0.961]15.93°

and

FIN =1.545[154.23°

These values are displayed in Figure 5.30.

5.9 Oscillation-Conditions Simulations

ADS uses the components OscTest and OscPort to analyze and simulate the oscilla-
tor. The purposes of these components are as follows.

5.9.1 OscTest

OscTestis an ADS probe component that is used to evaluate the loop-gain associated
with a circuit. The OscTest probe component and its three-port S parameter values
are shown in Figure 5.31. OscTest is basically a three-port circulator with port 1
excited by the incident wave a1, and with ports 2 and 3 defined by the reflection
coefficients I'y and I'3, respectively. The S parameters and the reflection coefficients
are defined in a Z,, system (usually 50Q)). That is,

T _Q_ZZ_ZO
270, Zy+ 2,

and

Ta = a_3 _ Z3 - Zo
37 bs B Z3+Z,

Since Sy1 = S35 = S13 = 1 and all other S parameters are zero, it follows that
192 =aq, b3 =4aj, and bl =as. Then,
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Figure 5.30 Mapping of the I'7 plane for the A-41411.
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Figure 5.31 The OscTest component.

b1 =a3=I3b3=13a; =130y =131ha4
Defining the ratio of by to a as I'y y gives

b
N = a—i =103

In other words, I'y yy is the loop gain.

OscTest calculates I'y 1y, and it is denoted in ADS simply by S(1, 1) [or
S(l, 1) = 1“21“3].

In an NRO, I'; and I'5 represent the input and the load reflection coefficients,
respectively. The use of OscTest in an NRO is illustrated in Figure 5.32. It is
recommended that OscTest be placed between the negative resistance and the load
network, pointing in the direction of the load network.

In the case of a tuned-circuit oscillator the OscTest should be placed between
the amplifier and the tuned circuit, as shown in Figure 5.33. The tuned circuit
provides the positive feedback. Figure 5.33 shows that OscTest is placed in the
direction of gain injection at the point where the feedback loop is normally broken
for the calculation of the open-loop gain.

A typical result of the loop gain from OscTest is shown in Figure 5.34(a). It
is a magnitude-phase plot of S(1, 1), which is equal to the loop gain [i.e., S(1,1)
=T, T'5 in Figure 5.32]. This particular plot shows that the circuit has the potential
to oscillate at 800 MHz, where |S(1, 1)| > 1, and [S(1, 1) = 0°.

Osc Test

|

Z, =R, +jX, L= =Ry + jX

Figure 5.32 OscTest in a negative-resistance oscillator.




296 Negative-Resistance Oscillators

Amplifier Osc Test

e

Tuned circuit

(resonator)

Figure 5.33 OscTest in a tuned-circuit oscillator.
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Figure 5.34 (a) Typical loop-gain results from OscTest and (b) a typical Nyquist plot from OscTest.

While most microwave circuits that have the potential to oscillate using the
loop-gain test will properly oscillate, this test is not sufficient to determine if the
circuit will oscillate. Hence, the next step is to generate the Nyquist plot and to
apply the Nyquist test. The Nyquist plot is also generated by OscTest. It is a polar
plot of §(1, 1) as shown in Figure 5.34(b).

5.9.2 Nyquist Test

The stability of an active circuit can be determined from the Nyquist plot of its
loop gain. The Nyquist plot is simply the frequency response of S(1, 1) (obtained
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5.10

from OscTest) in a polar graph. For the type of oscillators encountered at RF and
microwave frequencies it usually follows that the number of clockwise encirclements
of the 1 + ;0 point in the Nyquist plot indicates the number of right-half plane
poles of the circuit. Thus, if the Nyquist plot encloses the 1 + j0 point clockwise
it is reasonable to conclude that the system is unstable and oscillations will occur.

5.9.3 OscPort

OscPort is an ADS probe component used to calculate the oscillator waveform
using a harmonic-balance simulation. It calculates the large-signal steady state form
of the oscillatory signal. The OscPort component should be inserted at the point
where OscTest was used and a harmonic-balance simulator must be inserted in
the program. Figure 5.35 illustrates the use of the OscPort component.

Large-Signal Analysis for NROs

The design method discussed in Section 5.7 has limitations since it is based on
small-signal S parameters. In this section a detailed method based on large-signal
measurements is developed for the design of oscillators. Basically, the method
consists of designing the terminating network so that the two-port presents an

HARMONIC BALANCE

Osc Port SIMULATOR
Y]
Z, =R, +jX, Ly =—Ry+jX
(a)

HARMONIC BALANCE

. Osc Port
Amplifier SIMULATOR

—

Tuned circuit

(resonator)

(b)

Figure 5.35 (a) OscPort in an NRO and (b) OscPort in a tuned-circuit oscillator.
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appropriate negative resistance at the load port. Then, the large signal properties
of the resulting one port are measured to properly characterize the oscillator. Large-
signal design information can only be obtained using nonlinear techniques.

Small signal considerations can still be used to find the terminating impedance
that results in a negative resistance at the input port. However, a large-signal
simulation is necessary to provide the characterization of the oscillator performance,
such as oscillator power and harmonic information. In large-signal analysis a
nonlinear transistor model is used at the appropriate bias point.

The resulting one-port negative-resistance circuit at the load port can be charac-
terized by determining the input impedance as a function of the input power at
the oscillation frequency w,. This is a large-signal characterization of the one-port
network, which is also called a device-line characterization.

The large-signal characterization is achieved by implementing the circuit shown
in Figure 5.36(a) and calculating the input impedance ZN(A, w,) as a function
of the input power at the frequency of oscillation w,, and calculating the added
power. The added power P4pp is defined as the reflected minus the available power
from the source. It is given by

2
Papp = Pays(|Tin|™ - 1) (5.70)
where
2
V.
Ppys = STS (5.71)
N
and
ZIN — R;

FIN = ZIN + Rs (5.72)

Substituting (5.71) and (5.72) into (5.70) we obtain

1(4,0,)—p
R,
(50 Q) Ry (4, 0,) R (40)
Z(a,)
4

V|0°

10° X, (dw) X, (A,
Zn(4,0,)
1—‘/,\ (A»a)(l) Z],\'(Aa 0%,)
@ (b)

Figure 5.36 (a) Large-signal measuring circuit and (b) power delivered to Z;.
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VZRIN(A, @,) 1
Pypp = ‘| 5 | 77 =5 (A, o) [ |RIN(A, )]
2[RiN(A, @) + R? + X}

(5.73)

where I(A, w,) is the current in the circuit.

Equation (5.73) shows that the added power is the power that the negative
resistance of the one-port will deliver when the current in the circuit is I(A, w,).
If the one-port is now terminated in the load impedance Z (w,), as shown in
Figure 5.36(b), where

Zi(wy) ==ZIN(A, @) (5.74)

the power delivered to Z; when the current in the circuit is I(A, w,) is PAopp. The
calculation of P4pp as a function of Z (A, @) and the use of (5.74) predicts fairly
well the frequency of oscillation and the resulting oscillator power.

While in a simulation the source impedance R can be made arbitrary, measure-
ment equipment has a typical source resistance of 50Q). Hence, for the measurement
of P4pp to be stable the negative resistance must satisfy |Rn| < 50Q.

There are several ways of implementing the load impedance Zj (w,) and, of
course, not all of them will lead to a stable oscillation. For stable oscillation we
have to check that Z;j (w,) satisfies the Kurokawa condition [see (5.9) and (5.14)].
The verification of the Kurokawa condition is easily simulated in ADS.

Example 5.7
Calculate P4pp and Z for the oscillator design in Example 5.6 (see Figure 5.30).

Solution

The ADS simulation shown in Figure 5.37 is used to calculate P4pp and Zy for
the oscillator using the AT41411. The data is generated by sweeping the input
power from =40 to 10 dBm. Table 5.4 illustrates the resulting P4pp and I'jy. Also,
the value of Zjy is listed. The negative resistance in this design varies from a small
signal value of —11€) to a large-signal value of =6}, and the associated Pspp values
vary from about =30 to =12 dBm. The behavior of the negative resistance as a
function of amplitude can be deduced from the data in Table 5.4. It is also observed
that the negative resistance equivalent circuit should be treated using the impedance
form.

From the results in Table 5.4, the oscillator can be designed with a power of
—-13.57 dBm with Z; = -Zn = 9.85 —713.09Q). The ac schematic of the oscillator
is shown in Figure 5.37(b) where the reactance —j13.09Q at 1 GHz is implemented
with C = 12.16 pF.

The oscillator design in Figure 5.37(b) is now analyzed with OscTest and
OscPort. OscTest is used to obtain the Nyquist plot in order to check the oscillation
conditions. Also, the Kurokawa condition for stable oscillation must be checked. In
Appendix B the Kurokawa condition is expressed in terms of reflection coefficients,
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Figure 5.37 (a) ADS schematic for the calculation of P4pp and Z;y and (b) an ac schematic of the
oscillator for Pypp = =13.45 dBm at 1 GHz.

which are a convenient form for simulation. OscPort is used to obtain the resulting
waveform, the frequency of oscillation, and the oscillation power.

Example 5.8

Verify the oscillation condition and the stability of the oscillation for the 1-GHz
oscillator design in Example 5.7 (see Figure 5.37).

Solution

(a) The oscillator schematic in Figure 5.38(a) is the oscillator in Figure 5.37 with
I'r=0.961 |15.93° and Z; =9.85 —;13.09Q (or R =9.85Q0 and C = 12.16 pF at
1 GHz). The probe component OscTest is inserted between the input and load
network. The value for Z in OscTest is chosen or varied until a readable plot is
obtained. The loop gain and the resulting Nyquist plot are shown in Figure 5.38(b).
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Table 5.4 Data of Pypp Versus Zy for the Oscillator

Pavs ZIN Iin Papp
-40.000 -11.028 +;710.845 1.532/154.374 38.704/180.000
-38.000 -11.027 +;710.848 1.532/154.366 36.705/180.000
-36.000 -11.025 +;710.853 1.532/154.354 34.706/180.000
-34.000 -11.022 +;710.862 1.532/154.335 32.708/180.000
-32.000 -11.018 +;10.876 1.531/154.305 32.712/180.000
-30.000 -11.010 +;10.897 1.531/154.258 28.717/180.000
-28.000 -10.999 +;710.931 1.530/154.183 26.726/180.000
-26.000 -10.980 +;10.986 1.529/154.064 24.741/180.000
-24.000 -10.949 +;11.072 1.526/153.876 22.765/180.000
-22.000 -10.897 +;711.208 1.522/153.577 20.804/180.000
-20.000 -10.809 +;11.425 1.516/153.107 18.870/180.000
-18.000 -10.656 +;11.767 1.505/152.371 16.984/180.000
-16.000 -10.375 +;712.298 1.485/151.244 15.188/180.000
-14.000 -9.851 +;13.091 1.451/149.604 13.567/180.000
-12.000 -8.887 +,14.149 1.393/147.498 12.268/180.000
-10.000 -6.274 +;14.889 1.260/146.375 12.305/180.000
-8.000 4.210 +716.679 0.859/142.885 19.421/135.370
-6.000 17.056 +;713.828 0.522/145.579 15.512/118.411
-4.000 30.883 +;5.083 0.244/161.515 14.295/107.366

The figure shows that the 1 +;0 point is encircled in a clockwise direction. Therefore,
the circuit is unstable and oscillations are possible.

The ADS simulation in Figure 5.38(c) is used to check the Kurokawa condition,
since the simulation generates the data necessary to plot 1/T'n(A, w,) at 1 GHz
by sweeping the power level. The data required to plot I'; (w) by sweeping the
frequency is generated by the load circuit shown in the schematic. The results from
the simulation are displayed in the Smith chart. Observe that the direction of I'y (w)
is upward (from m1 to m2), and the direction of 1/T'jN(A, ®,) is downward (from
m3 to m4). The plots intersect at a point where the angle going counterclockwise
fromI'; (w) to 1/TN(A, w,) is between 0° and 180°, which satisfies the Kurokawa
condition.

The OscPort probe can now be used to calculate the frequency spectrum of
the oscillator voltage, as well as the steady-state time-domain waveform. The
number of harmonics used in the simulation is defined in the harmonic-balance
controller. Usually, seven harmonics are more than enough for an oscillator
simulation.

Example 5.9

Determine the fundamental frequency of oscillation, the harmonics, and the oscilla-
tion power for the 1-GHz oscillator design in Example 5.8 [see Figure 5.38(a)].

Solution

(a) The ADS simulation using OscPort is shown in Figure 5.39(a) with Z; = 9.85
—713.09Q. For clarity, a simplified dc bias network was used in Figure 5.39(a). A
practical implementation requires an appropriate dc bias network. The oscillator
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Figure 5.38 (a) Oscillator design with the Osctest component, (b) the loop gain and the Nyquist plot, and

5.11

(c) the Kurokawa condition.

voltage is observed at the load (i.e., at VL). The resulting frequency spectrum is
shown in Figure 5.39(b), as well as the oscillator waveform at VL. The fundamental
frequency of oscillation is, as expected, at 1 GHz, and the second harmonic is
-20 dB below the fundamental. The power dissipated in the 9.85-0) resistor at the
fundamental frequency is =13.5 dBm, which agrees closely with the predicted PApp .

The previous design can be used as the starting point for a VCO centered at
1 GHz by replacing the capacitor with an appropriate varactor diode.

Design of Feedback Oscillators Using the Negative-Resistance
Method

In this section, some of the classical feedback oscillators are designed using the
negative-resistance method. In the following examples the negative-resistance tech-
nique is applied to the design of a Colpitts oscillator and a GB oscillator.
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Figure 5.38 (Continued.)

Example 5.10

fre ﬁ

B ZL=-1/AC.|_Probe1 i
B Gammal _L=(ZL-50)/(ZL+50)

avs (-20.000 (o -3.000)

©

Design the Colpitts oscillator in Example 3.6 using the negative-resistance method.

Solution

In Example 3.6 a 1-MHz Colpitts oscillator was designed using a 2N2222 BJT
biased at 8V, 10 mA. The oscillator circuit is shown in Figure 5.40(a) with the
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Figure 5.39 (a) Simulation of the 1-GHz oscillator design using OscPort and (b) waveform plot.

appropriate source component (i.e., P_1TONE) to measure its large-signal
characteristics at 1 MHz, namely Paopp and ZN(A, w,). The results of the simula-
tion are shown in Figure 5.40(b).

From the data in Figure 5.40(b) the oscillator can be designed for an added
power of about 16 dBm with Z; = 0.64 +;32Q (or R =0.64Q and L = 5.07 uH).
The use of a series circuit for Z| agrees with the negative resistance behavior [see
Figure 5.40(b)]. These are the values used in Example 3.6 for Z; . Figure 5.40(c)
shows an implementation of Z and the simulation for the Nyquist plot using the
OscTest probe. Observe that the Nyquist plot, shown in Figure 5.40(c), shows that
the circuit is indeed unstable.

Figure 5.40(d) shows the simulation using OscPort, and the resulting data. The
oscillation voltage across R shows that the power is 15.8 dBm in close agreement
with P4pp. The oscillation voltage across R, is also shown. The power in R, is
13.4 dBm. The fundamental frequency of oscillation is at 998.1 kHz.

The GB oscillator was discussed in Section 3.3 using a feedback approach. In the
following example the negative-resistance method is used to design the oscillator. In
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Figure 5.40 (a) Simulation of the Colpitts oscillator in Example 5.10 for P4pp and Z;y, (b) simulation
data, (c) simulation using OscTest and the Nyquist plot, and (d) simulation of the
oscillator using OscPort and the oscillator waveforms.
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Figure 5.40 (Continued.)

fact, the negative-resistance method is a convenient method to use in the design
of the GB oscillator.

Example 5.11

Design a GB oscillator to oscillate at 1.25 GHz using the negative-resistance
method.

Solution

The GB oscillator configuration is illustrated in Figure 5.41(a). The BJT used is
the Phillips BRF520, which has an f7 of 8 GHz. The bias point selected is at
Veg =5V and I = 5 mA.
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The ADS simulation in Figure 5.41(a) is used to generate the mapping of I't
onto I'jN. The resulting data is shown in Figure 5.41(b). With I't selected at point
ml (i.e., at » = 0 and x = —0.26), the termination can be implemented with a
9.8 pF capacitor. The resulting, small-signal Ijn is 2.32(-60.4° (or
ZiN = -53.5 —749.2Q).

With a 9.8 pf at the terminating port, the added power versus Zy is obtained
using the simulation shown in Figure 5.41(c). From the data obtained (see Figure
5.41(c)), it is seen that with Z; = -Z;n==43 +;102Q (or R =43Q and L. = 13
nH) an added power of 6.15 dBm is obtained. The OscTest probe was used to
obtain the Nyquist and Kurokawa plots (not shown). As expected, the plots showed
that a stable oscillation will occur around 1.25 GHz.
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Figure 5.41 (a) The GB oscillator configuration for Example 5.11, (b) mapping of the I't plane onto the
')y plane, (c) simulation for P4pp and Zyy and the resulting data, and (d) harmonic-balance
simulation and the oscillator signal.

The harmonic-balance simulation with OscPort and the resulting data are
shown in Figure 5.41(d). The oscillator waveform shows that the fundamental
frequency of oscillation is 1.27 GHz and the power delivered to the 43-Q resistor
is 6.8 dBm. The output signal can be coupled using a buffer amplifier; or since at
1.25 GHz the impedance of C = 9.8 pF has a magnitude close to one, a resistive
load much larger than the magnitude of this impedance can be connected in parallel
with C to couple the oscillator signal.
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Figure 5.41 (continued.)

5.12 Dielectric-Resonator Oscillators

Dielectric resonators (DRs) for oscillator applications in the RF and microwave

frequencies are of two types: those that operate in the TEM mode, and those that
operate in a TE mode.
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Figure 5.41 (continued.)

5.12.1 TEM-Mode DRs

A TEM-mode DR is similar to a coaxial cable. The main use of DR resonators
is to implement high-QO inductors in oscillators to resonate with a capacitor or
varactor.

DR resonators are available as quarter-wave resonators with one end shorted,
or as half-wave resonators with both ends open. For example, at resonance a
short-circuited quarter-wave transmission line appears as an open circuit, and at
frequencies below resonance it behaves like an inductor. These resonators are
usually made with ceramic dielectric material and, therefore, are also called
TEM-mode ceramic resonators (TEM-mode CRs). These particular resonators have
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found applications in many oscillators used in the wireless communication field.
For example, they can be used in VCOs in the range of 300 MHz to about 5§ GHz.

Good performance is obtained by the use of a coaxial resonator, where the
resonator is shaped in the form of a cube of length d with a coaxial bore and
shorted at one end, as shown in Figure 5.42. The inner and outer surfaces are
plated with copper or with silver. The conductivity of the plating affects the Q of
the resonator. Those plated with copper are cheaper than those plated with silver.
However, when high-Q values are required, the silver-plated resonator is best.

