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ABSTRACT

Many modern high performance communications receivers utilize
phase-locked loop frequency-synthesized signal sources for driving
their mixers to provide excellent tuning accuracy and stability.
Phase noise in these synthesizers must be low as it degrades receiver
performance due to reciprocal mixing noise. A low noise phase-locked
loop frequency synthesizer is described for a 0.1~-30 MHz communica-
tions receiver. The synthesizer covers 45-75 MHz with 1 kHz channels
and features a phase noise of -145 dBc at 20 kHz from the carrier.
The excellent noise performance is obtained by using a switched induc-
tor design for the voltage controlled oscillator.

Phase noise theory and measurement is discussed, and a phase
noise test set that was used to evaluate the synthesizer noise per-
formance is described, Phase~locked loop theory is discussed with
particular emphasis on noise performance. Practical design considera-
tions are also presented. Additionally, oscillator noise theory and
design is discussed with particular emphasis on maximizing in-circuit
resonator Q and minimizing circuit noise. Phase modulation noise due
to active device nonlinearities and low frequency circuit noise is
also discussed.

Extensive analysis is provided for the synthesizer, including
several computer programs using both the FORTRAN language and the
SPICE circuit analysis program. Suggestions are offered for improving
the synthesizer design along with suggestions for further research in

| low noise signal source design.
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PREFACE

Low phase noise radio frequency (RF) signal sources are fasci=-
nating and challenging electronic circuits to design and build. The
design of these circuits involves low noise design techniques at RF
frequencies as well as at low frequencies. This forces the designer
to be well versed in both low noise RF design and low noise low
frequency design. In addition, he must operate somewhat intuitively
as circuit nonlinearities greatly complicate the design process by
making complete design equations elusive, if not impossible to derive.
Further, no design equation will give the designer the circuit topol-
ogy, which is probably the most important design consideration for low
noise signal sources.

It is hoped that this thesis will provide a thorough design
discussion for those interested in low noise signal source design and
provide useful analysis concepts for all electronic designers.
Although the synthesizer described in this thesis is not unique
(others similar to it have been built), it is a state-of-the-art unit
featuring very low phase noise. The rather extensive analysis of the
synthesizer should serve as a starting point for many low noise signal
source designs.

Hopefully, the greatest value of this thesis is the fact that it
combines in one place many topics of low noise signal source theory
and design. These topics include subtleties such as phase modulation
noise caused by active device nonlinearities and circuit noise.
Finally, the computer programs that are presented will hopefully save

the designer many hours of tedious calculations.
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1. INTRODUCTION
Application Of Low Phase Noise Signal Sources

Phase noise describes the random phase fluctuations in an oscil-
lator from the ideal signal phase. Low phase noise signal sources are
required in many RF and microwave systems. For instance, phase shift
or frequency shift keyed systems used to transmit digital data over RF
and microwave carriers require signal sources with low phase noise.
Phase noise or phase jitter can obscure the signal modulation, raising
the bit error rate in these systems.1 Doppler radar systems, which
measure extremely small frequency shifts caused by a moving target,
also require low phase noise signal sources.? Probably the greatest
use of low phase noise signal sources is for local oscillators in
superheterodyne receivers. Local oscillator phase noise must be low
to minimize the effects of reciprocal mixing noise.

Reciprocal mixing noise degrades receiver sensitivity and
selectivity. This occurs because incoming signals are mixed with the
local oscillator carrier signal, and unfortunately, with its phase
noise induced sidebands. The mixer output contains the desired
frequency converted input signals except that these signals now have
noise sidebands similar to those of the_ local oscillator. When
receiving a signal close in frequency to a larger interfering signal,
the noise sidebands of the larger signal may completely obscure the
desired signal at the mixer output.3 This effect is shown in Figure

1.1.
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Note that the noisy local oscillator spectrum is transferred to the IF
output. The noise sidebands of the interfering signal completely
obscure the desired signal at the mixer IF output.