The resonators are fabricated with a high dielectric constant in order to make
the component small and, therefore, to be useful as an inductive component in
microwave oscillators. The high value of the relative dielectric constant €, is required
for circuit miniaturization since the size of the component is inversely proportional
to /€, . This is a consequence of the fact that the wavelength in the dielectric
material A; is given by

Ao

Ag=—=
Ve

where A, is the free space wavelength.

Typical values of €, are from about 10 to 100 (e.g., €, = 21, 38, 88, and 92),
with typical lengths of 3 to 14 mm. The high values, €, = 88 and 92 are found in
DRs for the 300-MHz to about 1-GHz range, the value €, = 38 are found in DRs
operating in the 800-MHz to 2.5-GHz range, and €, =21 in the 1- to 4-GHz range.
Typical values of the characteristic impedance are from 4 to 20Q).

The Q of the DR describes the losses of the component, namely dielectric losses
and conduction losses. The temperature coefficient TC (in ppm/°C) indicates the
thermal stability of the DR. It describes how much the resonant frequency drifts
as a function of temperature.

The Murata, copper plated, DRR030 is a A/4 resonators that can be fabricated
to order in the 900-MHz to 1.6-GHz range with O > 230 and characteristic
impedance of Z, = 7.4Q). They are also available in the 1.9- to 3-GHz range with
O > 380 and Z, = 15.4Q. The length d of the resonator is given by

d:3x10“

— N
n/€ fo

P )
7!

Figure 5.42 Shape of a TEM-mode DR.
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where 7 = 4 for a A/4 resonator and n = 2 for a A/2 resonator. With #» = 4 and
€, = 92 we obtain

_3x10M 7.82x10°
4,/92f, fo

mm

At 1 GHz the length is d = 7.83 mm.
For a short-circuited coaxial-cable resonator [see Figure 5.43(a)] its capacitance
per unit length is given by

_ 2me, €

©% D\
(51)

and its inductance per unit length is given by

_ Moy (D1
L _2771n<D2>

Hence, the characteristic impedance of the resonator is

_ JL_ 60 (D
o= C‘v?f“(lh)

For the geometry of the resonator in Figure 5.42, a correction to the D{/D; ratio
is required. The correction can be obtained from the manufacturers.

The DR is usually designed with a A/4 length at a given frequency f,. The
impedance of a lossless short-circuited resonator is

@ ‘Z/\ (d)| A : 4 1
R ! i
b ! |
N o
N o
\® S
N i o
- Ei ”i pd
DI : !
|
D2 : :
! |
l l
(@ ()

Figure 5.43 (a) Coaxial line geometry and (b) plot of |Zy(d)| for a short-circuited resonator.
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Zin(d) =jZ, tan Bd

A plot of Zjn(d)| is shown in Figure 5.43(b). The plot shows that for 0 < 8d <
/2 (or 0 < d < A/4) the shorted line is inductive, while for 7/2 < Bd <  the
shorted line is capacitive. Hence, at a frequency lower than the resonant frequency
of the resonator, the line is inductive.

Quarter-wave resonators behave like parallel-resonant circuits. To obtain an
equivalent input parallel resonant circuit the input admittance of a A/4 short-
circuited lossy transmission line is considered, namely,

Yin(d) = Y, coth(a + jB) (5.75)

1 +jtan Bd tanh ad
° tanh ad + jtan Bd

For low losses (i.e., for ad < 1) we have

tanh ad = ad = % (5.76)
Since
27d  wd
Ad=— =%,

and with d = A/4 at w = w,, and w = w, + Aw, we can write

w,d Awd 7w wAw
+—=—

le = UP Up 2 * 2(1)0

Therefore,

B 7 7w\ _ -1 2w,
tan Bd = tan(z + P ) = Py Wi v (5.77)
an
2w,
Substituting (5.76) and (5.77) into (5.75) gives
iy 20, ad I,7TAa) N ar
N TAw 4 2w, 4
Yin=Yo al 2o, _Yo.ﬂ 7TAa)+1 (3.78)
4 " 7Aw "4 2w,
A A
Since 22 729 < 1 we can further approximate (5.78) as
4 2w,
al  TAw
Y= Yo (G i 50 ) (5.79)

2w,
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In order to develop an equivalent circuit from (5.79), we consider the input
admittance of the parallel-tuned circuit shown in Figure 5.44. That is,

1 .
Yin=G +]_w—L+]a)C (5.80)
With w = w, + Aw and
Aw,
1 _ - w,
w, +Aw,  w,
(5.80) is rewritten as
_ o . .
YiIn=G + Toul +jw,C+jAwC (5.81)

Observing that

1 . _ _ |1
].wOL+/cuOC—Ooer—-\/LC

(5.81) reduces to

Aw

Yin=G +j + ]Aa)C (5.82)

2
Wy

=G +j2AwC

Comparing (5.79) and (5.82), it follows that

(5.83)

(5.84)

Figure 5.44 Equivalent parallel circuit of a resonator.
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and

L =% (5.895)
w, C

At resonance the input impedance is
ZiN(@o) = R

which, of course, is very high since a is small. The Qy of the resonator is

_ _T_B
Qu = RC= al  2a
In terms of Qy, (5.83) can be expressed as
rR=2U (5.86)

w,C

For a given resonator the parameters Z,, w,, and its Qy are known, then
(5.84), (5.85), and (5.86) are used to find the equivalent parallel circuit. Hence,
the A/4 resonator can be modeled by the parallel-resonant circuit in Figure 5.45
around the resonant frequency w,.

An application of a DR to a tuned varactor diode circuit is shown in Figure
5.45. For example, oscillator circuits in the 900-MHz region require very low
values of inductors (say, 5 nH). These inductor values can be conveniently imple-
mented using DR components.

5.12.2 TE-Mode DRs

A dielectric resonator oscillator (DRO) is a high-Q, temperature-stable oscillator
that is used in many practical applications at microwave frequencies. B] Ts are used
in DROs with oscillation frequencies up to about 15 GHz; with GaAs FETs the
frequency of oscillation of the DROs can be extended to about 35 GHz. With
transistor DROs power levels of 10 to 15 dBm are possible.

R,

RFC

YN

Figure 5.45 A varactor circuit tuned with a DR inductor.

Ed

ol .
N1

DR

i——
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Several compounds with dielectric constants between 20 and 80 are used in
the construction of dielectric resonators (DR). For microwave transistor oscillators,
dielectric resonators having a solid cylindrical shape can cover the frequency range
from about 1 to 40 GHz. In fact, dielectric resonators can operate up to 100
GHz. The problem with dielectric resonators at the lower frequencies is the large
dimensions of the resonator. Dielectric resonators having a coaxial tubular shape
(i.e., a hollow center) have been made for practical applications down to 500 MHz.

A good reference on DRs and applications is found in the text Dielectric
Resonators by Kajfez and Guillon [4]. A dielectric resonator will resonate in several
modes. The most commonly used mode in cylindrical resonators is a TE mode
(specifically the TE (s mode). The TE(;5 mode is the lowest-order mode of reso-
nance, so operating in this mode avoids the chances of the oscillator operating at
the frequency of resonance of a higher order mode. In order to understand the
coupling of a dielectric resonator to a microstrip line, consider Figure 5.46, which
shows the field distribution of the TE(; smode. The electric field lines are concentric
circles around the z-axis, and there is no z component of the electric field. The
magnetic field lines are illustrated in Figure 5.46.

Figure 5.47 shows the dielectric resonator coupled to the microstrip line. The
dielectric resonator is placed on top of the substrate at a distance d from the
microstrip line. The distance d and the DR characteristics determine the coupling.

Figure 5.46 Field distribution of the TEg1 s mode in a cylindrical resonator.

& metal

enclosure

substrate microstrip DR

Figure 5.47 Coupling of a dielectric resonator to a microstrip line.
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Observe the magnetic coupling between the DR and the microstrip line. The metallic
enclosure is used to minimize the radiation losses and, therefore, to increase the
resonator Q. The TE;4is excited in the DR by the electromagnetic field produced
by the microstrip line. In turn, the DR reflects RF energy at its resonant frequency,
resulting in a high-O resonator.

Figure 5.48(a) shows the DR coupled to a microstrip line with characteristic
impedance Z, and terminated in Z, impedances (usually Z, = 50Q)). Due to the
magnetic-field coupling, the resonator appears in series with transmission line. The
DR model is shown in Figure 5.48(b) where the magnetic coupling is modeled by
the transformer. The equivalent circuit of the DR coupled to the microstrip line is
illustrated in Figure 5.48(c). It consists of a parallel tuned circuit placed in series,
at the position XX', with the transmission lines. The values of R, L, and C in the
equivalent circuit of the DR depend on the DR characteristics and the distance d.
The impedance Z is given by

1 s 1 s
== == 5.87
C52+L+L C52+2as+w§ ( )
RC LC

where the bandwidth and resonant frequency are

1
BW—ZQ—R

and

1
@0~ JLC

Letting s = jo, (5.87) can be expressed as

R

7 = ( 5 2) (5.88)
) 0~ W)
1 +/QU—wwo
where
_ Wy _ _ R
Qu=72=wRC= (5.89)

Since the frequency of operation is very close to w, (i.e., ® + w, = 2w,), we
can approximate (5.88) by

R

Z=7 +72006

(5.90)

where
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Y X
C>DR
T4
Z!
Z, /, A
+ Y’ X'
£( z,
(@
L
z' C,

Figure 5.48 (a) Dielectric resonator coupled to a microstrip line, (b) magnetic coupling model for
the DR, and (c) equivalent circuit at the XX' plane.

At the reference plane XX' the input impedance is given by
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Zxx =2Z+Z,

or
R
Zxx' _ Z,

XX = Z, “1+,2005 +1 (5.91)

For convenience, a coupling coefficient Bis defined to measure the coupling between
the resonator and the microstrip transmission line. The coefficient g is defined as

the ratio Qy to the external Q, where

_27,
QE - wlL

The term 2Z,, represents the total external resistance in Figure 5.48(c). Hence,

R
B:%ZZZO (5.92)

In cases that the resonator is terminated in a short circuit (i.e., Zxx = Z), then
the coupling coefficient is given by 8= R/Z,. A short-circuit termination is easily
implemented with an open circuited transmission line of length A/4.

Since Qy, OF, and the loaded O (i.e., O} ) are related by

11 .1
Or Qu Ok
it follows that
_ Qu
QL_B+ 1

This relation shows how g affects Q..
In terms of B, we can write (5.91) as

__ 2B
XX TH2Qys
Observe that at w = w,, (or 6 = 0) it follows that zxx =28 + 1. Then, the reflection
coefficient at w = w,,, at the XX' plane, is

_xx'—-1_ B
= O = (5.93)

Ixx' (o)
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In general, the reflection coefficient at the XX' plane is given by

Foer 22X =1 _ B
X T axx v 17 B+1+/200y6

Hence, the reflection coefficient seen at the input of the line, denoted by I'yy: is

. -12Qy$8
—j2( 6+ tan 122U2
Tyy = A e ( A+l > (5.94)
V(B + 1) +(20y6)
At the resonant frequency (i.e., at @ = w, or § = 0), (5.94) reduces to
Py (@) = Ty (wp)e 720 = 20720 (5.95)

This relation shows that if B is a constant and the length of the line is varied from
0= 0° to 180°, the values of I'yy' lie on a circle in the Smith chart. Thus, with the
appropriate selection of 3, the reflection coefficient I'yy: can implement any passive
impedance. Equation (5.95) is used to select the desired coupling and electrical
length of the transmission line for a particular input impedance.

The previous discussion shows that the parameters 8, w,, and Qy describe
the operation of the DR. These parameters are either measured or given by the
manufacturer of the DR. The coupling coefficient is calculated by measuring I'yx:
at the resonant frequency. The values of R, L, and C in Figure 5.48(c) can be
calculated in terms of B, w,, and Q,,. The value of R follows from (5.92), and
the values of L and C from (5.89).

From Figure 5.48(c), at the resonant frequency w,, the S parameters of the
tuned circuit (i.e., the DR coupled to the transmission line) are

B 1
B+1 B+l

Stwol =" (5.96)
B+1 B+l

From (5.96) it follows that B can be expressed in terms of the S11(w,) and S»1 (w,)
parameters; that is,

5= Sti(wo) 1= 831(w)
1=811(w,) $21(w,)

For a closely coupled resonator, typical values of B are from 2 to 20.
The value of Qy can be found by measuring S;1. A typical plot of Sy1 in
decibels is shown in Figure 5.49. The insertion loss L, is given by

L, (dB) = =20 log |S21(w,)|
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S,,(dB) A

L(dB)

L (dB)

Figure 5.49 A typical plot of S, (dB).

and the insertion loss value L, is given by
L, (dB) =L, -3+ 10 log(1 + 107" !Fo)

Hence, Qy is found by dividing w, by the bandwidth where the insertion loss is
L,.

Some practical circuit configurations for DROs are shown in Figure 5.50. In
the configurations shown in Figure 5.50(a, b) the DR acts as a series-feedback
element. The DR is connected to the terminating port, and the DR and transistor
produce a negative resistance at the load port.

In the configurations shown in Figure 5.50(c) and Figure 5.50(d) the DR acts
as a parallel feedback element. The forward gain of the transistor compensates for
the insertion loss of the DR. The DR is a high-O tuned circuit, and therefore,
oscillation will occur when the oscillation conditions are satisfied. An advantage
of the parallel-feedback configuration is its wide tuning range.

The series-feedback configurations are simple to construct. The parallel configu-
ration is somewhat more difficult to construct because of the coupling of the two
lines.

The ADS program has a component called DR, shown in Figure 5.51(a), that
models the typical housing used in the coupling of a DR to a microstrip line. The
housing is shown in Figure 5.51(b). The DR manufacturer specifies the radius
(Rad) and height (H) of the resonator for a particular resonant frequency along
with Qdr. E,; and Hj are the dielectric constant and height of the substrate on
which the DR is placed. These are the same parameters that affect the characteristic
impedance of the microstrip line to which the DR is coupled. Mode is another
important parameter, which controls the resonant mode of the DR. When Mode
is set to 0, the resonator will resonate in the TE (5 mode.

DROs can be tuned over a narrow range of frequency using a metallic shield
with a tuning screw, as shown in Figure 5.52. Basically, the screw affects the height
Hy and, therefore, the resonant frequency. The height » should be greater than
0.5, in order not to decrease the Q of the resonator. Tuning bandwidths of the
order of 0.1% to 1% of the resonant frequency are possible.

The DROs can also be tuned electrically. A varactor tuned DRO is shown in
Figure 5.53. The varactor is coupled to the DR, resulting in two coupled circuits.
The varactor’s capacitance can be changed with an appropriate dc bias voltage,
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Figure 5.50 (a) A series-feedback DRO using a BJT, (b) a series-feedback DRO using a GaAs FET,
(c) a parallel-feedback DRO using a BJT, and (d) a parallel-feedback DRO using a GaAs

FET.

and this in turn changes the resonant frequency of the DR. The varactor can provide
a resonant frequency tuning range of 1%. There are other ways of electrically
tuning a DR.

The temperature stability of a DR is expressed in parts per million per degree
centigrade (ppm/°C). DRs with temperature coefficients ranging from -10 to
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Figure 5.51 (a) ADS model for a DR and (b) DR housing.
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Figure 5.52 A mechanical tuning arrangement for DROs.
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Figure 5.53 A varactor tuned DRO.

10 ppm/°C are available. For example, an 8-GHz DRO can be specified to have
a frequency stability of 500 ppm over a temperature range of —50°C to 80°C. This
requirement will keep the frequency drift to 4 MHz.

Example 5.12

Design a 10-GHz DRO using the ATF-13786 GaAs FET whose S parameters (at
10 GHz) in a CS configuration are:

Sll =0.63(130°

S12=0.15]6°
521 =2.04 I£

Sy, =0.19 [ 134°

The transistor power at the 1-dB compression point is P14g = 15 dBm.

Solution

The ATF-13786 GaAs FET is biased at 3V, 40 mA. It is unconditional stable at
10 GHz since K = 1.14 and A = 0.358 |151.3°. Using a series-feedback capacitor
having a series reactance of Z = —j120() [implemented as an open-circuited shunt
stub, with [ =0.064A (or 22.68°), in Figure 5.54(a)] results in a potentially unstable
configuration in a 50-) system with the following S parameters:

S11=3.68]|-175.1°
S1, = 3.86|-38.28°
S21 =4130.05°

Sy, =2.77|176.15°



5.12 Dielectric-Resonator Oscillators 325

sp_hp_ATF-13786_19920722
SNP1

Bias="Fet: Vds=3V Id=40mA"
Frequency="{1.00 - 18.00} GHz"

Term
Term2
Num=2
Z=50 Ohm

erm

Term1
Num=1
Z=50 Chm

Ref TLOC
I_ L
- Z=50.0 Ohm =y
hafll M E=22.68 faal S-PARAMETERS
F=10 GHz

au S_Param

Mu SP1

Mu1 Freq=10.0 GHz

Mu1=mu(S)
fieg S{L.1) S(1.2) S2.0) 522) Mul
10.00 GHz | 3676/-175.139 | 3.864/-38280  4.001/30.054 | 2.767/176.154 0.323

(a)

Figure 5.54 (a) GaAs FET with series feedback, (b) stability circle at the terminating port,
(c) simulation of the DR oscillator, and (d) simulation using the DR component.

The previous calculations were made using the average small-signal S parame-
ters of the transistor. In what follows the nonlinear model of the device is used.
The gate-to-ground port was selected as the terminating port. The oscillator configu-
ration is shown in Figure 5.54(b), as well as the stability simulation. The stability
circle at the terminating port is drawn in the Smith chart shown in Figure 5.54(b).
Designing for I't at point A (i.e., I'r = 0.666) and with [{ = A/2 (i.e., 8 = 7), it
follows from (5.93) that

FT:FXXv:B’fl:O.666D B=2

The DRO can be represented by a parallel tuned circuit, as shown in Figure
5.54(c). With a typical Qy = 1,000, it follows that

R = B(2Z,) = 2(2)50 = 200Q

Oy 1,000
C= = =79.6 pF
@R 27 x10'°(200) P

and
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Figure 5.54 (continued.)
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Figure 5.54 (continued.)
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The DRO implementation is shown in Figure 5.54(c). For I'r = 0.666 the small-
signal value of I'jy is 1.14 |—102° (or Zny = =5.4 - j40.3Q). The simulation to
obtain Pspp and Zy at the load port of the oscillator was performed. The results
showed that the load network Z; = 3.7 + j39(), implemented in parallel form,
produces an added power of 6.9 dBm. The implementation of the load network
is shown in Figure 5.54(c). The component OscPort was first changed to OscTEst
to verify the loop-gain condition for oscillation using the Nyquist plot, as well as
the Kurokawa condition.

Because of the many variables involved in the implementation of the DRO,
the previous design should be taken as a preliminary design for further CAD
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Figure 5.54 (continued.)

analysis and optimization. The output waveform in Figure 5.54(c) shows that the
fundamental oscillation is at 10 GHz with an output power of 6.845 dBm.

The simulation using the DR component in Figure 5.51 is shown in Figure
5.54(d). As expected, the results agree with those in Figure 5.54(c).

The following DRO example and the parallel-coupled implementation were
adapted from the Master’s thesis of J. Vasiliadis [5].
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Example 5.13
Design a 2-GHz DRO using the Infineon BFR183 BJT.

Solution

This transistor lists f7 = 8 GHz. The ADS library has the SPICE model for the
BFR183 in package form. However, for this design the development of the transistor
model for the BFR183 in package form is illustrated. The SPICE data for the
BFR183 (given by Infineon) is shown in Figure 5.55(a). The transistor chip is
represented by the component BJT_model. There are also package parasitics that
should be included in the model. The package model is shown in Figure 5.55(a)
and the packaged component is denoted by Ch5_Ex12pt3_D Cmodel.

The BFR183 BJT is biased at Vog = 8.2V and I = 15 mA, as shown in
Figure 5.55(b). The resulting biased BJT component is denoted by Ch5_Ex_12pt3_
B]Tmodel_DCbias.

The transistor stability is checked using the ADS simulation shown in Figure
5.55(c). The data shows that |S11|>1 and |[Sy,| > 1 at 2 GHz (with K = -0.937);
therefore, the transistor is potentially unstable. The load port (i.e., the collector-
to-base port) and the terminating port (i.e., the emitter-to-base port) stability circles,
shown in Figure 5.55(c), show that most of the Smith chart is unstable.

The ADS simulation shown in Figure 5.55(d) maps the I't plane onto the I'jy
plane, where the terminating port (i.e., I'r plane) was selected to be the emitter to
base (or ground) port. The point m1 corresponds to I'jy = 2.425 |—6.79° and the
corresponding value of I't is I'r = 0.724 |—126.3°. The associated negative resis-
tance 1s Zjn = —118.2 —713.9Q.

From (5.95), 't =0.724 |—126.3° is realized with 8=2.623 and a line length
of 0.1754A. Using an alumina substrate with €, = 9.6 and height of 30 mils, a line
width of 29.7 mils produces a Z, of 50€), and the effective dielectric constant is
€fr = 6.46. Hence, the line length of 0.17541 at 2 GHz is 10.35 mm long. A Murata
DR for the 2-GHz range was used (see the Murata RESOMICS catalog O95E-8).
The DR component used is described in Figure 5.56. As a check on the design of
I't the ADS simulation shown in Figure 5.56 was used. First, the phase goal was
deactivated and K and HU were optimized for the magnitude goal. This simulation
produced the following values: HU = 2.885 mm and K = 2.63. Then, the ADS
simulation shown in Figure 5.56 with both goals activated was used. The data in
Figure 5.56 shows that the final values produced by the optimization, namely
'r=0.725 |—126.3° with 8=2.605 and L =10.38 mm. Also, the equivalent RLC
circuit for the DR is given.

Next, the added power simulation is performed as shown in Figure 5.57. The
data shows that the small-signal resistance is =118 —j13.9Q). The large-signal data
shows that an added power of 12.5 dBm can be obtained with Z; = -Z ;5 =109.2
+764.7Q). The load circuit design is shown in Figure 5.58(a). It consists of a 6.55-
mm short-circuited stub followed by a 7.78-mm transmission line that produces
the desired load impedance Z; .

The design simulation, using OscPort, is shown in Figure 5.58(a). First, OscPort
was changed to OscTest to verify that the oscillation conditions are satisfied. As
expected, the circuit should have a stable oscillation at 2 GHz.
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Figure 5.55 (a) SPICE model for the BFR183 transistor and its package model, (b) the DC bias network
used for the packaged transistor, (c) stability simulation, and (d) mapping of the I't plane onto
the I'jy plane.
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Figure 5.55 (continued.)

The harmonic balance simulation in Figure 5.58(a) was performed, and the
resulting waveform of the oscillator is shown in Figure 5.58(b). The fundamental
frequency of oscillation is at 2 GHz and the oscillator power is 12.2 dBm in good
agreement with the predicted values.

The phase-noise performance of the oscillator is now analyzed. The phase-
noise simulation is shown in Figure 5.59 where the phase noise is calculated from
1 Hz to 10 MHz. The SPICE flicker-noise parameters were not listed by the
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Figure 5.57 Added power simulation and the load circuit design.

manufacturer. For the simulation we used Ap = 1.35 and two values of Kj:
Ky = 80e-13 and Ky = 80e-15. The resulting plot of £(f,,) shows a slope of
—30 dB/dec until f, with Ky =80e-13, and essentially =20 dB/dec with Ky=80e-15.
It is also observed that the £(f,,) has a value of —=137.58 dBc¢/Hz at a 10-kHz
offset from the carrier, and the noise floor is at =170 dBc/Hz.
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Figure 5.58 (a) The simulation of the oscillator and (b) the oscillator waveform.

A yield analysis is performed next. Three yield specifications were considered:
the resonant frequency, the output power, and the SSB phase noise at 10 kHz from
the carrier. The circuit is said to “pass™ the design specifications if the resonant
frequency is within 0.5% of 2 GHz, the output power is above 10 dBm, and the
SSB phase noise is less than =133 dBc/Hz at 10 kHz from the carrier.

The yield-analysis simulation is shown in Figure 5.60(a), and the simulation
results (i.e., the histograms) are shown in Figure 5.60(b). Typical process parameters
variations were entered for all components in the design.

ADS sets the oscillation frequency to 0 Hz when the oscillator fails to oscillate.
The size of the variable “indices” in Figure 5.60(b) shows the number of simulations
that did not oscillate. Only 8 of the 100 simulations did not meet the oscillation
conditions. The overall yield of the circuit is 15%, which is certainly unsatisfactory
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Figure 5.59 (a) Phase noise simulation and (b) the SSB phase noise.

for any fabrication process. It is also observed from the histograms that most
designs failed due to the frequency specifications.

Components sensitivity histograms are shown in Figure 5.60(c). These results
show that the design is already centered.

In order to improve the overall yield, the process parameters in dielectric
resonator section were analyzed as shown in Figure 5.61(a). The variations in the
radius and height of the DR affect significantly the resonant frequency. The simula-
tion controller Spec1 is set up so that the trial fails if the magnitude of It is greater
than 0.728 within the frequency range of 1.99 to 2.01 GHz, which corresponds
to the frequency tolerance. The simulation data for |S11 |, shown in Figure 5.61(b),
shows that all values |S17 | are less than 0.728, so the Spec1 yield is 100%. However,
the data also shows that very few trials satisfy the resonant frequency specification
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Figure 5.60 (a) The yield-analysis simulation, (b) the simulation results, and (c) components sensi-
tivity histograms.

of 1.99 GHz < f, < 1.01 GHz. Hence, the variations in the resonant frequency of
the DR are determining the overall yield.

For a high yield the resonator frequency must be tuned using external means,
such as using a tuning screw to vary Hu. The ADS simulation in Figure 5.62 is
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(©

Figure 5.60 (continued.)

used to tune the height of the tuning plate to make the resonant frequency of the
DR fall within the desired frequency tolerance. The height of the tuning plate is
allowed to vary from 1 to 10 mm. The yield-analysis controller is set up to convert
failures and therefore adjusts the value of Hu until the circuit passes the design
specifications. The postproduction tuning results, shown in Table 5.5, show that
using the tuning screw in the DR housing to adjust the frequency of oscillation
can bring the yield to about 87%.

In some designs the DR is coupled to the microstrip line as shown in Figure
5.63. The AM/4 open-circuited transmission line presents a short circuit at the position
of the DR. Hence, the magnetic coupling is increased since the current is a maximum
at the DR location. From Figure 5.63, with I'; = -1, we obtain at w, that

S12821(-1) _B-1

D=3 T m1) T B
and
_B-1 _iny
FT —me
Example 5.14

Design the terminating network for a 10-GHz oscillator using the DRO coupling
shown in Figure 5.63.

Solution
At the resonator location the open-circuited A/4 line provides the short circuit.
Hence,
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Figure 5.61 (a) The yield of the terminating network and (b) the simulation data.

Tyx = /’% =0.666 0 B=0.047

Then, with [, = A/2 it follows that I'r = 0.666. Of course, in such a case 8=0.047,
which corresponds to an under-coupled case. The rest of the design is similar to
the previous example.



340 Negative-Resistance Oscillators

- VAR
l G%ﬁ [ HARMONIC BALANCE l MSub m VAR1

Width=29.7 stat{ uniform +/- 0.1}
Width1=29.7 stat{ uniform +/- 0.1}

HarmonicBalance MSuUB

Width2=29.7 stat{ uniform +/- 0.1 }
Freq[1]=2.0 GHz H=Height_Board mil Er_Board=9.6 stat{ uniform +/- 5 % }
Order(1}=7 ;TE’;BW“ Height_Board=30 stat{ uniform +/- 0.9 }
ur=
Cond=5.813E+7 VAR
Hu=3.9¢+034 mil VAR2
T=0.5 mil R1=50.0 stal{ gauss +- 5 % }
TanD=0.0001 R2=50.0 stat{ gauss +- 5 % }
MLIN Rough=0 mil
B
Subst="MSub1"
W=width mil Chs_Ex_12pt3_BJTmodel_DCbias
L=7.78 mm stat{ uniform +-0.003 mm} Q1 O
R
R DR
o OscPort MLIN DRI R2
Osct X T3 ~ R=R2 Ohm
R=R10hm T V=119 = Subst="MSub1" ﬁ;g%gfg’;( gauss +- 1%}
7=10.1 Ohm Wawidth2 mil E1<38.0 sat{ gauss 415 %)
= Msc NumOctaves=2 L=10.38 mm stat{ uniform +/- 0.003 mm } Mode0 L
x . Steps=10000 Qdr=15151 -
3;1:;";‘:” :.: o1 Rad=15.955 mm stat{ uniform +/- 0.05 mm }
L=6.55 mm stat{ uniform +/- 0.003 mm } ::‘:‘élss’g:ms'a‘( uniform +/- 0.05 mm }
HL=Height_Board mil
ErU=1.01
YIELD VIELD SPEC l l YIELD SPEC HU=2.885 mm opt{ ppt 1 mm to 10 mm } stat{ gauss +- 1% }
Cond=3.816E+7
Yield YieldSpec YieldSpec
Yieldt Spect Spec2
Numiters=100 Expr="freq[1]" Expr="dbm(Vout[1))"
PPT_Mode=Convert failures (Monte Carlo only) i "HB1" i "HB1"
ShadowModelType=none Min=1.99e9 Min=10
SaveSolns=yes Max=2.01e9 Max=
SaveSpecs=yes Weight= Weight=
SaveRandVars=no RangeVar1]= RangeVar1]=
UpdateDataset=no RangeMin[1]= RangeMin[1]=
SaveAlllterations=no RangeMax(1]= RangeMax(1]=

UseAllSpecs=yes
StatusLevel=2

Figure 5.62 Postproduction tuning simulation.

Table 5.5 Simulation Results

PreTuneYield PPT Yield PPT Converts
21.000 87.000 66.000
ODR i
C —
1
=+ & ¢ s
4
r.\_\' r]

Figure 5.63 A DRO coupling with [} = A/4.

5.12.3 Parallel-Coupled DRO

The circuit in Figure 5.64 shows a parallel-coupled dielectric resonator oscillator.
The DR in this configuration acts as a parallel-feedback element, which, along
with the transistor, presents a negative resistance at the load port.

The DR and coupling circuits in Figure 5.65 can model the circuit in Figure
5.64 by appropriately choosing the R, L, and C values of the parallel resonant
circuit (which models the DR) as well as the transformer turn ratios Ny and N
(which are determined by the distance between the DR and the microstrip lines).
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Figure 5.64 Parallel-coupled dielectric resonator oscillator.
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Figure 5.65 Parallel-coupled DR model.

The feedback through the microstrip line from emitter to collector impedes the
isolation of one port from the other making the whole design cumbersome.

A design procedure for a parallel-coupled DR oscillator at 2 GHz is now
illustrated. The complexity presented by the feedback can be analyzed using a
combination of iterative simulations. The simulations will measure the effect of
varying the above-mentioned parameters so as to obtain an adequate negative
resistance at the load port.

The circuit in Figure 5.66 shows the ADS simulation used to perform the first
of these iterative simulations. As a starting point, the DR is replaced by its equivalent
parallel-resonant circuit at 2 GHz, which was obtained in the simulation shown
in Figure 5.56. The length of microstrip lines ““TL1” and ““TL2” are set to a quarter-
wave length (i.e., to [ = 14.75 mm), and “TL3” is set to 360°. Both transformer
turns-ratio coefficients are initially set to 1 and will be optimized in a subsequent
simulation. Pavs is set to 1, and the resulting input reflection coefficients as a
function of the line length TL4 are calculated. The simulation data in Table 5.6
shows that a line length for TL4 of 12 mm produces a negative resistance at the
load port (i.e., |[In| = 1.481|41.46°).
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Figure 5.66

Parallel-coupled DR line length optimization.

Table 5.6 Load-Port Reflection

Coefficient Versus Line Length TL4

TL4_length

1NN

6.000

7.000

8.000

9.000
10.000
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
20.000

0.548/99.759
0.640/91.707
0.756/83.714
0.902/75.396
1.082/66.203
1.290/55.268
1.481/41.459
1.508/27.821
1.477/10.077
1.593/-9.080
1.579/-16.555
1.494/-32.002
1.487/-48.741
1.345/-57.745
1.194/-63.741

Next, the effects of the transformers’ turns ratios are analyzed. The simulation
is shown in Figure 5.67. The simulation data (Table 5.7) shows that there are
many combinations for the two transformer ratios, which result in a negative
resistance at the load port. Figure 5.68 shows the simulation with the turns ratios
set equal to unity. The resulting frequency of oscillation is at 2 GHz. It was also
observed that small values of the coupling coefficients resulted in lower phase noise

but lower output power.
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Figure 5.67 Turns-ratio effect on the load-port negative resistance.

YIG Oscillators

Yittrium Iron Garnet (YIG) is a ferrimagnetic material. A YIG resonator uses the
resonant properties of a YIG sphere under the influence of a dc and ac magnetic
field. The YIG sphere can be modeled by a parallel RLC resonant circuit. The
value of the elements depends on the magnetization, coupling, and resonance line
width of the YIG sphere and on the applied dc magnetic field. The uniform dc
magnetic field is applied with an electromagnet with a single gap. The gap design
is important since a nonuniform dc magnetic field results in a tuning hysteresis
and spurious responses. A common-gate GaAs FET oscillator using a YIG resonator
is shown in Figure 5.69. A dc magnetic field is applied in the plane of the coupling
loop and an RF current is used to generate the ac field at a right angle to the dc¢
magnetic field. The design of the electromagnet system is cumbersome.

The YIG sphere is strongly coupled to the transmission line that connects the
active device. Assuming that the YIG sphere is magnetically saturated and that the
sphere diameter is much smaller than A/4, the YIG device can be modeled by a
parallel resonant circuit, as shown in Figure 5.70. The element values are given by

2
G, =d—
oV, Oy
L,= MoV,

a)od2



Table 5.7 Simulation Data

Iin
Ratio 1 Ratio 2 =1.000 Ratio 2 =2.000 Ratio 2 =3.000 Ratio 2 =4.000 Ratio 2 =5.000 Ratio 2 =6.000 Ratio 2 =7.000 Ratio 2 = 8.000
1.000 1.481/41.4 1.567/11.6 1.470/-1.8 1.407/-8.8 1.366/-13.1 1.338/-16.0 1.317/-18.1 1.302/-19.6
2.000 1.044/96.2 1.662/50.2 1.804/29.4 1.684/14.7 1.588/5.54 1.520/-0.58 1.471/-4.9 1.434/-8.2
3.000 0.930/118 1.287/80.0 1.690/52.0 1.877/37.7 1.796/24.5 1.707/15.2 1.633/8.58 1.575/3.5
4.000 0.843/131 1.201/100 1.392/71.9 1.701/52.7 1.895/42.1 1.856/30.9 1.783/22.2 1.715/15.4
5.000 0.817/141 1.051/108 1.306/91.6 1.456/67.4 1.705/53.0 1.891/44.6 1.887/35.4 1.833/27.3
6.000 0.813/148 0.949/116 1.217/100 1.346/83.5 1.501/64.7 1.708/53.2 1.878/46.2 1.903/38.5
7.000 0.818/153 0.886/124 1.106/105 1.307/95.0 1.383/77.7 1.532/62.8 1.710/53.4 1.862/47.2
8.000 0.826/157 0.849/130 1.018/110 1.223/99.9 1.339/89.4 1.417/73.6 1.557/61.5 1.712/53.4

1443
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Figure 5.69 A YIG-tuned oscillator.

where
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5.14
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Figure 5.70 Equivalent RLC network for the YIG sphere.

Wy, = 787TZMS
w, =2myH,
H, 47 M;
_ 3
QU_ AH

The quantity 47wM; is the saturation magnetization of the sphere, u, = 47(107)
H/m, V is the volume of the sphere, d is the coupling loop diameter, vy is the gyro-
magnetic ratio (2.8 MHz/Oe), H, is the applied dc magnetic field, Qy is the
unloaded Q, AH is the resonance line width (approximately 0.2 Oe), w, is the
center frequency of resonance, and H,, is the dc magnetic field.

The frequency of resonance can be controlled accurately with the dc field from
an electromagnet. As the dc is reduced, the losses increase and at some point the
YIG sphere stops acting as a resonator.

Other Negative-Resistance Devices

Several two-terminal negative-resistance devices have been developed. Two that
have found practical application as oscillators in the microwave and millimeter
range are the Gunn diodes and the Impatt diodes. A brief description of oscillators
using these diodes is given.

5.14.1 Gunn Diodes

The Gunn diode symbol and characteristics are shown in Figure 5.71(a). The device
exhibits a negative resistance region. The Gunn diode is called a diode because of
its two terminals. However, it has no pn junction, nor does it resemble a Schottky
diode. In fact, Gunn diodes are bulk effect devices where two of the bulk semicon-
ductor material used in their fabrication are n-type GaAs and InP (Indium Phos-
phide). The frequency of operation is from about 10 to 180 GHz. In CW operation,
oscillation power levels of about 500 mW can be obtained at the lower frequencies,
and about 50 mW at the higher frequencies.

Figure 5.71(b) shows that at the threshold voltage (V) the current reaches a
maximum value (i.e., I;,). As the bias is further increased the current decreases
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Figure 5.71 (a) Gunn diode symbol and (b) characteristics.

and the device exhibit a negative resistance. The current will continue to decrease
until a breakdown voltage is reached were the diode will burn.

Different modes of operation are possible with Gunn diodes. The operation is
controlled either by the design of the diode or by the external circuit. The physics
of the device operation is quite involved. However, for oscillator design purposes
what is needed is an equivalent model of the device in the negative-resistance region.
In the negative-resistance region the diode can be represented by the model is
shown in Figure 5.72(a), where R is the diode series resistance, L, and Cj, are the
package inductance and capacitance, Cg is the diode capacitance, and =R is the
negative resistance of the diode. Typical values for a 10-GHz Gunn diode are:
L, =1nH, C, =0.5 pF, Ry = 0.5Q, and -Rg —204). In general, the elements L,
and R; can be neglected and the model reduces to a simple parallel R Cg circuit
with package capacitance C, as shown in Figure 5.72(b).