Figure 1.1. Effects of Reciprocal Mixing Noise in a Receiver.



o

Reciprocal mixing noise effects can be characterized in two ways.
First, an imperfect local oscillator spectrum (a widened spectrum due
to phase noise) degrades receiver selectivity. Receiver selectivity
is often controlled by oscillator phase noise instead of by the inter-
mediate frequency (IF) amplifier. If this is the case, the IF filter
requirements can be relaxed as local oscillator phase noise
effectively widens the IF filter.4:5

The second way of characterizing reciprocal mixing noise is to
evaluate the noise floor or noise figure of a receiver when strong
out-of-band signals are present at its input. Consider, for example,
a receiver with a noise figure of 10 dB, a local oscillator single
sideband (SSB) phase noise of -120 dBc at 100 kHz from the carrier
(this specification will be discussed in Section 2) with a =20 dBm
input 100 kHz away from the passband frequency. The effective noise
floor of the receiver will be raised by the interfering -20 dBm sig-
nal.1

The receiver front-end noise floor in a 1 Hz bandwidth is
Pn = «174 dBm/Hz +10 dB = =164 dBm/Hz, (1.1)

where ~174 dBm/Hz is the thermal resistance noise power in a 1 Hz

bandwidth at room temperature. The noise floor (in a 1 Hz bandwidth)

due to reciprocal mixing noise is
Prm = =120 dBe ~20 dBm = =140 dBm/Hz. (1.2)

Thus, the overall noise floor of the receiver is dominated by recipro-

cal mixing noise and is approximately -140 dBm/Hz or 24 dB higher than



the noise contribution of the receiver front-end. 1In summary, the
receiver noise floor increases by 24 dB when a -20 dBm interfering
signal is present 100 kHz frcm the passband. If the local oscillator
SSB phase noise were -160 dBc at 100 kHz from the carrier, the re-
ceiver's noise floor contribution due to reciprocal mixing noise would
be only -180 dBm/Hz. This is negligible compared to the front-end
noise, meaning the receiver noise floor would not increase when the
~-20 dBm interfering signal was present.

It should be clear that high performance, high dynamic range
receivers require low phase noise local oscillators as these receivers
nearly always have strong interfering signals present at their inputs.
In the following discussion, phase noise requirements are presented
for the 45-75 MHz frequency synthesizer that was designed for a high

performance receiver local oscillator.

The frequency synthesizer discussed is to be used as the first
local oscillator in a 0.1-30 MHz high performance communications
receiver. The receiver's first IF is at 45 MHz, making the required
tuning range of the synthesizer 45.1-75 MHz. Channel steps of 1 kHz
are satisfactory for the synthesizer since finer receiver tuning will
be accomplished using the second local oscillator. The second local
oscillator will be a narrow range frequency synthesizer with 10 Hz

channel spacings and will use a voltage controlled crystal oscillator.

Only the 45-75 MHz first local oscillator synthesizer is discussed.
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A PLL type of synthesizer was chosen because of its simplicity,
low cost, and low spurious outputs compared to direct crystal synthe-
sizers that_mix different frequencies to synthesize output
frequencies. A hybrid frequency synthesizer approach using both di-
rect crystal synthesis and PLL synthesis would be superior, as it
features fast switching speeds and low phase noise. This is because
direct crystal synthesizers switch very rapidly, even if they have
very narrow channel spacings. However, their high spurious output
levels require that they be followed by a PLL synthesizer, which
inherently has low spurious output levels., The PLL synthesizer may be
wideband since the fine frequency channel spacing is generated in the
crystal synthesizer. The result is low phase noise and high micro-
phonic noise rejection, as the wideband PLL minimizes both internally
and externally generated phase noise perturbations. The hybrid system
also switches rapidly.

Several commercial synthesizers use both crystal synthesis and
PLL synthesis, with probably the most outsténding example being the
Hewlett Packard HP-8662A Synthesized Signal Generator.® Unfortu-
nately, such a system is far too expensive to use in a communications
receiver for the short-wave listener or ham radio operator.

Phase noise is the most important design parameter of the 45-75
MHz synthesizer because of reciprocal mixing noise. Phase noise
requirements were derived by researching state-of-the-art frequency
synthesizers for communications receivers. Rohde discusses a synthe-
sizer for receiver local oscillators that has SSB phase noise of -90-

100 dBe at 1 kHz from the carrier and -140 dBec at 20 kHz from the



carrier.! In his recently published synthesizer book (8, p. 353), he
presents a 41-71 MHz synthesizer design with a SSB phase noise of
better than =125 dBc at 25 kHz from the carrier. The Racal Company
provides yet another example. The synthesized local oscillator in the
Racal RA1772 receiver, an excellent high frequency communications
receiver, has SSB phase noise of -135 dBc at 20 kHz from the carrier.’

A tabular presentation of the design specifications for the 45-75
MHz synthesizer presented in this thesis is given in Table 1.1. A
range is given for the phase noise specification covering good to

exceptional performance.

Table 1.1. Design Specifications for the 45-75 MHz Synthesizer.

Parameter Specification
Frequency range 45-75 MHz
Channel spacing 1 kHz

Lock time
Power requirements

Qutput level
Frequency programming
Phase noise

at 1 kHz

at 20 kHz

ultimate floor
Reference frequency

sidebands

Spurious outputs
Cost

0.2 seconds max.
+24 V, =24 VvV, +5 V
less than 2 W max.
+10 dBm into 50 ohms
BCD coding, 5 V CMOS levels

-90-100 dBe
-125-140 dBe
-150~160 dBc

first sidebands over 80 dB down
other sidebands over 100 dB down
over 100 dB down

below $150.00




Organijzation Of Thesis

This thesis contains general theory and analysis as well as
analysis of the 45-75 MHz synthesizer. Section 2 contains a descrip-
tion of phase noise gnd methods of quantifying and measuring it.
Section 3 contains descriptions and a general analysis of phase-locked
loops with special emphasis on the second-order system. Also included
is a noise analysis including low noise design strategies. The sec-
tion concludes with a brief discussion of PLL circuit elements.

Section U4 contains oscillator noise theory and low noise design
approaches. Both erystal and LC oscillators are discussed with design
emphasis on maximizing in-circuit resonator Q and minimizing circuit
noise. The effects of both low frequency and RF device noise are
covered., Section 5 contains a presentation of the voltage controlled
oscillator in the U45-75 MHz synthesizer. Attention is directed pri=-
marily to its noise performance, and a computer program is presented
to analyze its switched inductor tank circuit.

Section 6 contains a presentation of the 45-75 MHz synthesizer
design, analysis, and experimental measurements. The loop
amplifier/filter, loop frequency divider, and reference frequency os-
cillator are discussed in detail, and computer programs are presented
that greatly simplify the analysis, Actual synthesizer performance is
compared to the design specifications. Section 7 contains suggestions
for improving the synthesizer and suggestions for further theoretical
and experimental work in low noise signal source design.

Finally, the appendixes contain computer program listings for pro-
grams used in the synthesizer analysis, as well as a description of

7



the phase noise test set that was used to measure the synthesizer

phase noise.
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2. PHASE NOISE THEORY AND MEASUREMENT
Description Of Phase Noise

Long-term frequency or phase instability refers to frequency or
phase instability measured over a long period of time, typically
greater than several seconds. Crystal oscillator aging and other slow
frequency drifts in oscillators are examples of long-term phase insta-
bility. Long-term phase instability does not contribute to reciprocal
mixing noise; instead it causes a receiver to drift slowly off fre-
quency with time.

Short~-term phase (or frequency) instability refers to phase (or
frequency) instability measured over a short period of time, typically
less than one second. Short-term instability will be discussed in
this thesis as it is responsible for reciprocal mixing noise in
receivers,

Consider the output signal of an oscillator. Mathematically the

output voltage can be represented as

Vout (t) = Vo[1 +e(t)Icos[ 2nfyt +g(t) 1.9+10:11 (2.1)

The function e(t) describes amplitude fluctuations with time.
Fortunately, amplitude limiting inherent in oscillators causes
amplitude fluctuation effects to be negligible. Further, since most
mixers are operated in a saturated mode, amplitude fluctuations are
even further reduced in local oscillator applications.9

The term 2nf0 refers to linearly increasing phase with time, fo

being the carrier frequency in Hz. The term @(t) represents phase



fluctuation with time., If @(t) = 0, the oscillator signal would have
no phase noise and would have an infinitely narrow power spectrum. In
reality, @(t) is a zero mean noise signal that causes the oscillator
signal to have a finite width power spectrum. Both the noiseless and
noisy signals are shown in Figure 2.1 along with their corresponding

power spectra.

NOISELESS OSCILLATOR SIGNAL

TIME DOMAIN SIGNAL POWER SPECTRUM
Amplitude Power (1 Hz bandwidth)
“ /\
\/ \/”.
Time Frequené?