A basic Gunn diode oscillator is shown in Figure 5.73(a), where Cy, is a bypass
capacitor. The ac model of the oscillator is shown in Figure 5.73(b). The load
network, represented by a parallel RLC circuit, is designed to satisfy the oscillation
conditions.

The resulting model in Figure 5.73(b) is that of a parallel negative-resistance
device. Hence, oscillations build up when |G| > Gp. The fundamental frequency
of oscillation is given by

1
VL(CG + C, + C)

W,y —

(@ (b)

Figure 5.72 (a) Gunn diode model and (b) simplified model.
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Figure 5.73 (a) Basic circuit for a Gunn-diode oscillator and (b) its ac model.

In practice, Gunn-diode oscillators are implemented using either a coaxial or
rectangular waveguide cavity resonator. A rectangular waveguide circuit is shown
in Figure 5.74. In this resonator the dc is applied through a metal post to the Gunn
diode. The current in the post excite the fields inside the waveguide (usually a TE
mode), which is coupled to the load through the opening (i.e., iris). A tuning screw
is used to adjust the cavity resonant frequency. The shorted waveguide is designed
to provide the needed inductance to resonate the Gunn’s diode capacitance.

The design of the waveguide structure with a post and the diode is involved.
Numerical techniques have been used to calculate the impedance seen by the diode
and to completely describe the structure.

rf out
D

heat sink '( """""""" >

Figure 5.74 Waveguide circuit for the Gunn-diode oscillator.
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Gunn-diode oscillators generate power with low efficiency (2% to 10%). Hence,
a good heat sink is necessary.

Gunn-diode VCOs with a varactor tuner are available with fairly constant
output power over a wide frequency range. Pulse operation is also used with
resulting larger powers than in CW operation.

5.14.2 Impatt Diodes

Impatt diodes (or Impact lonization Avalanche Transit Time diodes) were developed
using the physics of avalanche and saturation velocity of carriers in a semiconductor.
The device is useful at millimeter frequencies where it can generate a large amount
of power. Impatt diodes have higher efficiency than Gunn diodes (about 20%
efficiency). However, they are more noisy because of the avalanche mechanism.

Impatt diodes are fabricated using Si and GaAs. The package is similar to that
of the Gunn diodes. The Impatt-diode characteristics and equivalent circuit are
shown in Figure 5.75. The device operation is in the breakdown region.

Because of the breakdown operation the applied voltage is high. For example,
in the X-band region, the required voltages are from 60V to 90V, while at millimeter
frequencies (say 100 GHz) the required voltage is around 10V. Pulse operation is
possible with significant increase of the output power.

The equivalent circuit of an Impatt diode is a series RC circuit as shown in
Figure 5.75(b). Typical negative-resistance values of =0.5Q to —4() are typical for
RF currents of S0 mA to 1A. L, and Cj, are the package inductance and capacitance.

The matching of the low negative resistance associated with Impatt diodes
requires some ingenuity in the coaxial and rectangular waveguide structures. A
typical waveguide circuit for an Impatt-diode oscillator is shown in Figure 5.76.
The configuration shows that a graded transformer was used to attain the match.

e
Impatt diode

(a) (b)

Figure 5.75 (a) Impatt diode characteristics and (b) equivalent circuit.
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Figure 5.76 Rectangular waveguide circuit for an Impatt-diode oscillator.
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Nonsinusoidal Oscillators

6.1 Introduction

In this chapter a variety of nonsinusoidal oscillators are discussed. These oscillators
are usually referred to as relaxation oscillators. A relaxation oscillator is a circuit
that switches between two states, producing a periodic signal whose period depends
on the charging and discharging of a capacitor.

Relaxation oscillators are used to produce square waves, pulses, and triangular
waves. Square waves (also referred as a clock oscillator) are one of the most
important signals in digital circuits. A relaxation oscillator is basically an astable
multivibrator. That is, an electronic circuit that operates between two quasi-stable
states (i.e., on and off) at a certain frequency.

6.2 Various Relaxation Oscillators

6.2.1 Relaxation Oscillators Using Operational Amplifiers

A relaxation oscillator using an op amp is shown Figure 6.1. The operational
amplifier is connected in a Schmitt-trigger configuration with positive feedback
through Rq and R;.

In a Schmitt trigger the output voltage is at one of its saturation values, denoted
by V."and V. The saturation values are about 1V below V¥ and 1V above V7

that is,
Vi=vi-1
and
Ve =V +1
When v, = V; it follows that
— Vs+Rl
Vg =5
Ry +R,

and with Ry = R, then

351
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Figure 6.1 A relaxation oscillator.

Ve
2

Uy =

When v, = V, capacitor C charges towards V. When the capacitor voltage
reaches V' /2, then v_ > v, and the Schmitt trigger output changes from V; to V.
With v, = V,, it follows that

— Vs_Rl _Vs
Uy A

_R1+R2_ 2

and the capacitor voltage decreases toward V. When the capacitor voltage reaches
V: /2, then v_ < vy and the Schmitt trigger output changes from V, to V.. The
output switching between V; and V. continues and its frequency is controlled by
the RC time constant. The resulting waveforms are shown in Figure 6.2.

To calculate the period of the oscillation, consider the charging of the capacitor
shown in Figure 6.3 where at time ¢t = ¢, (see Figure 6.2) the output voltage has
just changed to V; and the capacitor voltage is at V; /2. For t > t,, (see Figure 6.3),
the capacitor voltage is given by

v (t)=A+Be UTHRCfory <<y (6.1)

Since v,(t;) = V5 /2 and v (o) = V, it follows from (6.1) that
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Figure 6.2 The Schmitt trigger output voltage and the capacitor voltage.
¢ R
3
B AVAVAY,
— =y L(J
—0, v, =V,
Figure 6.3 Charging of the capacitor.
and
Vi=A
Hence, since V;" = -V, we obtain
B=V_S__A=_V_5+_V+=_§V+
2 2 s 2°°
and from (6.1)
3 —(t—
+ + _—(t-t,)IRC
ve(t) = V=5 Ve (6.2)
From Figure 6.2 at ¢ = ¢}, the capacitor voltage reaches V. /2. Substituting

t=1tpin (6.2) gives

3 () -
UC(tb) =7 = V5+ —zV;—e (t, =2,)IRC

Solving for t;, — t, gives
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t, —t, = RCIn 3 = 1.0986RC

From symmetry (see Figure 6.2) the time that it takes the capacitor to discharge
from V{72 to V; /2 is also given by 1.0986RC. Hence, the period of the oscillation
is

T=2(t, - t;) =2.197RC = 2.2RC (6.3)
Since the output voltage of the op amp in Figure 6.1 changes from V' to V,,

the slew rate of the op amp limits the frequency of operation.
For the case that Ry # R, the period is given by

T =2RC 1n(1 +&> (6.4)
R;

Observe that if Ry = Ry, T=2.2RC in (6.4), which is identical to (6.3).

Example 6.1

Design the relaxation oscillator in Figure 6.1 to oscillate at 8 kHz.

Solution
Let R{ =R, =10 kQ and C = 10 nF. Then, from (6.3),

1 1
S 22fC T 22(8 x10%)(10 x 107)

R =5.68 kQ

The simulation of this oscillator is shown in Figure 6.4. The frequency of
oscillation is 8.13 kHz, which can be easily adjusted with a variable R.

Another op amp relaxation oscillator is shown in Figure 6.5. In this oscillator
the output voltage amplitude varies between V, + 0.7V to =V, — 0.7V. The resistor
R 4 limits the current for proper operation of the Zener diodes.

The waveform for v, is shown in Figure 6.5(b). The period of the oscillator
in Figure 6.5(a) is similar to that in Figure 6.1 [compare Figure 6.2 with Figure
6.5(b)], and it is given by either (6.3) or (6.4).

6.2.2 Relaxation Oscillators with Digital Gates

Relaxation oscillators can also be constructed using digital gates. A typical oscillator
using NAND gates is shown in Figure 6.6. The NAND gates in Figure 6.6 are
connected as inverters, such that when the digital inputs are 0 the output is 1, and
vice versa. The closing of the switch starts the oscillation.

Let us assume that the threshold voltage (V1) of the CMOS NAND gates in
Figure 6.6 is V1 = V */2; that is, when the input voltage to the gate goes above or
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Figure 6.4 Simulation of the relaxation oscillator in Example 6.1.

below V7, the gates change states accordingly. To analyze this oscillator assume
that v, = V¥, v, = 0, and the capacitor is uncharged. This situation is illustrated
in Figure 6.7(a). The capacitor in Figure 6.7(a) will charge toward -V *, with an
RC time constant. Therefore,

ve(t) = v (1) = V(1 = ¢ "R

When v, (¢) reaches V= V' /2, say at t = t,, the gates change states. The waveforms
are shown in Figure 6.7(b) where at ¢ = ¢, we have that v,; = 0, v,y = V", and
ve(ty) ==Vr. The circuit during the time interval ¢; <t<t, where v, =0
and v,y = V" is shown in Figure 6.7(c). Observe that v,(¢;)= VT, and
vy (ty) = 1.5V since the capacitor voltage can not change instantaneously, or

- +
ve(ty) =vel(ty) ==V
For t; < t < t},, the capacitor voltage is given by

v (t) = A+ Be UTHRIRC 4 <y (6.5)
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Figure 6.5 (a) An op amp relaxation oscillator with a controlled output voltage and (b) the oscillator
waveform.

Figure 6.6 A relaxation oscillator using NAND gates.

Since v.(¢,) =-Vrand v () = V7, it follows that A = V" and B = 1.5 V. Hence,
(6.5) is expressed in the form

v (t) = V= 1.5V e UTHIRC 4 < payy
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Figure 6.7 (a) Oscillator circuit for O0<t<t, (at t=t; the capacitor voltage is
vc(ta_) = vc(t;) =-Vr= —V+/2) (b) oscillator waveforms, (c) oscillator circuit for
t < t<t,, and (d) oscillator circuit for tb t<tc.

Also, for ¢} <t < 1y, since vy (t) = V' - v,(2) it follows that
ve(t) = 1.5V e TIRC oy oy

The waveforms for ¢, < t < t}, are shown in Figure 6.7(b).

At t = t}, the voltage v, decreases to Vr, and v (t,) = Hence, the gates
switch states again. That is, v, = V' and v,y = 0 at ¢ = tb, as shown in Figure
6.7(b), and the circuit during the time interval t,: <t < t, is shown in Figure 6.7(d).
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Figure 6.7 (continued.)

The time #}, — t, can be calculated using (6.6); that is,

+

ve(ty) = VT =V - 1.5Vte mtl/RC

or
t.—t,=RCIn 3 =1.09RC

Attt = t;' , the voltage across the capacitor remains at V /2. However, from
Figure 6.7(b) it is seen that vx(tg) = =Vr. In the interval t; <t < t, the capacitor
charges toward =V ¥, and v,(¢) is given by

v () ==V + 1.5V ETBIRC

In the relaxation oscillator the above process repeats itself; that is, as shown
in Figure 6.7(b), v.(¢) varies between V1 and =V, and v, (¢) varies between 1.5Vt
and -Vr.

From symmetry, the period and frequency are given by

1
T=2=2(ty - 1,) = 22RC (6.7)
While the inverters in Figure 6.6 were implemented in using CMOS NAND
gates, there are other ways of implementing inverters—for example, a CMOS NOR
gate with the two inputs connected together functions as an inverter.
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Example 6.2

Design the relaxation oscillator shown in Figure 6.6 to oscillate at 10 kHz.

Solution
Let C =1 nF, then from (6.7),

R = ! =45.4 kQ

2.2(10 x 10%)(10°%)

The internal operation of the gates used to build the oscillator in Figure 6.6
affects the waveforms associated with the circuit and, therefore, the oscillator
frequency. For example, CMOS NAND gates have protection diodes, which clamp
the input voltage between zero and V*. Hence, the switching action that makes
the voltage v, go negative or above V' is prevented by the protection diodes
of the first gate. A modification to the relaxation oscillator in Figure 6.6 that
improves the frequency stability is shown in Figure 6.8. The resistor R, lets the
voltage v, go negative and above V*, as described in Figure 6.7(b), by providing
the needed voltage drop for v, to be at the clamp values of the gate. The resistor
R, is usually designed to be 10 times larger than R;.

A modification that produces a relaxation oscillator with an asymmetrical
square wave is shown in Figure 6.9. The diode D makes C to be charged by R4
in parallel with Ry when v, = 0 and v,y = V¥, and to be charged by R, only
when Vo = V¥ and v,; = 0. Hence, the resistor R, affects the time interval when
Vo) = V.

~ ¥

Figure 6.8 A relaxation oscillator with improved frequency stability.

offd 0.

R f'f|‘\ | -

Figure 6.9 A relaxation oscillator that produces an asymmetrical square wave.
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A resistor R, could be added to the input of the first gate (as in Figure 6.8) to
improve the circuit performance. Also, the addition of a second diode in series
with Ry could be used to control the interval when v, = 0.

Gated operation of the previous relaxation oscillator is obtained by using an
electronic switch to turn the oscillator on and off. For CMOS NAND gates, the
switch can be implemented as shown in Figure 6.10(a), and for CMOS NOR gates
as shown in Figure 6.10(b). The circuit in Figure 6.10(a) is turned on by a logic
1 input at v,, and that in Figure 6.10(b) by a logic 0 at the input v,.

If BJT inverters are used (such as the 7404 inverters) instead of CMOS inverters,
the resulting waveforms would be different since the voltages at which the gates
switch are different. The transfer characteristic of a 7404 inverter is shown in
Figure 6.11. The high (H) and low (L) values of the input and output voltages are
indicated, as well as the listed input current.

~Y

L]

~Y

~Y

N"

Figure 6.10 Relaxation oscillator with gated operation.

Your

v,

OH

v, =3.8

oy

Vo =05

o 1, =0.1m4
W\ =20 pa

Figure 6.11 Characteristics of the 7404 inverter.
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When such inverters are used in the relaxation oscillator shown in Figure 6.6,
the period and frequency of oscillation of v, can be shown to be given by

=1 :T1+T2:RC<ln Vou+ Vi =Vor . Vin=2Von >

f Vin - Vor Vi, = Vou — I1L.R
(6.8)

where T4 is the time that v, is high at Vg, and T, is the time that is low at
Vor.

A check of (6.8) can be done by assuming that the inverters are CMOS gates.
Then, Vor =0, Vog = V", Vi = Vi = Vr, and Ij; = 0. Substituting into (6.8)
we obtain

T=—=RC(In3 +1In 3)=2.2RC

which is identical to (6.3).

A relaxation oscillator implemented with BJTs is shown in Figure 6.12. This
oscillator is also known as a BJT astable multivibrator. The resistors are selected
so that with no capacitors the BJTs are saturated (i.e., let Rg; < 8R¢q and Rpj <
BR ). The operation of the oscillator can be described as follows. If T1 and T2
are originally in the active region, any variation in icq or iy will drive one of the
transistors into saturation and the other into cut off. For example, if i1 increases
then vpgy decreases. This produces a decrease in i) and an increase in vcgy. The
increase in vcgy produces an increase in vggq and eventually T1 saturates and T2
is cut off. At this point the capacitor Cq charges through Rp;, and this causes vgg)
to increase towards approximately 0.7V, at which point T2 saturates and T1 is
cut off. With T2 saturated the capacitor C, charges through Rpq until T1 saturates
and T2 is cut off. The process repeat itself at a frequency determined by the values
of the base resistor and the capacitors.

In order to analyze the circuit in Figure 6.12 we begin by assuming that T1 is
saturated and T2 is cut off, as shown in Figure 6.13(a). For simplicity we assume

Figure 6.12 A BJT astable multivibrator.
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Figure 6.13 (a) Portion of the circuit showing T1 saturated and T2 in cut off, (b) portion showing T1 in
cut off and T2 saturated, and (c) the waveforms of the oscillator.

that when a transistor is saturated the base to emitter voltage is 0.7 and its collector
to emitter voltage is zero. In Figure 6.13(a), the time constant R ¢ Cy is such that
the capacitor charges fast to Voo — 0.7. Next, consider the time ' = 0 when the
transistors switch states [see Figure 6.13(c)]. That is, at ¢’ =0, T1 becomes cut off
and T2 is saturated. At ¢’ = 0 capacitor C is charged to Vo — 0.7. Figure 6.13(b)
shows the oscillator circuit at ' = 0" with the capacitor C, voltage at Ve = 0.7.
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At this time vpgg begins to rise toward 0.7 since C, charges towards —V ¢ with
a time constant of RgqC,. During this charging time T2 is saturated and vcg)
remains at OV, as shown in Figure 6.13(b). From Figure 6.13(b), the expression
for vggq is

vpeL = Voo = 2Vee = 0.7)e HRp G2 (6.9)

which shows that at time ¢' = 0 the voltage is vgg1 = Ve + 0.7 and at ¢' = o the
voltage isvgg1 = Voe. Att' = T/2 the process repeats itself with R gy C1 determining
the pulse width from #' = T/2 to t' = T. Figure 6.13(c) shows the waveforms
associated with the oscillator.

When ¢' = T/2, the voltage vggq rises to 0.7V. From (6.9)

0.7 = Ve = (2Vee = 0.7) e " T2Rp1 6

or

T Vee = 0.7
—:—R31C21n2VCC =R31C21n2

2 cc-07

where the approximation Ve > 0.7V was used. If Rgy = Rpy and Cy = Cy, the
frequency of oscillation is

_1_ 1
I =T 3R5Cyn 2

If Rgy # Rpy and Cq # C;, the frequency of oscillation is

1 1

= T = 3R Cy + RgaCy) In 2

Detail analysis of the waveshapes, which includes the effect of the cut-in voltage,
the finite saturation voltage, and the switching time of the transistors, can be
performed easily in SPICE. The actual results will be in close agreement with the
waveshapes shown in Figure 6.13(c).

6.2.3 The Ring Oscillator

An odd number of inverters will oscillate in the ring configuration shown in Figure
6.14. This configuration is best analyzed in terms of the time delay (or propagation
delay) that the signal experiences as it goes through the ring inverters. If the
propagation delay of the inverter is ¢,, then the frequency of oscillation is given

by

1
Zntp

fo

where 7 is the number of gates.
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Figure 6.14 Ring-oscillator configuration.

Manufacturers of inverters provide data regarding the propagation delay as a
function or the device load capacitance. For example, if » = 3 and the output
capacitance of the inverter has a nominal value of 10 pF producing a nominal
propagation delay of 20 ns, the frequency of oscillation is

1
f,=———— =8.33 MHz

2(3)20 x 10~

However, if such an oscillator is constructed in the laboratory, the resultant fre-
quency of oscillation can vary considerable from the predicted 8.33 MHz.

Since the frequency of oscillation is controlled by the propagation delay, it is
difficult to properly control it. Too many factors affect the propagation delay,
including the variation in output capacitance from unit to unit. To better control
the frequency of oscillation, external elements are added.