NOISY OSCILLATOR SIGNAL

TIME DOMAIN SIGNAL PCWER SPECTRUM
Amplitude Power (1 Hz bandwidth)
/) |
_ | /.\
’ \/ U !
Time Frequency

Figure 2.1. Noiseless and Noisy Oscillator Signals.
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Quantization Of Phase Noise

Signal Power Spectrum

The phase noise of a signal may be characterized by the signal's
power spectrum. This 1s the type of spectrum displayed on a spectrum
analyzer where oscillator power in a fixed bandwidth (often normalized
to 1 Hz) is plotted as a function of frequency. It is very difficult
to measure low phase noise with a spectrum analyzer since most practi-
cal spectrum analyzers have local oscillators that are much noisier
than the signal under test. For this reason, power spectrum specifi-
cations are rarely used. However, the SSB phase noise specification
is very similar to the power spectrum and is widely used. This speci-

fication will be discussed later.

Phase Noise Spectral Density

Recall from Equation 2.1 that phase noise is denoted by @(t).
Since @(t) is a noise signal, it may be represented by a spectral
density just as a noise voltage or current. Phase noise spectral
density is designated by §¢(fm) and has units of radiansz/Hz.g’m’11
It is the mean square phase noise measured in a 1 Hz bandwidth at the
frequency fm. The frequency fm is called the Fourier frequency,
offset frequency, modulation frequency, baseband frequency, or
sideband frequeney;6 All of these are identical, but for consistency,
modulation frequency (denoted fn) will be used in this thesis.

Phase noise spectral density is easily directly measured, but is
usually converted to SSB phase noise as will be described later.

However, phase noise spectral density is directly useful when

11




analyzing phase modulated systems. It is also usually calculated in
oscillator analysis directly and again later converted to SSB phase

noise.

Frequency Noise Spectral Density

Phase and frequency modulation are intimately related as fre-
quency is the time derivative of phase. Similarly, frequency noise is
related to phase noise in an oscillator. Frequency noise describes
the random frequency shifts of an oscillator as a function of time.
It is represented by the spectral density function Sf(fm) and has
units of I-Iz‘g/ﬂz.g’w'11 Sf(fm) is the mean square frequency shift
from the carrier measured in a 1 Hz bandwidth at the frequency fm.

Frequency noise spectral density can be related to pnase noise
spectral density. This relationship is valuable because phase noise
spectral density is generally a more practical phase noise
specification. Again, an oscillator's output voltage can be

represented by
Vout = Vgeosl 2rfpt + #(t) 1, (2.2)

where fj is the carrier frequency in Hz, Vo is the peak signal ampli-

tude, and @(t) is the phase noise. The instantaneous frequency is

£(t)

(1/2m)d/dt [ 2xfgt + B(t) 1

£ + (1/2m)d/dt [ 4(t) 1 (Hz). (2.3)

Defining the frequency deviation from the carrier as fe(t) gives
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ff(t) f(t) - fy

(1/72=)d/dt [ @(t) ] (Hz). (2.4)
Taking the Laplace transform of both sides of the equation gives
Fe(s) = (s/2mf(s). (2.5)
Finally, squaring both sides gives
Fe2(s) = (s/2m)202(s), (2.6)

from which the spectral densities are derived:

Se(f) = (2nfy/2m284(ey)

£S5 (£y) (Hz2/Hz). 10 (2.7)

From this relationship, it is c¢lear that a flat phase noise
spectrum is equivalent to a frequency noise spectrum that increases at
6 dB/octave. Frequency noise spectral density can be a very mis-
leading specification because it varies directly with the oscillator
carrier frequency, making a higher frequency oscillator appear much
noisier than a lower frequency one. For this reason, the National
Bureau of Standards proposed a fractional frequency noise density,
which is simply a normalized frequency noise density. It is denoted
by Sy(fm)and is related to frequency and phase noise spectral den-

sities by
S,(f£.) = (1/f )ZS (£,) = (£,./f )ZS (£.) (1/Hz).10 (2.8)
y‘‘m 0 f‘*m m *0 g'\*m

Fractional frequency noise spectral density is independent of carrier

13



frequency, allowing comparison of different oscillators. It has units
of mean square fractional frequency deviation measured in a 1 Hz

bandwidth.