While the two-stage relaxation oscillator is a general-purpose square-wave
oscillator, it might not be suitable for many timing circuits, especially in high-speed
digital circuits. A better square-wave oscillator is shown in Figure 6.15. This type
of configuration is known as a ring of three.

The frequency of oscillation for the circuit in Figure 6.15 is given by

1
f= (6.10)
0.405R;
In the case that R, = 0, (6. 10) gives
_1.731
f= R¢{C

and with Rq{ = R, = R, it reduces to

Figure 6.15 Ring-of-three oscillator.
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0.6
=xe

The ring-of-three oscillator can also be gated, as shown in Figure 6.16, for a
NAND CMOS implementation. The logic gate control voltage is v . The oscillator
in Figure 6.16(a) has a normally low output, while the oscillator in Figure 6.16(b)
has a normally high output. The ring-of-three oscillator can also be constructed
with NOR gates.

6.3 Triangular-Wave Oscillators

In an RC circuit the capacitor waveform is exponential. However, if a capacitor
is charged from a constant current source the waveshape is linear (i.e., It/C). Hence,
a circuit that changes the direction of the charging current source in a periodical
manner can be used to generate a triangular-wave oscillator. Such a circuit can be
implemented using a Schmitt trigger (i.e., a comparator with hysteresis). Two
Schmitt trigger circuits are shown in Figure 6.17 with the associated characteristics.

The characteristics of the Schmitt trigger in Figure 6.17(a) are derived by
observing that v, can only be at either V or V., and the voltage at the positive
iput (v4) is

— 4, R,
*TY*R{+R, "R, +R,

v (6.11)

When v, = V', the required input voltage to change the output from V. to
V. is denoted by v; = V1. From (6.11), setting v4+ = 0, v, = V., and v; = V|,
gives

~Y

Hiiil

A J

~Y

Vi
C ~ R, R v,

Il

Figure 6.16 Gated ring-of-three with (a) normally low output and (b) normally high output.

(b)

i J
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(@)

re S
e v,

l

(b)

Figure 6.17 (a) A Schmitt trigger circuit and its characteristics and (b) a Schmitt trigger circuit
with a reference voltage and its characteristics.

R4

+
R, Vs

Vir=-
Vi is known as the lower threshold voltage of the Schmitt trigger.
When v, = V,, the required input voltage to change the output from V, to
V. is denoted by v; = Vyr. From (6.11), setting vy = 0, v, = V., and v; = Vyr,
gives

Ry. -
Vor=-g, Vs

Vyr is known as the upper threshold voltage of the Schmitt trigger.

If a reference voltage Vggr is applied to the negative input [as shown in Figure
6.17(b)], the resulting characteristics are shifted and V1 can be made positive.
For this circuit it follows that

Ry R4
Vir= &, AR VREF<1 + R_2>
and
R _ R
Vur = _R_; Ve + VREF<1 +R—i>

A triangular-wave oscillator using the Schmitt trigger in Figure 6.17(a) is shown
in Figure 6.18. The oscillator in Figure 6.18 can be analyzed as follows. Assume
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Figure 6.18 A triangular-wave oscillator and the circuit waveform.

that at £ = 0, v, is at the saturation value V" and v, = 0. Hence, the current into
the integrator is

and the output voltage for 0 < ¢ < ¢, is given by

Q=

t t
+
vlt) = - fldtZ—%J' v dt=—‘1£sct (6.12)
0 0

Equation (6.12) shows that the voltage decreases linearly. At ¢ = #,, the output
voltage reaches the lower threshold value V7. At t = ¢, v, changes from V' to
V, and the current into the integrator reverses direction. Its value is given by

I :VTS (6.13)

The current I, given by (6.13), has a negative value since V; is negative.
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The output voltage for ¢, <t < #p is

volt) = vo(ty) = (£ = 1,) (6.14)

Hence, the voltage increases linearly from its value of Virat# =1¢,. At ¢ =, we
have v,(tp) = Vyr, and from (6.14),

v
Vur = VLT—ﬁ(tb —t,)

or
(Vir = Vur)RC _ )Ry
tp =ty = =2--RC 6.15
b a VS_ R2 ( )
For t, < t < t,, the current into the integrator is I = V, /R; therefore, v, (¢) is
given by
I
vo(t) = vo(ty) = (= 1) (6.16)
_ 1A
=Vur-get—t)

which represents the linearly decreasing voltage for t, < ¢ < t,.
From symmetry, ¢, — £, = t} — t,; therefore, the frequency of oscillation is

1 1 R,

=T =34, =1.) " 3R,RC

(6.17)

Since v, changes from V| to V, the slew rate of the comparator op amp
limits the maximum frequency of oscillation. Also, Vyr and Vi1 depend on V"
to Vi, which cannot be controlled exactly.

The output waveform of the oscillator in Figure 6.18(a) can be displaced with
respect to ground using a reference voltage in the comparator, as shown in Figure
6.17(b). Appropriate values of Vggp can make Vi1 > 0, producing the triangular
waveform shown in Figure 6.19.

An oscillator that produces a triangular waveform with Vy1 = 0 is shown in
Figure 6.20(a). The comparator uses a diode in series with R, such that when v,
goes to V, the diode conducts and the resulting v, decreases linearly. When v,
goes to V', D is off and therefore V;7 = 0. The comparator characteristics are
shown in Figure 6.20(b), and the output waveform of the oscillator in Figure
6.20(c).
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Figure 6.19 Triangular waveform displaced above ground.

~ ¥

I
5
~Y

(b) (©

Figure 6.20 (a) A triangular wave oscillator (with V;7 =0), (b) the comparator characteristics, and
(c) the oscillator waveform.

If the integrator circuit in Figure 6.18 is replaced by the integrator circuit
shown in Figure 6.21(a), the resulting waveform is shown in Figure 6.21(b) where
Ty # T, . For this circuit, D1 conducts (ideally) when v, > 0, charging the capacitor
through Rq1. When v, < 0, D2 conducts and the capacitor gets charged through
R1;. Hence, the resulting waveform (with Rq1 # R1,) exhibit different T; and T>,
where T=T1 +T;.

A circuit that can be used to control the values of Vyrand Vyrin a triangular-
wave oscillator is shown in Figure 6.22(a), and the resulting waveforms in Figure
6.22(b). The resistor R4 is used to provide the appropriate current to the Zener
diodes. When the comparator saturates, the resulting values of v, are v, =V, + 0.7
and v, = -V, — 0.7. Hence, the upper and lower threshold values in this oscillator
are given by

R
VUT=R—;(VZ +0.7) (6.18)
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Figure 6.21 (a) An integrator circuit for the generation of an asymmetrical triangular wave and
(b) the output waveform.

and
R
Vir=-=2(Vz +0.7) (6.19)
R;

The analysis of the oscillator in Figure 6.22(a) is similar to that in Figure
6.18(a). Let us begin the analysis at ¢t = #, when v, is at the saturation value
vy ==V, = 0.7 and v, = V7. Then, the current into the integrator is

-V, -0.7
= R
and the output voltage for ¢, < ¢ < ¢} is given by (6.14) with V1 given by (6.19)
and V; replaced by -V, - 0.7.

At t = ¢}, the voltage reaches the upper threshold value V7. At this time, v,
changes from v, = -V, = 0.7 to v, = V, + 0.7, and the current into the integrator
reverses direction. Its value is given by

V. +0.7

! R

Hence, the output voltage for ), < ¢ < ¢, is given by (6.16) with VT given by
(6.18) and V" replaced by V, + 0.7.
The frequency of oscillation is given by (6.17), namely,
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Figure 6.22 (a) A triangular-wave oscillator using Zener diodes to control Vyr and V;7 and
(b) the oscillator waveforms.

__ R
f=3R,RC (6.20)
In the design of the triangular-wave oscillator in Figure 6.22, it is common to
make Rq and R variable resistors. Also, the peak of the triangular waveform must
be larger than the output offset voltage of the operational amplifier.

Example 6.3

The triangular waveform oscillator in Figure 6.22 is designed with R; = R, =
10 kQ, R = 5 kQ, and C = 0.1 uF. The Zener diodes are 1N4734 diodes, with
V,=5.6V. Two 741 op amps are used. Calculate the frequency of oscillation and
show the resulting waveform.
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Solution
Using (6.20), the frequency of oscillation is

3
f= 10 %10 = 500 Hz

T 4(10 x 10%)(5 x 10°)(0.1 x 1076)

The simulation of the oscillator and the resulting output waveform are shown
Figure 6.23.

A sawtooth waveform can be obtained with the oscillator in Figure 6.22 by
making the time ¢, — ¢, smaller than #;, — t,. Also, removing one of the Zener

AT41
¥
™M MV o
DIN4734A
D2 ?0
DIN4T34A L
]
R4
. 1
8.0V
ov
- \/ \/ \/ \/ \
8.0V
90ms 91 ms 92 ms 93 ms 94 ms 95 ms 96 ms 97 ms 98 ms 99 ms 100 ms

V(V_0)

Time

Figure 6.23 PSPICE simulation of the oscillator in Example 6.3.
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diodes, as shown in Figure 6.24, produces a sawtooth waveform with v, changing
between -0.7V and V,, and v, changing between

R

1
r, 07 (6.21)

Vur =

and

R4

R, Vz

Vir=-

For this oscillator the time intervals are given by

(Vyr = Vi) RC
0.7

ty -1, = (6.22)

and

(Vur = Vi) RC

Ie=—1p =

(6.23)

Figure 6.24 A sawtooth generator.
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where
R
Vur = Vir =2 (Vz +0.7)
2
Hence, the period is given by

R 1 1
T:tc—ta:R—;RC(VZ+O.7)<W+V—Z) (6.24)

Example 6.4

The sawtooth oscillator in Figure 6.24 is to be designed with a period of 15 ms
and a rise time of 14 ms.

Solution
With T =15 ms and ¢, — ¢, = 14 ms, then ¢, — #;, = 1 ms. From (6.22) and (6.23)
we have

ty—t, _ 14(107)
te=ty  1(107)

Ve
T 0.7

Hence, the required Zener voltage is V, = 9.8V.

From (6.21), with Ry = R; (say, 10 kQ) it follows that Vyr = 0.7V and
Vi =-9.8V.

Finally, from (6.24)

3, 1
15(10 ) = RC(9.8 + 0.7) (0.7 93

1, —) 0 RC=0.933 x 1073

This relation can be satisfied with C = 50 nF and R = 18.67 k(). The output voltage
for this oscillator is shown in Figure 6.25, as well as the voltage v,.

A more sophisticated triangular-wave oscillator is shown in Figure 6.26. The
first op amp operates as a comparator. A 311 comparator can be used. The 311
has an open-collector output that changes from V' to ground (as suggested by the
simplified diagram of the comparator in Figure 6.26. The second op amp circuit
is an integrator. The MOSFET switch has a threshold value such that it closes
when v, = V¥, and opens when v, = 0. The voltage Vjy is a dc voltage generated
from V¥ (i.e., Vin < V'), which will determine the oscillation frequency.

When v, = V¥, the switch closes and, using superposition, the voltage v at
the comparator (denoted by v4(1)) is

(3
v =2 g |

2 R

2.+
§V
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Figure 6.25 Sawtooth signal for the design in Example 6.4.

With the switch closed, the capacitor charges and the voltage v, increases linearly
until it reaches 2V /3. When v, reaches 2V /3, the output of the comparator
changes to v, = 0 and the switch opens. With v, = 0, the v4(1)) becomes

+(Ra
(3 v
1/+(1):RA—:T

2 R
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Figure 6.26 A triangular wave generator.

When the switch opens the output voltage decreases linearly from 2V /3 to
V /3. Hence, the output voltage changes between V /3 to 2V ¥/3 as v, switches
between 0 and V™.

The equivalent integrator circuit with the switch closed is shown in Figure
6.27(a). The voltage v4 of the integrator (denoted by v4()) is

v = YINRE _ Vin
+(2)_RB+RB_ 2

That is, the integrator has a reference voltage of VN/2 at its positive input. This
is necessary for the switch to operate properly (i.e., v-2)) = v+2)) = Vin/2).
At the v_(3) node we can write

Vi Vo Vi
N2 2 dv
Ry Ry - dt
or
t
1 LAY
vo(t) = vo(ta) +mj Vindt =5+ g el ta) (6.25)
tﬂ
where
2RiR;.
Req = R, -R, (6.26)

The output voltage for t, < ¢t < ¢, as described by (6.25), is shown in
Figure 6.27(c).
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V,+0.7 2
& )Rl +R,
R
~(V, +0.7)—=2
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Figure 6.27 (a) Integrator circuit with the switch closed (i.e., with v, = V™), (b) integrator circuit
with the switch open (i.e., with v, = 0), and (c) the output waveform and vy.

The equivalent integrator circuit with the switch open is shown in
Figure 6.27(b), and at the v_5) node of the integrator we write

Vin

VINTTS vy
Ry - dt
or
t
1 2V v
volt) = volth) = 5 [ Vivdi= -l -n) (627)



378

Nonsinusoidal Oscillators

The plot of (6.27) for ¢}, < t < ¢, is shown in Figure 6.27(c). When v, reaches V ¥/3,
the output of the comparator changes to v, = V' and the process repeats.
Observe that (6.25) and (6.27) show that if R,y = 2Ry (i.e., when Ry = 2R3)
the circuit provides the same current to the capacitor whether the switch is closed
or open.
From Figure 6.27(c), at ¢ = t, the output voltage is V /3, and at ¢ = ¢, it is
2V */3. Hence, from (6.25) it follows that

2. VP VN,
Uo(tb) - 3 V 3 + CReq (tb ta)
or
V+
- = eq ¥
tp —t,=C 3 Vin

From symmetry (i.e., with Ry = 2R,) it follows that

Ry V7

t,—tp,=C

Hence,

1 1 1 3Vin
=== = = 6.28
f T t.—t; 2ty —t,) ZCRqu+ ( )

Equation (6.28) shows that the frequency of oscillation is a linear function of
ViN. Furthermore, this oscillator can be used as a VCO if Vjy is replaced by a
modulating signal v, (z).

Example 6.5

The triangular wave oscillator in Figure 6.26 is constructed with: R4 = 50 kQ),
Rp =25 kQ, Ry = 50 kQ, Ry = 25 kQ (i.e., Ry = 2R;), and C = 0.01 «F.

(a) Determine the frequency of oscillation.

(b) Determine Vpy for an oscillation frequency of 500 Hz.

Solution
(a) From (6.26),

_2(50 x 10%)25 x 10°

= =100 kQ
“ 50 x10° - 25 x 103

From (6.28), with C = 0.01 uF, we obtain
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_ 3Vin 1,500V
f= -6 3y, + +
2(0.01 x 10 ®)100 x 10°V Vv

(6.29)

Hence, for 0 < Vi < V' the frequency range of the oscillator is 0 < f< 1,500 Hz.
(b) From (6.29), for a 500-Hz triangular wave we obtain

+

v
VIN:T

A resistive divider from V* can be designed to satisfy this relation.

Another triangular wave generator that can be used as a VCO is shown in
Figure 6.28(a). The first op amp circuit operates as a Schmitt trigger. The CMOS
operates as a single-pole double-throw switch. The v,, and —v,, signals control the
switch. The second op amp operates as a unity gain buffer stage, and the third op
amp circuit is an integrator.

When v, = Vz + 0.7, T1 is off and T2 is on. Hence, —v,, is applied to the
integrator producing a linearly increasing output waveform [i.e., v, (¢) = v,(¢) +
V;m/RC]. When the comparator output changes to v, = -Vz = 0.7, T'1 is on and
T2 is off, resulting in v,,, being applied to the integrator and the output waveform
decreasing linearly [or v, (¢) = v, (tp) — v, /RC]. Hence, it follows that the frequency
of oscillation is given by

f_Rl +Ry vy
T 4R,CR (V7 +0.7)

The oscillator waveform is shown in Figure 6.28(b).

6.4 Sawtooth Oscillators

A sawtooth oscillator is shown in Figure 6.24. There are other ways of generating
a sawtooth wave. An integrator produces a ramp waveform. Hence, an integrator
that is electronically controlled to discharge its capacitor (i.e., to place a switch
across the capacitor) can be used to produce a sawtooth wave. One such circuit
is shown in Figure 6.29(a).

With v, = Vg, the input voltage Vy to the integrator in Figure 6.29(a) produces
an output voltage of the form

t
_ 1 _Vin
vo(t) = RC f Vin dt = ﬁt (6.30)
0
The resulting ramp waveform is shown in Figure 6.29(b).
When v, reaches Vggp, the comparator output v, changes from V; to V;.

When v, = V', D is forward biased and the BJT conducts (i.e., saturates). The
resistor Rpp is needed to limit the base current of the BJT. The BJT acts like a
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Figure 6.28 (a) A triangular VCO, where the frequency of oscillation is a linear function of the
modulating voltage v,; and (b) the circuit waveforms.

switch, discharging the capacitor and making v, go to zero and v, = V. Then,
the cycle repeats itself, as shown in Figure 6.29(b).
The frequency of oscillation is approximately given by (6.30) with v,(T) =

VREE- That 1s,
f= 1/ Vin
" RC VREF

6.5 Oscillators Using the 555 Timer

This versatile IC is used extensively in a variety of square-waves oscillators and
pulse-generator applications. The 8-pin DIP schematic and block diagram of the
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Figure 6.29 (a) A sawtooth oscillator and (b) the oscillator waveforms.

555 timer are shown in Figure 6.30. It consists of two comparators that control
the output of a flip-flop. The flip-flop output is coupled to the output pin (pin 3)
through an output driver stage (not shown). Also, the flip-flop output controls the
on and off state of transistor T. The transistor is also referred to as the discharge
transistor since it acts as a switch and controls the charging or discharging of an
external capacitor that is connected from pin 7 to ground. The three internal
resistors (usually R = 5§ kQ) produce a voltage divider that sets the positive input
terminal of comparator I at V /3, and the negative input terminal of comparator
I at 2V */3. These reference voltages determine the operation of the comparators.
An overall view of the pins operation is as follows:

Pin 1 (Ground): The ground pin.

Pin 2 (Trigger): When the input voltage at pin 2 falls below V */3, the output
of comparator I changes state (goes from low to high), causing the flip-flop
to set (S = 1) and the O output of the flip-flop to go high. This will produce
a high at the output pin 3.

Pin 3 (Output): The output is normally low, and goes high when the trigger
signal drops bellow V /3. The output driver (or power) stage can source or
sink a maximum current of 200 mA.
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Figure 6.30 (a) Eight-pin DIP schematic of the 555 timer and (b) block diagram of the 555 timer.

+ Pin 4 (Reset): The timer can be triggered only when the reset pin voltage is
above 1V. If pin 4 is grounded, the trigger cycle will be interrupted. Under
normal operation pin 4 is usually connected to V™.,

+ Pin 5 (Control Voltage): An external voltage connected to pin 5 can be used
to change the comparators reference voltage. Under normal operation, the
2V /3 reference voltage is used and pin 5 is left open, or a capacitor of
0.01 wF is connected from pin 5 to ground to filter any noise that can cause
false triggering.