Single Sideband Phase Noise

Probably the most widely used phase noise specification is SSB
phase noise. SSB phase noise is denoted by L(fm) and has units of dBc
(decibels from the camr'ier-).g’m’11 It is the ratio of signal power
in a 1 Hz bandwidth at a frequency f, away from either side of the
carrier frequency to the total signal or carrier power. L(fm) de-
scribes the signal spectrum on only one side of the carrier, as the
spectrum on the other side is a mirror image. This is shown pictori-
ally in Figure 2.2 along with the definition of L(fm). It must be
remembered that L(f) can only be used to describe signals with a
power spectrum that is symmetrical about the carrier frequency. This
requirement is met if the signal has negligible amplitude modulation
noise, which, as described earlier, is a generally valid assumption
for oscillators,

SSB phase noise may be related to phase noise spectral density
through frequency modulation (FM) theory. This is useful since phase
noise spectral density is often measured directly and then converted
to SSB phase noise.

Consider a frequency modulated signal with an instantaneous fre-

quency
£(t) = £, + fpcos2rpt, (2.9)

where fy is the carrier frequency, fp is the peak deviation from the

14



carrier, and fm is the modulation frequency.6 The total signal phase

is
t
@t)=2i/ﬂtMt
t
= 2n;Jt fq + £pcos2nfyt ldt
= 2nfgt + (£p/f)sin2nfyt. (2.10)
POWER SPECTRUM
Power Jk

Symmetrical Power Spectrum

[
_—

1 Hz bandwidth Frequency

CORRESPONDING SINGLE SIDEBAND (SSB) PHASE NOISE
L |

(dBe)
L(fm) is the ratio of
power in a 1 Hz band-
width at the frequency
fp on either side of
the carrier to the to-
tal signal power. o
1 Hz bandwidth Frequency
0 (fm)

Figure 2.2. Definition of SSB Phase Noise.
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The oscillator signal is then

Vout(t) = Vgeos[ §(t) ]

Voeos[ 2rfgt + (fp/fp)sinarfyt 1, (2.11)

where f‘p/f'm is the FM modulation index as well as the peak phase
deviation. This signal may be rewritten to illustrate its spectrum

using trigonometric expansions, and is given by
Vout(t) = VOJO(ﬂp)cOSZWfOt
+VOJ1(¢p)[ cos2n(fg+fy)t = cos2r(fy-fp)t ]
+Vodo(8,)[ cos2n(fg+2fy)t + cos2n(fp-2fp)t ]
+V0J3(ﬁp)[ cos2n(fp+3fp)t = cos2m(fy-3fy,)t ]
+ cesensesee (2.12)

where ¢p = fp/fm, which is the peak phase deviation or modulation
factor, and Jdo» J1 etc, are Bessel functions of the first kind. A
derivation of this expression is given by Krauss (12, pp. 263-265).
If,ﬁb is much less than one, then Jo(ﬁp) = 1, J1(ﬂp) = 0.5¢p, and
all the Bessel functions of order greater than one are equal to zero.
Under this assumption, the ratio of the first (and only) FM sidebands

to the carrier is

= (1/2)ﬂp. (2.13)
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Squaring both sides of the equation gives the SSB to carrier power

ratio, which is
(Vogp/Vg)2 = (1/M)F2. (2.14)
Converting gp to rms units gives

2, = N2Bpys, (2.15)

which gives

(Vogp/Vo)2 = (1/2)8,,2. . (2.16)

This conversion is necessary because spectral densities must be de-

noted in mean square units., Finally, the corresponding spectral -

density functions are
L(fy) = (1/2)54(£y) .6 (2.17)

The spectral densities may also be expressed in logarithmic (dB) form,
giving
L(fy) = Sy(fy) -3 dB

(dBe) (dB rel to 1 rad?/Hz). (2.18)

The relationship between SSB phase noise and phase noise spectral
density is simply a scale factor, as shown above. The assumption of
ﬂp <<1 is extremely important because of the Bessel function
approximations that were made. In practice, the peak phase deviation

is much less than one radian, making the assumption a valid one.
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Summary of Phase Noise Relationships
The relationships between SSB phase noise, phase noise spectral

density, and frequency noise spectral density are listed below:
L(fy) = (1/2)84(fy) = (1/2)(1/£5)%8p(£). (2.19)