- Pin 6 (Threshold): When the input voltage at pin 6 is greater than 2V /3,
the output of comparator II changes state (goes from low to high). The flip-
flop is reset (i.e., R = 1) causing Q to go low, and the voltage at the output
pin 3 goes low. Since O = 1, the transistor T is on, connecting pin 7 to
ground.

+ Pin 7 (Discharge): The discharge pin is connected to the collector of transistor
T. The transistor is off when O =1 (i.e., output is high) and O = 0, and
the transistor is on when Q = 0 (i.e., output is low) and O = 1. This pin is
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normally used to control the charging or discharging of a capacitor, which
is connected between pin 7 and ground.

Pin 8 (Supply Voltage): The supply voltage can range from about 4.5V to
18V. The 555 was originally designed for 5V operation to be compatible
with TTL devices.

The way that the 555 generates a pulse can be described by assuming a quiescent
state where the threshold voltage at pin 6 is low (i.e., approximately 0V) and the
trigger signal at pin 2 is high (i.e., at V). Thus, the output of comparator I is low
(i.e., = 0V), making S =0, Q =0, and O =1 (i.e., high). The high at O saturates
transistor T1 (i.e., turns-on T1), causing pin 7 to be connected to the ground pin
1. Also, with a low at Q the output pin 3 is low (i.e., = 0V). A negative trigger
signal at pin 2, lower than V /3, will produce a high at the output of comparator
I, making S =1, O =1 and O = 0. Hence, the output pin 3 will go high, the
transistor T is off, and pin 7 is open.

The flip-flop is reset when the threshold voltage (i.e., the voltage at pin 6)
exceeds 2V */3 (so that R = 1) and the trigger pulse is not present (i.e., the voltage
at pin 2 greater than V /3 so that § = 0). Then, the O output goes low, O = 1,
and the transistor T1 saturates, causing pin 7 to be connected to ground.

In some 555 timers, when operated with V * = 5V the low state has a maximum
value of 0.25V, and the high state has a typical value of 3.3V with a guaranteed
maximum value of 2.75V.

A Pulse Generator

The 555 timer connected as a pulse generator is shown in Figure 6.31(a). This
circuit is used to provide a timing pulse (i.e., a one shot) whose duration is controlled
by the external capacitor C.

Referring to Figures 6.31(a) and 6.30(b), it follows that with the trigger pin
at V7, the O output of the internal flip-flop is low and, therefore, the output at
pin 3 is low (i.e., v, = 0). The internal transistor T is saturated since O =1 (i.e.,
T1 is on). Hence, the external capacitor C is shorted to ground because pin 7 is
shorted to pin 1. When a negative trigger pulse is applied to pin 2, [as shown in
Figure 6.31(a)], the output of the internal comparator I goes high, so S = 1,
QO =1 and the output voltage at pin 3 goes high. The transistor goes off, thus
removing the short across C. The voltage across C [i.e., v¢(¢)] rises exponentially
towards V¥, according to

ve(t) = V(1 - e 7/RC) (6.31)

where the charging time constant is controlled by the external RC components.

The capacitor is also connected to pin 6. Hence, when the voltage v¢(¢) reaches
2V "3, comparator II will reset the flip-flop, and the transistor will turn on,
grounding pin 7. Hence, the capacitor will quickly discharge through the transistor,
and the output will go low.

The waveforms generated by the trigger signal are shown in Figure 6.31(a).
The voltage v, is high during the time interval that it takes for v4(#) to reach
2V */3. This interval, denoted by ,, can be calculated from (6.31) as follows:



384 Nonsinusoidal Oscillators

le¥
V+
V+
| I é *] V+
no [F 4 R 3 >
2| ; >
(Trigger) —| t
555 ¥ s V1=V A )
N ~C 2 e toV
o o—13 5I/
(Qutpurt) 1

~V

~Y

(@)

100
o &
10 AR AR AT
SN ~N) S N N
kr,
X
E 01
©
0.01
0.001 = -
10° 10* 107 0.01 0.1 1 10 100
t. (sec)
(b)

Figure 6.31 (a) A monostable multivibrator using the 555 timer and (b) values of R and C for a
given pulse width ty.

which gives
t. = 1.1RC (6.32)

The relation (6.32) is plotted in Figure 6.31(b) to show the various combinations
of R and C that produces a given pulse width #,.

The triggering of the 555 occurs when the input trigger pulse falls below V /3.
For proper operation the trigger signal voltage level should not remain below V */3
for a time longer than ¢,. Typical triggering signals are usually those associated
with the high-to-low output transition of various digital circuits. Hence, certain
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periodic transitions can be used to trigger the 555, resulting in pulses whose width
is controlled by the time ¢,.

A Square-Wave Oscillator

The 555 timer connected as a square-wave oscillator is shown in Figure 6.32. In
Figure 6.32(a) the capacitor is connected to pins 2 and 6. The capacitor charges
towards V' through R4 and Rp. When the capacitor voltage (i.e., pin 6 voltage)
reaches 2V /3, comparator II resets the flip-flop, the transistor T turns-on shorting
pin 7 to pin 1 (ground), and the capacitor discharges towards OV through Rp.
However, when the capacitor voltage drops to V /3, the decaying voltage at pin
2 will set the internal flip flop (i.e., O = 1 and O = 0), making the transistor T
turn off. Hence, the capacitor begins to charge again towards V*. In summary,

+ vu
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T L. b,
8 4 4 s
7 ~V"-14
R
555 B 7
6 Ve
Vo o—13 ) 5 i A
Output 5 1 C =V 7
AL 3 AA// ’
L.
3
= >
— ¢

100 \
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N
Y«

C (in uF)
pay

N

N\

N N\

NN
0.01 - \\ \\\\\
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0.1 1 10 100 1k 10k 1004
1 (in Hz)
(b)

Figure 6.32 (a) A square-wave oscillator using the 555 timer and (b) a design monograph for the
oscillator.



386

Nonsinusoidal Oscillators

the capacitor charges and discharges between V /3 and 2V */3, as shown in Figure
6.32(a).
The charge of the capacitor from an initial value of V%3 towards V7 is

described by

ooyt
U6(t)=?+ 3

(1 - Ra*RBC) 0 <r <y (6.33)

Hence, the time that the output pulse is high (¢5) is obtained from (6.33) by setting
ve(ty) = 2V 773, namely,

ty = 0.693(R4 + Rp)C (6.34)

Similarly, the discharge time of the capacitor from an initial value of 2V /3
towards O is described by

2V,
UG(t):—g e REC 0 < pcyy (6.35)

Hence, the time that the output pulse is low (¢] ), is obtained from (6.35) by setting
ve(ty +tr) = V'/3. Thus, we obtain

t; = 0.693R5C (6.36)
The frequency of the square wave is

1 1 1.44
f_T_tH+tL_(RA+2RB)C (6.37)

In general, the 555 timer can oscillate at frequencies up to 500 kHz. Some
versions of the 555 using CMOS technology can oscillate at frequencies up to
2 MHz. A monograph for (6.37) is shown in Figure 6.32(b).

The duty cycle D can be defined as the ratio of the time where the output is
high (¢y) to the total cycle time, or

_tg_ Rp+Rp

D‘T‘RA+2RB

(6.38)

Sometimes the duty cycle is defined as the ratio of ¢; to T.

Example 6.6

Design the square-wave oscillator in Figure 6.32 to oscillate at a frequency of
10 kHz with a duty cycle of 70%, and an output voltage of 5V.
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Solution
From (6.38), the duty cycle is given by
_tH _ Ry+Rp _
D = T "Ro+2Rp 0.7 (6.39)
Hence, T = 1/f =100 us, tiy = 70 us, and #; = 30 ws.
From (6.37), selecting C = 0.01 uF, it follows that
1.44 1.44
Ry+2Rp=—nt = —_=14.4 kQ (6.40)
ATEEETC T (10 x 10%)(0.01 x 107)
The simultaneous solution of (6.39) and (6.40) gives R4 = 5.79 kQ) and Rp =
4.34 kQ.

Observe that (6.38) shows that a symmetrical square wave (i.e., D = 50%) can
be approximated by making Rp much larger than R4. An oscillator that better
approximates a symmetrical square wave (D = 50%) is shown in Figure 6.33. In
this oscillator the capacitor charges through R4 and the diode, and discharges
through Rp. Hence, the period of oscillation is given approximately given by

T =0.693(R4 + Rp)C
If R4 = Rp the duty cycle is 50%.
6.6 ICs Function Generators

Some monolithic ICs capable of producing sine, square, triangle, sawtooth, and
pulse waveforms are the Exar XR-2206, the Intersil ICL8038, the Maxim MAX038,
and the NTE864.

The block diagram of the XR-2206 is shown in Figure 6.34(a), and the pin
configuration in Figure 6.34(b). The XR-2206 consists of a VCO, an analog

vu 0—3

5 1

I

Figure 6.33 A pulse oscillator with D = 50% when R4 = Rj.
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PIN DESCRIPTION
Pin # Symbol Type | Description
1 AMSI | Amplitude Modulating Signal Input.
2 STO (o] Sine or Triangle Wave Output.
3 MO (o] Multiplier Output,
4 Ver Positive Power Supply.
5 TC1 1 Timing Capacitor Input.
1 TC2 I Timing Capacitor Input.
7 TR1 (o] Timing Resistor 1 Qutput.
8 TR2 o] Timing Resistor 2 Qutput.
9 FSKI | Frequency Shift Keying Input.
10 BIAS (8] Internal Voltage Reference.
i SYNCO Q Sync Output. This output is a open collector and needs a pull up resistor to V.
12 GND Ground pin.
13 WAVEA1L | Wave Form Adjust Input 1.
14 WAVEAZ | Wave Form Adjust Input 2.
15 SYMAT | Wave Symetry Adjust 1.
16 SYMAZ | Wave Symetry Adjust 2,
AMSI SYMA2
STO SYMA1
MO WAVEA2
Vece WAVEA1
TC1 GND
TC2 SYNCO
TR1 BIAS
TR2 FSKI

(b)

Figure 6.34 (a) Block diagram of the XR-2206 and (b) the pin configuration. (From: O Exar Corpora-
tion. Reproduced with the express authorization of Exar Corporation.)

multiplier with a sine wave shaper, a unity gain amplifier and a set of current
switches. The output frequency of the VCO is proportional to its input current.
The input current is controlled by the resistors connected between the timing pins
7 and 8 and ground. The FSKI input (pin 9) is the control pin for FSK signal
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modulation. The logic signal at pin 9 selects the timing resistor used. If pin 9 is
open or high (22V) the resistor at pin 7 is used, and if pin 9 is low (£1V) the
resistor at pin 8 is used. The two timing resistors can produce two different output

frequencies.

A circuit for generating sine, triangular, and square waves is shown in Figure
6.35. The frequency of oscillation depends of the external timing capacitor C
connected across pins 5 and 6, and the timing resistor connected to pin 7, where

R = R, + Ry. It is given by

1

fo=zc (6.41)

The frequency of oscillation can be varied from about 0.01 Hz to 1 MHz.

The XR-2206 can be operated with a split power supply by replacing the
ground connection with V. Also, the harmonic content of the sinusoidal output
can be reduced by using Ry to adjust the shape and Ry to adjust the symmetry.
The resistor Ry is used when minimum distortion is desired.

The dc level at the output pin 2 is approximately the same as the dc bias at
pin 3. In Figure 6.35, pin 3 is biased at V¢/2 to provide a dc level at pin 2 of

Veel2.

Example 6.7

Design the circuit in Figure 6.35 to produce a sinusoidal, triangle, and square

waves in the 100-Hz to 100-kHz

frequency range.

Vee
Ve L
I 1uF
5.1kQ 5040 =
l 3 oo 25kQ)
R,
5.1kQ é 10 uF 5 15 I T
i 1 = S S closed for sine-wave output
— 6 14 T R S open for triangular-wave output
R=R +R % q
=4y, 5 2000
. o—9 13
Rh Ru
7
Ij m 8 2 —— o Sine-wave or Triangular-wave output
10
1uF I 1 12 11 Square-wave output
L J J 104Q
- V.

cc

Figure 6.35 Circuit for sine, triangular, and square waves generation using the XR-2206.
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Solution
Letting C = 10 nF, it follows from (6.41) that the minimum and maximum values
of R are:

1 1
R = = =1kQ
M fomax)C (100 x 10%)(10 x 107%)

and

1 1
Ry = = =1 MQ
T fomin € (100)(10 x 1077)

This range of resistances can be implemented in Figure 6.35 with R, = 1 kQ and
a variable potentiometer for Ry, of 1 MQ.

A circuit for pulse and sawtooth waveforms is shown in Figure 6.36. Observe
that the FSK control pin 9 is connected to the square-wave output. Hence, the
frequency shifts between two separate values as the square wave changes from low
to high and from high to low. The pulse width can be adjusted from 1% to 99%
by the timing resistors R and R;. In fact, the frequency of oscillation is given by

_ 2
fo= R+ Ry)C

and the duty cycle by

o ﬁ1 F
I H
5.1kQ2 5040 , —
3 16—
.
5.1kQI IloﬂF ‘ ] I
= < CL6 14— o
9 13——=°
R
A 7 5 . Sawtooth-wave output
R, g /\/\
= 10
\uF T . 12 11 Square-wzi/e outﬂjt
= 10kQ2 J L’ ‘7
\tH\
-7 V.

cc

Figure 6.36 Circuit for pulse and sawtooth waves generation using the XR-2206.
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_thH_ Ry
D_T_R1+R2

The block diagram of the ICL8038 is shown in Figure 6.37(a), and the pin
configuration in Figure 6.37(b). This IC consists of two comparators, a flip-flop,
buffer amplifiers, a sine converter, and two current sources. The current source I
is shown as being twice the value of I1. An external timing capacitor C is connected
to pin 10. This capacitor is charged and discharged by the current sources. The
source I, switches on and off by the flip-flop, and I is always on.

The capacitor charges through I; when I, is off, and its voltage rises linearly
as a function of time. When the capacitor voltage reaches 2V */3 the flip-flop closes
the switch and I, connects to the capacitor. Hence, the capacitor discharges with
a net current of I, — I, and its voltage decreases linearly with time. When the

Vs
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I, | AN "~ TOP VIEW
TR U
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= 10k < 4ok < 1k
I * = nn <
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10 1" 12 2 Ny
Joe Sax Rsing
T 33000F =+ .

©

Figure 6.37 (a) Block diagram of the ICL8038, (b) the pin configuration, and (c) circuit for generating sine,
triangular and square waves using the ICL8038. (From: 0 2001 Intersil Americas Inc. Reproduced
with permission.)



392

Nonsinusoidal Oscillators

capacitor voltage reaches V /3, the flip-flop opens the switch, charging the capacitor
through I and the cycle is repeated.

A circuit diagram for the ICL8038 is shown in Figure 6.37(c), as well as the
output waveforms for a duty cycle of 50%. The resistor R 4 controls the current
I ; therefore, it controls the rising part of the output signal. The resistor R g together
with R4 controls the falling portion of the output signal. In Figure 6.37(c) the
rising time of the triangular wave is given by

+
(5) _ryo
— _RA
e X T (6.42)
O.ZZH
and the falling portion by
+
(5) RaRaC
— _ ARB
2= v v+ 0.6622R4 - Rp) (6:43)
2(0.22) 5— - 0.22 5—
Rp Ry

Equations (6.42) and (6.43) show that if R4 = Rp then I, = 21 and ¢ = £, or
the duty cycle is 50%. The frequency of oscillation in this case is given by

1 033

fo= fv " RaC (644

If R4 # Rp it follows that I # 21 and the frequency oscillation is given by
1

fo=R.c . R
O.66< 2RA - Rp

Best performances are obtained if the charging currents are between 10 A to
1 mA. The device can be operated with dual supply voltages between £5V to £15V.
Also, a single supply voltage of 10V to 30V can be used. Pins 7 and 8 are used to
obtain an FM signal.

Example 6.8
Determine the frequency of oscillation in the circuit shown in Figure 6.37c.

Solution
Since R4 = Rg = 10 kQ, it follows from (6.42) that

f, = : 0.33 — =10 kHz
(10 x 10%)(3,300 x 10712
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6.7 UJTs and PUTs

The operation of the unijunction transistor (UJT) and the programmable unijunc-
tion transistor (PUT) is quite similar. Because of the programmable feature of the
PUTs, they have replaced the UJTs. However, for a better understanding of the
PUTs, the construction and operation of the UJT is first discussed.

The UJT construction, symbols, and characteristics are shown in Figure 6.38.
The UJT has three terminals, called the emitter, base 1, and base 2 terminals. The
name of the device denotes that there is only one pn junction. That is, the junction
between the highly doped p-type emitter and the lightly doped bar of #n-type
material. The arrow in the symbol points in the direction of the current flow. The
pn junction is closer to the base-2 contact than to the base-1 contact. In Figure
6.38(c), the vy — ig characteristics of the UJT are shown for a constant value of
the interbase voltage vpp, denoted by vgg = Vpp.

The operation of the UJT can be explained using the equivalent circuit shown
in Figure 6.39. The bar of n-type silicon has a high resistivity, and its total resistance
is

BB =7B1 T ¥B2

v, 4 Negative
i A resistance
Cutoff ; region . saturation
region region
Vp \/
.
' >
Il;'() [p I‘ 1/,-
Vir = Vg
(Base 1)
(@ (b) ©

Figure 6.38 (a) UJT construction, (b) UJT symbol, and (c) UJT characteristics.

Figure 6.39 An equivalent circuit for the UJT.
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The emitter contact determines the voltage division between rg; and rg;. The
resistor rp1 is shown as a variable resistor to indicate its variable nature. The
voltage across rp1 is given by 1 Vpg, where

__ Bl
rB1 T ¥B2

The parameter 7 is called the intrinsic standoff ratio. Typical values of 7 are
between 0.5 to 0.9, and values of rgg range from 5 to 10 kQ. If vg is less than
1nVgg, the pn junction is reversed biased, and the diode D that represents the
junction is open. Then, only a small reverse bias current I flows in the emitter
[see Figure 6.38(c)]. The pn junction remains reverse biased (i.e., the diode is open)
until vg = 0.7 + nVpp. At this value of vg the diode becomes forward biased.
When the diode starts to conduct, the device enters a negative-resistance region in
which the voltage vg decreases as ig increases. The explanation of this effect is
complex. A simple description of this effect is to observe that when the UJT begins
to conduct, the holes injected from the emitter into the region between the emitter
and base 1 behave like minority carriers in this region. Thus, the conductivity in
this region decreases because it depends on the total number of carriers. This
decrease in conductivity produces a decrease in 71 as the current ig increases. A
variable resistor 71 is used in Figure 6.39 to show the variable nature of the
conductivity between the emitter and base 1. The value of v at which the negative-
resistance region begins is called the peak-point voltage V. At this point, v is
given by

VE = Vp =0.7+ nVpp (6.45)

The peak-point current I, is the emitter current when vg = V,,.

The negative-resistance region extends until the valley point is reached, where
the voltage and current are defined by V,, and I,, respectively. Beyond the valley
point the UJT behaves like a forward-biased diode and further increases in vg
produces an increase in ig. In this region, called the saturation region, rgq is fairly
constant.

Figure 6.40 shows the effect of Vp on the characteristics of the UJT. The
voltage Vpp affects the value of V), since, according to (6.45), if Vpp is increased
the voltage vg must also be increased in order for the UJT to enter the negative-
resistance region.

Figure 6.40 Effect of Vg on the UJT characteristics.
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The UJT can be used in a variety of applications, such as a voltage-controlled
switch, in pulse generator circuits, in timing circuits, etc. The UJT used in an
oscillator circuit is shown in Figure 6.41. This oscillator circuit is known as a UJT
relaxation oscillator. The operation of this circuit is as follows. When the switch
S is closed, the UJT is off and the voltage Vi charges the capacitor C, with a
charging time constant of 7. = R, C,. Thus, v, is given by

v, =V, (1 _ e—t/RxCx)

When v, reaches the value V), the UJT turns on and the capacitor discharges very
fast through Rq. The discharging time constant 7, is

74 = (R +7rg1)Cy

The capacitor discharges until the voltage v, decreases to a value that reduces the
emitter current below I, (i.e., v, = V,). At this point, the UJT opens and the
capacitor begins to charge again.

When the UJT is off, since R;, < rp, then Vgg = V1, and the peak-point voltage
is given by (6.45) with Vgg = V.

The oscillator waveforms are shown in Figure 6.41. The resulting pulses in
vR, can be used for timing purposes.

At the time that the UJT turns on, the voltage across Ry is V1 = V,,. The resistor
R, must be able to supply an emitter current greater or equal to I, to guarantee
that the UJT will turn on. Hence, the maximum value of R, is bounded by

V‘l - Vp
Rx,max < I— (6-46)
14

Also, if R, is very small, the emitter current will always exceed Iy and the UJT
will not turn off. Thus, the minimum value of R, is

T &
VV v 4~
/ 7
/
/ m
Vi, A ‘1, =(R, +1,)C,

S

- VIRI ~ 0
Ty + R,

Figure 6.41 A UJT relaxation oscillator.
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Vi-V
R min > =7 (6:47)
v

The UJT operates between I, and Iy with the proper selection of R,.
From Figure 6.41 it is seen that the frequency of oscillation of the UJT relaxation
oscillator is given by

1 1 1
fo= T4+ T - (RL *+ Ry)Cy - R,Cy (6.48)
A more exact relation for the frequency of oscillation is
fo= ; (6.49)
DR GV '
= BV -V,

Example 6.9

Design the UJT relaxation oscillator shown in Figure 6.41 to oscillate at 5 kHz.
The supply voltage is Vi = 15V and the UJT has 7= 0.65, rgp = 5 kQ, I, =2 uA,
Iy =2 mA, and Vy =2.5V.

Solution
Selecting Ry to be 27(), it follows that Vpg = Vy, and from (6.45) the value of V),
1s
V, = 0.7 + nVpg = 0.7 + 0.65(15) = 10.45V
The value of R, must satisfy (6.46) and (6.47). From (6.46),

Vi-V, 15-10.45

Ry max <~ i gE 2 Me
and from (6.47),
Vi-V, 15-25
Ry min > = =6.25 kQ
X, min Iu 2 % 10_3

Hence, it follows that 6.25 k) < R, < 2.27 MQ. The range of values for R, is
fairly large since Iy is much larger I,,.
From (6.48), letting C,, = 0.01 wF, the approximate value of R, is

1 1

R, = = =20 kQ
T foCx 5 x10%0.01 x 107%)

which is between the allowable values for R,.
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Using the exact relation in (6.49), the value of R,

1 1

Vl _Vv

- =19.8 kQ
R,C, m(r‘/p) 5 x10%(0.01 x 107°) 1n<

fo =

15-2.5
15 - 10.45

In practice, we can use a variable resistor for R, to set the frequency exactly at
5 kHz.

Programmable Unijunction Transistors

The PUT is a four-layer device (i.e., a thyristor) whose characteristics are similar
to those of the UJT. The construction, symbol, and characteristics of PUTs are
shown in Figure 6.42.

Observe the location of the gate connection in Figure 6.42(a). Under normal
operation, the gate-to-cathode voltage is positive. If the anode is approximately
0.7V above the gate voltage, the anode-to-gate pn junction is forward biased and
the PUT switches on. In fact, the name “programmable” follows because the gate-
to-cathode bias determines the value of v 4k that switches on the device. Once the
device turns on, the gate loses its control. The PUT can be turned off by lowering
i below its value at the valley.

A comparison of similarly rated UJTs and PUTs shows that PUTs have a higher
interbase resistance than UJTs, and the peak and valley currents of PUTs are lower

than U]JTs.
A typical PUT relaxation oscillator is shown in Figure 6.43. The gate voltage
is given by
Ve =n7Vq
where
__ K
= R{+Ry

(Anode)

+ G
n B—o G
(Gate) V¥
P _
n
T K
K
(Cathode)

(@ (b) ©

Figure 6.42 (a) PUT construction, (b) PUT symbol, and (c) PUT characteristics.
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Figure 6.43 A PUT relaxation oscillator.

The peak-point voltage of v4g, at which the PUT switches on, is given by
V,=0.7+ Vg =07+ 7V,

Although the previous equations are similar in form to those of the UJT, it is
observed that in the PUT the resistors R1 and R, which determine 7 are external
resistors; while in the UJT the resistors g1 and 75 which determine 7 are internal
to the device. Hence, in the PUT the voltage V), is programmable with R{ and R;.

The operation of a PUT relaxation oscillator is similar to that of a UJT relax-
ation oscillator. Hence, the frequency of oscillation is given by (6.49). Also, the
resistor Ry is limited by Ry min < Ry < Ry max, Where Ry, and Ry min are given
by (6.46) and (6.47), respectively.

Manufacturers usually list typical values of I, and I, for specific test conditions.
For example, for the 2N6027 PUT the manufacturer lists for a Thevenin’s voltage
at the gate of 10V, where

_ ViR
VTH= R+ K,

and a Thevenin’s resistance of 10(), where

a typical value of I, of 4 uA and of I, of 150 uA. Also, the measured valley
voltage is approximately V,, = 0.8V.

Example 6.10

Design the PUT relaxation oscillator in Figure 6.43 to oscillate at 100 Hz using
the 2N6027 PUT.
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Solution

Letting V1 = 20V and Ry = R = 20 kQ produces a Thevenin’s voltage between
the gate and ground of 10V and Ry = 10 k(. Then, V, = 10.7V, and with I, of
4 uA and I, of 150 uA we obtain from (6.46) and (6.47)

Vi-V, 20-10.7

< — = 2.33 MQ
4 x 10

Rx, max Ip

and

R sVi-V,_ 20-08
o min I, 150 x 1073

=128 kQ

Hence, R, is bounded by 128 k) < R, <2.33 MQ.
From (6.49), letting C = 0.1 uF, the required value of R, is

1 1

Rx = =
Vi-V, . /20-08
£, Cx ln<v1 - v,,) 100(0.1 x 107°) 1n<—20 - 10.7)

which is within the required bounds.

The value of Ry can be selected between 20 and 80().

A more linear sawtooth oscillator using a PUT is shown in Figure 6.44(a). The
PUT provides the voltage-controlled feature of the oscillator. Resistors R, and Ry,

= 144.3 kQ

(®)

Figure 6.44 (a) A voltage controlled sawtooth oscillator using a PUT and (b) the output waveform.
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set the value of Viy. The negative input voltage Vy gets integrated and produces

an increasing ramp signal at the output, as shown in Figure 6.44(b). When the

output voltage exceeds the gate voltage by approximately 0.7V, the PUT turns on,

and the capacitor discharges through the PUT [see Figure 6.44(b)]. The discharge

continues until the current in the PUT falls below its valley current value. At this

time the PUT turns off and the capacitor charges again, repeating the cycle.
During the charging of the capacitor, the output voltage is given by

t

-1 -V
%mzﬁﬁ wNm:Rgt+w

0
Hence, the time ¢ = ¢1 in Figure 6.44(b) is given by

RC(V, -V
t = RCVy = Vo) (6.50)
-VIN

If the discharge time is neglected, the period and frequency can be approximated

by

f—l~ -Vin
“TSRC(V, - V,)

Example 6.11

Design the sawtooth oscillator in Figure 6.44(a) to oscillate at 600 Hz with an
amplitude of 5V.

Solution
Let the op amp supply voltages be V" =12V and V™ = -12V, and use a PUT with
V, = 1V. For an amplitude of 5V and with V, = 1V, it follows that V, = 6V [see
Figure 6.44(b)]. Hence, Vi = 5.3V, which can be obtained with R, =6.32 k() and
R, =5 kQ.

Equation (6.50) gives the value of RC that produces the desired frequency of
oscillation for a give Vyy. For example, with R, = 50 kQ and R, = 10 k) the
value of Vyyis —2V. Then, from (6.50) it follows that

2

- _ -6
= 600(6 = 1) 667 x 10

RC

which can be satisfied with R = 100 kQ} and C = 6.67 nF.
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Cor;ditions fé)r a Stable Oscillation*

In this appendix the conditions for a stable oscillation are presented. Consider the
one-port network shown in Figure A.1. Over a narrowband range of frequencies
around the frequency of oscillation we assume that the input resistance Rjn(A, )
(where RyN(A, w) < 0) and the input reactance Xn(A, o) of the active device
are only a function of the amplitude of i(¢). That is,

ZIN(A, w) = ZIN(A) = Rin(A) + X N(A)

where Ryn(A) < 0.
The current i(¢) can be written as

i(£) = A(t) cos[wt + 6(t)] = Re| A(t) e/l 00 | (A.1)

where the time-dependent amplitude A(¢) and phase 6(¢) are slowly varying func-
tions of time. At steady state, A(¢) and 6(¢) are constants and i(¢) becomes a
sinusoidal signal with constant amplitude and phase.

Using (A.1) the voltage v(¢) is given by

v(t) = Re[A(t)e/1" 0 Z 1 (A) ] (A.2)
= A(t)R N(A) cos[wt + 0()] — A(t) X n(A) sin[wt + 0(2)]

Z(@)=R (o) + jX,(w)

N
Tl

[
Zp (o) = Z,y (A) = Ry, (A)+ X (A)

Figure A.1 One-port model of a negative-resistance oscillator.

* This appendix has been reproduced from Gonzalez, G., Microwave Transistor Amplifiers—Analysis and
Design, Second Edition, Upper Saddle River, NJ: Prentice-Hall, 1997. Reprinted by permission of Pearson
Education, Inc., NJ.
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The voltage v(¢) can also be expressed in terms of Zj (w). This is a little more
difficult to determine since i(¢) is not an exact periodic function, and a question
arises as to the value of the frequency used to evaluate Zj (w). This frequency
should be the instantaneous frequency of i(¢), denoted by w;. Since A(t) and 6(¢)
are slowly varying functions of time, we can approximately express v(¢) in terms
of Z L( a),-) as

v(t) = -Re|A(2) /190D 7, ()] (A.3)

where w; is the instantaneous frequency of i(z).
To find the instantaneous frequency of i(¢), we calculate

di d .
% ar {Re[A(r)e/ler+ 0]}

[ d 1 dA Lo+
:Re{[7<“’+ flS:t)> TAD dit)]A(”e’[ t ‘9“”} (A.4)

=Re{j[w+ o) . 1 dA(t)}A(t)e;‘[wHa(t)]}

a7 A(t) dt
From (A.4) it follows that the instantaneous frequency w; is complex and given by

doit) . 1 dAQ@)
dt ’A(t) dt

w;,=wt

The value of Z (w;) is given by

a doi) . 1 dA(2)
ZL(wi)_ZL[w+ dr _IA(t) dt :|

_ der) . 1 dA() ) det) . 1 dA()
_RL[C‘H dt JA@) dt ]+7XL[‘”+ dt JA@) dt ]

Since A(¢) and 6(¢) are slowly varying functions of time, we have

S do(t)
@ dt

and

Hence, (A.5) can be approximated using the first two terms of its Taylor’s expansion
about w, namely,
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dz d .1 dA
ZL(wi):ZL( ) ja() )|: fi(tt)_]A(t) dit)]

dRp (w )[dﬂ(t) o1 dA(t)}

=Rl =00 " A e

+7 X1 (@

dXL de@r) . 1 dA()
[ 7A dt]

- Ry (o) + FREL01 400 dX10) 1_dAte)
- hL do dt At) dt

. dX; (@) d6(t) dRp(w) 1 dA(t)
+’[XL(“’)+ do & dw AQ@) dt]

Substituting (A.6) into (A.3) gives

uu):—[m( w) + BRile) d0) | X1 le) At) dﬁﬂA(t) coswt + 0(1)] (A7)

A(t) sin[wt + 0(1)]

dX; () d6(t) _dRp(0) 1 dA(®)
+[XL(“’)+ do dt  do A@) dt}

Equating (A.2) to (A.7) produces the relation

dR w)d dX 1 dA

and

dX w)d dR 1 dA

These coupled equations can be solved for dA (¢)/dt and d6(¢)/dt. Multiplying (A.8)
by dX| (w)/dw and (A.9) by =dR | (w)/dw, and adding the resulting equations gives

2 1 dA(@t)
A(t) dt

[Rp(@) + Rin(A) =2 2 = [X 1) + Xin(A)] =, -

dX (o) dRp(w) , ‘dZL(w) _ 0

(A.10)

Similarly, multiplying (A.8) by dR| (w)/dw and (A.9) by dX| (w)/dw, and adding
the resulting equations gives

do(t)
dt

=0
(A.11)

dR dX dZp ()]?
R (o) Ria) 2+ 10 )+ X P+ |




404

Conditions for a Stable Oscillation

At steady state the oscillator voltage v(¢) is such that dA(¢)/dt = 0 and
do(t)/dt = 0. Hence, the steady-state solutions of (A.10) and (A.11), at which
A=A, and w = w,, are obtained when

X
[Rp(w,) +RIN(AO)]d jj}"’) [ XL(wo) + XIN(Ao)] deLa()w) =0
and
dR X
[Rp(w,) +RIN(AO)]—dLa()w) X p(w) +XIN(A0)]d dLa()w) =0

These equations show that at steady state the oscillator must satisfy the following
conditions:

Rp(w,) + RIN(Ag) =0 (A.12)
and

Xp(wo) + XIN(Ap) =0 (A.13)
or simply when

Zi(wo) + ZIN(Ap) =0
or equivalently when

Iin(Ao) 'L (w,) = 1
The oscillations might not reach the steady-state conditions described by (A.12)

and (A.13) when a small variation in the amplitude produces an oscillation with
increasing amplitude. Let A, be the steady-state value of A. A small variation AA

in the amplitude is given by A = A, + AA. Then, a Taylor expansion of Ryy(A)
and X n(A) about A, is

IR N (A
RIN(A) = Rin(d, + A4) = Riv(4,) + TN an (a4
0A  fa=a
and
XN (A
XIN(A) = XIN(A, + AA) = X n(A,) +% L, A4 al)

0

Substituting (A.12) and (A.13) into (A.14) and (A.15) gives
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RiN(A) = Rin(Ag + AA) = —Rp (o) + ZINAL L xa (ag)
A |aza,
and
Xin(A) = X (A, + AA) = X (0,) + ZNAN 0y ()
0A  [4=4
Then, substituting (A.16) and (A.17) into (A.10) gives
aq | ORIN(A) dXp(w) _0XIN(A) dRp(w)
0A A=A, dw 0=w, 0A A=A, dw 0=,
. |9Z1(w) 2 id(AA)_O
dw wew Ao dr
which can be conveniently written as
d(ﬁA) + B(AA) = 0 (A.18)
t
where
_ Ao
dZp()|?
dw w=w,
OR|N(A) dXp (o) _0XN(A) dRp ()
0A A=A, dw 0=, 0A A=A, dw w=w,

The solution of (A.18) is of the form e ", This solution shows that the disturbance
AA decays with time when 8 > 0. Since A, and

‘dzucu) 2

dw

(u=wo

are both positive quantities, it follows that a stable oscillation requires that

ORN(A)
0A

dXL(a))
Aza, do

o

dR ()
Aza, do

o

_0XN(A)
0A

>0 (A.19)

w=w

o w=w

]

Equation (A.19) can be expressed in the form
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07N . 0Z1 ] [ORIN][0XL ]+ _ 0XN]1[OR - >0
9A do | |04 || 0w |*7 |04 || 0w |*

or
V4 Y4
aa—wL aaAN sin y< 0 (A.20)
and therefore, it follows that
0< y<180°

In terms of reflection coefficients, (A.20) can be expressed in the form

GINN

o 190N
oA

5 sin > 0 (A.21)

Equation (A.21) has a simple interpretation, for a stable oscillation a plot of I'} (w)
and Ffl\lz(A) in the Smith chart should intersect at one point where the angle going
counterclockwise from I'; (w) and Ffl\lz(A) is between 0° and 180°.
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Analysis of the Series Feedback Circuit*

In this appendix a method that can be used to design the series-feedback network
is discussed. The method is based on the fact that the three-port S parameters of
the transistor can be used to calculate the two-port S parameters when a series-
feedback impedance is connected to port 3. The three- and two-port representations
of a transistor are shown in Figure B.1.

Letting [S] be the three-port scattering matrix and [S] be the two-port scattering
matrix, it follows that the relations between the § parameters and the S parameters

are [1]
& T11012 & 11021 & 2014
S11=811+——— SpH=8Sp +—"=— S13=——
n=snt 32 =3t o B34
o _ 022012 & _ 022071 ¢ _ 20
Sn=Su+7=—7 Sn =St - SnEi_ (B.1)
A 201 A 2071 A o
S31=——— Sy =—— S33=—
31 4 - o 32 4 - o 33 4 - g
U -/,

o Transistor o

+ [S] +

v 7,

O O

U -/,

o Transistor - o

+ [q] +

y | v,

_ s _

[ ? O

Figure B.1 Two-port and three-port representations of a transistor. (From: [2] O 1999 IEEE. Used
with permission.)

* This appendix has been adapted from Gonzalez and Sosa.
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where
o1 =1-811-812
op=1-811-81
o1 =1=-82»-81
02 =1-=82 -8
o=8S11+S12+8+85»
and
A AYER) A S138
Spp = §qp - 13531 Sy = §py — S13532
1+ 3 1 +S33

o $23831 & $2383,
Sy =891 — = Sy =89 — =
20781 - 7 55 2827, 5is

If the series-feedback impedance is used, as shown in Figure B.2, it follows
that a3 = I'yb3 and the resulting S parameters are those in (B.2) with 1 + §33
replaced by $33 — (1/T'7). Hence, S11 and S5, in (B.2) can be expressed in the form

_ All“f—Sn
S33T -1
and
S, = Azrf— Szz
22 = T8 S
S33lp-1
where

A1 =3811833 - 813531
Ay =82833 - 82353,

o Transistor o

5]

O I ©

(B.3)

Figure B.2 Two-port network with series feedback. (From: O 1999 IEEE. Used with permission.)
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Equations (B.3) and (B.4) are bilinear transformations and describe the mapping
of the Ty plane onto the S11 and Sy, planes, respectively. The mapping of
|I‘f| =1 onto the §11 and Sy, planes have centers and radii given by

S11 - 21833

Ci= Y (B.5)
1- |S33|
, 1813854]
r1 = —A 5
|1 = 183307
and
P —A P
Cy =227 8255 2853 (B.6)
1- |S33|
. 182383]
rpE
|1 = 183307
for the S11 and Sy, planes, respectively.
The maximum value of |S11| occurs at a point where
Sll(max):(|ci|+71)|ﬂ (B.7)
From (B.3) it follows that x1(may) is given by
: A +811-8 1+8
o = 1 may = o1 1 (max) (1 + 533) (B.8)
At =811+ 811 (max) (1 = 833)
To properly orient the mapping, the z¢ = o point maps onto the point
Ay -8
Sy = ——1 (B.9)
and z¢ = 0 maps onto the point
Ay + 38§
Sll = Al—Sll (B.lO)
533 +1
Similarly, we obtain
$22(max) = (|C3] +73) | C3 (B.11)
and
Ay +8y -8 1+8
2 = 2 = 222 22(max) (1 +833) (B.12)

As = 822 + S22 (max) (1 = $33)
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Moreover, the zf = o point maps onto

Sy = B2-5y (B.13)
and z¢ = 0 point maps onto
(B.14)

The design procedure is as follows:

1. Convert the two-port S parameters of the transistor to its corresponding
three-port § parameters using (B.1).

2. Use (B.5) and (B.6) to calculate Ci, r{, C3, and 7).

3. Use (B.7), (B.S), (B.ll), and (B.12) to calculate 811(max), X1(max)>» Szz(max),
and x2 (max) -

4. Plot the mapping of the I's plane onto the S11 and S5, planes.

5. Select the appropriate z value.

Example B.1

The two-port § parameters of a transistor are

Sll =0.386|142°

S1p=0.14781.3°

Sa1 = 1.380|-45.4°
Sy =1.110]-28.5°

Using (B.1), the three-port S parameters are

0.413178.5° 0.330161.67° 1.031|-42.42°
S = O.919|—61.71° 0.904|-37.98°  1.374(96.2°
0.629139.99°  0.296 |63.87° 0.7741-59.97°

Then, from (B.5) to (B.12), we obtain

Ci=1.65]62.7° Cj = 1.07 |-84°
ri =1.62 7é =1.02
Sll(max) =3.27162.7° SZZ(max) =2.08|-84°

X1 (max) = 1.71 X2 (max) = 1.49
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The mappings of the feedback impedance onto the S1; and Sy, planes are
shown in Figure B.3. In the Sy; plane it is observed that using zy = j1.710
produces S11 =S11(max) = 3.27|62.7° and the associated value of S, is

Sy =1.88 |—108.7°. To properly orient the mapping in Figure B.3(a), we use (B.9)

and (B.10) to obtain the values of S1; at points Py and P3, which corresponds to
the mapping of the points zf = © and z7 = 0, respectively. The mappings for
zf=1+jx and z7=r £ j1 are also shown. These circles help in the visualization
of the complete mapping. Similar details are provided for the mapping onto the
S»5 plane in Figure B.3(b) where (B.13) and (B.14) were used to obtain values of
S», at points P; and P3.

S, plane ., plane
mapping of | [‘r[ =1

Smith\Chart

mapping of |F,|= 1 P/
p z=j1.71 ps z,=j1.49
15, = 8, = 3.265(62.69° 15, = S = 2.083|-84.02°
P L=oe P =0
“Is,, = 0.56|-14.77° 5., = 0.56|-14.77°
P, z,=0 P, z,=0
= 0.386[142° = 1.11|=28.5°
(@ (b)

Figure B.3 (a) Mapping of the It plane onto the S11 plane and (b) mapping of the I't plane onto
the Sy, plane. (From: [2] O 1999 IEEE. Used with permission.)
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555 timer, 380-87

A

Active-filter oscillator, 46-50
Added power, 298-99, 304-05, 334
Advanced Design System (ADS), 25, 29,
33, 39-40, 50, 89, 95-100, 115,
119-20, 127, 130-31, 136, 138,
143-44, 151, 154, 160, 173-74,
213, 215, 217, 219-20, 225,
227,231, 236, 242, 245, 247,
249, 286, 289, 290, 292-94,
297, 299, 300, 301-10, 323,
325-40, 355
AM noise, 68
Amplifier
voltage-gain, (see open-loop gain)
current-gain, 4
Amplitude limiting, 23-28, 38-40
Astable multivibrator, 351, 361
Automatic gain control, 26, 69
Available gain, 80

B

Bandwidth, 57-58, 61, 68, 80, 87, 90
Barkhausen criteria, 3-5, 28, 30, 253
Beat signal, 91

Bessel function, 72-73, 166

Bode plot, 8-13, 83

Boltzman constant, 80, 165

C

Ceramic resonator (CR), 239-42
Ceramic-resonator oscillator, 239-41
Characteristic impedance, 266, 312

Clapp oscillator, 122-23, 152-54,
208-09, 221-26, 228-31
Clapp-Gouriet oscillator (see Clapp
oscillator)
Clarke, 168, 176, 180
Clock oscillator, 201-02
Closed-loop voltage gain, 2-5, 22, 79
Coaxial resonator, 312
Coil losses, 62, 63, 66, 68, 121, 140,
157
Collins, 411
Colpitts oscillator, 114-17, 137-42,
208-09, 221-27, 244-46,
260-62
Common-base oscillator (CB), 284-88
Common-gate oscillator (CG), 282-84
Confidence level, 99-100
Critical point, 6-7, 16-17
Cross-coupled tuned oscillator, 128-30
Crystal
accuracy, 183-84
antiresonance, 186
aging, 183-84, 207
characteristics, 184, 186
drive level, 198-99
equivalent circuit, 184
equivalent series resistance (ESR), 186,
193, 198
figure of merit, 187, 191, 193
frequency tolerance, 182
fundamental mode, 184, 187
holder, 181-82, 198
impedance, 185
impedance bridge, 197
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Crystal (continued)
load capacitance, 191-93, 197-98,
201-07, 212, 215, 217, 224,
226
load-resonant frequency, 191, 205
model, 184, 189, 192
motional arm, 185, 187
mount, 181-82
oven-controlled oscillator (OCXO),
184
overtones, 183-85, 187, 199, 200,
225-28, 235
parallel resonance, 186-96, 200-01,
204-0S5, 209
parallel-resonance region, 186-96,
204, 209-11
parameters, 198-99
pole-zero diagram, 195-96, 205
pullability, 205-08
pullability sensitivity (PS), 205-07
resonant frequency, 183
reactance, 184
series resonance, 186-96, 200,
204-05, 233
series-resonance region, 186-96, 200
shunt capacitance, 185
static arm, 185, 187
symbol, 181-82
temperature-controlled oscillator
(TCXO), 183
tolerance, 180
trimming sensitivity (TS), 205
varieties, 181-82
voltage-controlled oscillator (VCXO),
184, 238-39
Crystal oscillator
Clapp, 208-09, 228-31
Colpitts, 114-17, 137-42, 208-09,
221-27, 244-46, 260-62
grounded-base, 230-35
Pierce, 201, 208-222
PI-network, 235-38
series mode, 201
voltage-controlled, 238-39
watch, 220-21
Current feedback factor, 4

D

Delay-Line method, 93
Delay-Line oscillator, 159-61
Device-Line characterization, 298
Dielectric resonator (DR)
coupling, 319-20, 325
equivalent circuit, 313-14, 317-20,
325
frequency stability, 324
S parameters, 320
TEM mode, 309-15
TE mode, 315-43
TE(s mode, 316-17
temperature coefficient, 322
temperature stability, 322
Dielectric-resonator oscillator (DRO),
309-42
Direct method, 89
Distortion, 23-24, 38, 166
Duty cycle, 386-87, 390-91

E
Exxar XR-2206, 387-90

F
Feedback

factor (see voltage-feedback factor)
negative, 2, 21, 22
positive, 2, 21-22
Flicker noise, 69, 82-83, 85, 331
FM noise, 69, 83
Fourier, 176
Frequency-discriminator method, 93
Frequency of oscillation, 3, 5, 20, 22, 24,
30-32, 36-42, 44-45, 47, 48,
105, 108-09, 111, 118, 121-22,
124, 129, 134, 137, 140, 146,
152, 155, 163, 179, 211-12,
232-33, 237, 240, 254, 263,
265, 301, 310, 317, 347, 358,
361-64, 368, 370, 372, 378-80,
386, 389, 392, 396, 400
Frequency pulling (see pullability)
Frequency stability, 53-54, 60-61,
234-35
Frequency-stability factor, 53-54, 61
Function generator, 387-92
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G

Gain-bandwidth product, 32

Gain condition, 3-5, 22, 36-37, 41, 45,
48, 106, 108, 110, 112, 117-18,
122, 128, 129, 133-35, 137,
141-43, 153, 156-57, 159, 179,
212, 214, 223, 261, 264-65

Gain margin, 9-10

Gaussian, 75, 95

Generalized reflection coefficient, 268

Generalized scattering parameters,
271-72

Gonzalez, 251, 269, 350, 401, 407, 411

Grounded-base oscillator, 230-335,
147-52, 167-73, 230-35,
284-89, 302, 306-08

Grounded-gate oscillator, 123-26,
178-80

Guillon, 316, 350

Gunn diode, 346-49

Gunn-diode oscillator, 346-49

H

Hajimiri, 77, 85-86, 101

Half-power frequency, 36-37

Harmonics, 24, 26, 38-39, 53, 166, 169,
299

Harmonic-balance simulator, 29, 30, 32,
50, 96-100, 115, 120, 127, 136,
138, 143-44, 151, 154, 160,
173, 213, 215, 217, 220, 225,
227,231, 236, 245, 249, 297,
300-05, 307, 30910, 327-28,
334-37, 340, 342-45

Hartley oscillator, 117-22, 142-47,
157-58, 262-63

Hess, 168, 176, 180

Hewlett-Packard, 89, 101

Histogram, 95-97, 335-38

I

Impatt diode, 349-50
Impatt-diode oscillator, 349-50
Impulse sensitivity function, 83
Incident wave, 266-70

Input stability circle, 274
Intermediate frequency (IF), 76-77

Intersil ICL8038, 391-92
Intrinsic standoff ratio, 394
Inverted mesa, 183

K

Kurokawa, 253, 257, 268, 299, 301-02,
307, 327, 350
Kajfez, 316, 350

L

Large-signal analysis, 164-180, 297-99

Lee, 77, 85-86, 101

Leeson, 77, 83, 85, 100

Lindberg, 28, 51

Lindquist, 51

Load-matching network, 251, 280-84,
286

Local oscillator (LO), 76-77

Long-term stability, 53-54

Loop gain, 2-4, 20-23, 41-45, 47-48,
104-05, 111-14, 116, 121-22,
125-29, 134, 146-47, 150, 152,
157, 169, 170, 178-79, 212,
218-19, 223-24, 230, 234, 238,
277,296

M

Maxim MAXO038, 387

Monolithics Inc., 243-45

Monostable multivibrator, 384

Monte Carlo method, 95

Murata Manufacturing Co., Ltd., 239,
242-44, 250, 329

Mutual impedance, 107-08, 117, 142

N

Narrowband FM, 71, 73, 75
Negative feedback, 2
Negative resistance
method, 1, 251, 260, 301-06
one-port, 251-64, 280, 401
two-port, 280-82, 285
Negative-resistance oscillator (NRO):
Colpitts, 260-62
common-base (CB), 284-89
common-gate (CG), 282-84
Hartley, 262-63
Pierce, 264-65
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Noise OscTest, 293-99, 300-07, 329
bandwidth, 80, 90 phase-shift, 34-46
figure, 80 Pierce, 109-14, 132-37, 155-59, 201,

flicker, 69, 82-83, 85

floor, 81-83

power, 79-81, 88

shot, 69

temperature, 80

thermal, 69, 79-80

voltage, 80-87
Noise measurement, 89, 90, 93
Normalizing impedance, 268-71
NTES864, 387
Nyquist test, 5-9, 13, 16-17, 277-79,

296-97, 300, 302, 304, 327

(@)
Operating point
Open-loop gain, 1-2, 21, 103, 110, 112,
127, 149, 156, 211, 228, 233,
238
Oscillation conditions, 252, 276-77
Oscillator phase noise, 76-89
Oscillator
active-filter, 46-50
ceramic-resonator, 239-241
Clapp, 122-23, 152-54, 208-09,
228-31
clock, 201-02, 351
Colpitts, 114-17, 137-42, 208-09,
221-27, 244-46, 260-62
common-base (CB), 284-88
common-gate (CG), 282-84
cross-coupled tuned, 128-30
crystal (see crystal oscillator)
delay-line, 159-61
grounded-base (GB), 147-52, 167-73,
230-35, 284-89, 302, 306-08
grounded-gate (GG), 123-26, 178-80
Gunn-diode, 345-49
Hartley, 117-22, 142-47, 157-58,
262-63
Impatt-diode, 349-50
negative-resistance (see negative-
resistance oscillator)
OscPort, 293, 297, 299, 300-01,
304-05, 308, 320, 329, 332

208-22, 246-47, 264-65
PI-network oscillator, 235-38
pulse (see square-wave oscillator)
quadrature, 41-44
relaxation, 351-63, 395-98
ring-of-three, 354-65
ring, 363-64
SAW, 241-49
sawtooth, 372-75, 379-80, 390,

399-400
square wave, 241, 351, 359, 385-91
triangular wave, 365-80, 389-92
tuned BJT, 130-59
tuned-collector, 154-55
tuned FET, 103-30
tuned op-amp, 155-59
tuned-drain, 126-28
twin-T filter, 48-50
varactor-tuned, 161-64
voltage-controlled (see voltage-

controlled oscillator)
watch, 183, 221
Wien, 20-33
YIG, 343-47

Output stability circle, 274

P

Parallel-coupled DRO, 340-42

Parallel feedback, 324-42

Parallel resonance, 55-60, 66, 67-68

Peak-point voltage, 394-97

Peak-point current, 394

Period of oscillation, 354, 358, 361, 363,
364, 368, 374, 378, 386-87, 400

Phase detector, 91-92

Phase-detector method, 89-93

Phase margin, 9-10

Phase modulation (PM), 70, 72, 83

Phase modulation index, 70

Phase noise, 68-69, 73, 333

Phase-noise spectral density, 73, 79, 83

Phase-shift oscillator, 34-46

Phase-shift network, 34-46

Phase stability, 53, 54
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Phase velocity, 266

Pierce, 109-14, 132-37, 155-59, 201,
208-22, 246-47, 264-65

PI-network oscillator, 235-38

Piezoelectric effect, 181

Potentially unstable, 273-74, 280-85

Postproduction tuning, 95-98, 338-39

Power waves, 266, 268-69

Propagation constant, 266

Programmable unijunction transistor
(PUT), 397-400

PSPICE, 372, 375

Pulse generator, 383-84

Pullability, 205-08

Pullability sensitivity (PS), 205-07

Q

Quadrature oscillator, 41-44
Quartz, 181
Quality factor (Q)
external, 59, 319
loaded, 58-68, 319
unloaded, 58-66, 319
Que (see quality factor)

R

Radio frequency coil (RFC), 107, 109,
136-38, 163
Random phase fluctuations, 68-69, 78
Reference impedance, 270-72
Reflection coefficient
input, 267-76, 290
load, 266, 272-76
output, 270, 272
teminating network (or port), 280-86,
290, 325, 329, 338
Reflected wave, 266-67, 269-70, 276
Relaxation oscillator, 351-63, 395-98
Remote bypass entry (RXE), 246
Residual FM, 75
RF Monolithics Inc., 246-48, 250
Ring oscillator, 354-635,
Rohde, 105
Root locus, 10-18, 23
Routh-Hurwitz method, 18-20

S

Sawtooth oscillator, 242-49
Scattering matrix, 270, 320, 407
Scattering parameters (S-parameters),
269-71, 282-88, 320, 324
Schmitt trigger, 351-53, 365-66
Sensitivity histogram, 95
Series feedback, 284-86, 321-22, 407-08
Series resonance, 61, 64-66, 78
Short-term stability, 53-54
Shot noise, 69
Single sideband (SSB), 69, 84, 85,
142-44, 172-74, 225
Single sideband phase noise power
(Pssg), 69-70
Single sideband phase noise (£(f,,)),
69-72, 81-90, 92, 14244,
172-74, 230-31, 245, 335-36
Slew rate, 34
Small signal, 32, 167, 175, 270, 297
Smith chart, 274-76
Sosa, 407, 411
Spectral density of
the phase fluctuation (S4(f,,)), 73-74,
79, 81, 83, 92
the frequency fluctuations (S¢(f,,)), 74
Square-wave oscillator, 241, 351, 359,
385-91
Stability
conditions, 272-76, 401-06
circles, 274-75
potentially unstable, 273-74, 280-85
unconditionally stable, 273-76, 324
Standard deviation, 75
Statistical design, 94-100
Start of oscillator condition, 22, 38, 125,
140, 146, 257, 262, 265
Surface acoustic wave (SAW), 242-49
Surface acoustic wave oscillator, 242-49

T

Terminating matching network, 251,
280-86, 290, 325, 329, 338

Thermistor, 32

Thermal noise, 69, 78-80

Timing range (see pullability)

Timer 555 (see 555 timer)
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Transconductance, 166, 168, 174-76

Transmission line, 266-67

Traveling wave, 266-69

Transient simulation, 25, 29, 39-40,
131, 355, 372, 375

Trimming sensitivity, 205

Triangular-wave oscillator, 365-80,
389-92

Tuned circuit (see series and parallel
resonance)

Tuned-BJT oscillator, 130-59

Tuned-collector oscillator, 154-55

Tuned-drain oscillator, 126-28

Tuned-FET oscillator, 103-30

Tuned op-amp oscillator, 155-59

Tuning fork, 183

Tuning ratio (TR), 163

Tuning sensitivity, 164

Twin-T filter oscillator, 48-50

U

Unconditionally stable, 273-76, 324
Unijunction transistor (UJT), 393-96

VvV

Varactor diode
abrupt, 161-62
capacitance, 161-64
hyperabrupt, 161-62

Varactor-tuned oscillator, 183, 315, 321,
324

Vasiliadis, 328, 350

Voltage controlled oscillator (VCO),
161-64, 184, 238-39, 302, 349,
378, 387-88

Voltage feedback factor (or network),
1-2, 20-21, 35, 43, 105, 110-11,
120, 125, 127, 133, 137, 144,
145, 148, 153-54, 156-57, 170,
209, 211, 222, 229, 233,

VSWR, 268

W

Watch oscillator, 182-83, 220-21
Wien bridge oscillator, 20-33, 95

Y
Yield anaysis, 93-99, 335-38
Yield
optimization, 97-99, 338
simulation, 97-99, 335-38
Yittrium Iron Garnet (YIG), 343
YIG oscillator, 343-47

Z
Zener diode, 26-28
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