The slope of Sg(fm), and likewise L(fy), is used to characterize phase
noise power law mechanisms. Different names are given to phase noise
to describe the slope of Sg(fm) or L(fy). These are listed below: ]
«White phase noise where Sg(fm) is flat with frequency.
-Flicker phase noise where S¢(fm) goes down as 1/fy (10 dB/decade).
*White FM noise where Sy(f;) goes down as 1/f‘m2 (20 dB/decade).
«Flicker FM noise where Sﬂ(fm) goes down as 1/f‘m3 (30 dB/decade).
+ Random walk FM noise where Sg(fy) goes down as 1/fmu
(40 dB/decade).
The slope of S¢(fm) is described by the above defined names, the
exponent or power of the frequency dependence, or by the slope in

dB/decade. These descriptions are frequently used interchangeably in

the literature.
Measurement Of Phase Noise

Signal Power Spectrum Measurements

A signal's power spectrum is displayed, as mentioned, on a
spectrum analyzer where power in a fixed bandwidth (usually normalized
to 1 Hz) is measured at various frequencies. However, since many
state~of-the-art signal sources have an ultimate phase noise floor of

~-160 dBc or more, the spectrum analyzer must have a dynamic range of
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160 dB or more. For this reason, direct power spectrum measurement is
rarely used for phase noise measurements. Spectrum analyzers are,
however, very useful for checking for spurious outputs that occur well

away from the carrier.

Erequency Noise Measurements

Another method of measuring phase noise is to measure signal
frequency fluctuations and use the mathematical relationships between
frequency noise spectral density, phase noise spectral density, and
SSB phase noise, Frequency fluctuations are measured using a
frequency discriminator which produces a voltage that is linearly
proportional to instantaneous signal frequency. Cavity, crystal, and
delay line discriminators are commonly used for this purpose.6 A
block diagram of a frequency noise spectral density test set is shown
in Figure 2.3. Note that the discriminator output goes to a low
frequency spectrum analyzer to measure the spectral density.

Frequency noise measurements may be improved by heterodyning a
low noise oscillator with the test oscillator. This results in a
lower frequency signal that has greater FM noise modulation. Unfortu-
nately, because frequency noise increases by 6 dB/octave with increas-
ing frequency for flat phase noise, a frequency discrimination system
is not very sensitive at modulation frequencies above 1 kHz.13 A
measurement system noise floor of =115 dBec at 1 kHz from the carrier

has been reported.6

A reference oscillator of low phase noise may be compared to an
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oscillator under test using a phase detector. To do this, the two
signals must track each other in long-term phase quadrature. Under
this condition, the phase detector output is a noise voltage signal
that represents the phase fluctuations between the two oscillators.
Because of normal oscillator drifts with temperature and time, some
method of forcing the reference oscillator to track the signal under

test is required. This is done by using a "loose" phase-locked loop.

OSCILLATOR FREQUENCY
UNDER TEST DISCRIMINATOR

Voltage proportional
to frequency fluctuations

LOW FREQUENCY -
SPECTRUM ANALYZER

Displays Sp(fp)

Figure 2.3. Frequency Noise Test Set Using a Discriminator.
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"Loose" implies that the loop's bandwidth is low, typically 1-10 Hz,
so that phase noise at fregquencies above this is not tracked by the
reference oscillator and thus cancelled out at the phase detector
output. A block diagram of this type of phase noise measurement

system is shown in Figure 2.4.

PHASE DETECTOR

OSCILLATOR
UNDER TEST

| LOWPASS
FILTER

REFERENCE ISOLATION
OSCILLATOR AMPLIFIER
(veco)

LOW FREQUENCY
SPECTRUM ANALYZER

I

Voltage proportional
to phase noise

Displays S¢(fm)

Figure 2.4. Phase Noise Test Set Using Two Oscillators and a Phase
Detector.
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Since the output of the phase detector is directly proportional
to the phase difference between the reference oscillator and signal
under test, a direct measurement of phase noise is made, However,
there are a number of very critical practical considerations. For
example, the reference phase noise must be known and subtracted from
the measur'ement..“4 Also, a high gain phase detector is required to
achieve a low phase noise f‘loor'.15’16 Further, the reference oscil-
lator must be isolated from the oscillator under test, or these oscil=-
lators will tend to injection lock to each other, resulting in overly
optimistic (and erroneous) phase noise measurementsﬂ5’16

The two oscillator phase noise measuring system using a phase
detector is optimum except when measurements very close to the carrier
(low fp) are required. Phase noise measurements of -166 dBec at 1 kHz
and a phase noise floor of -180 dBc have been reported in the litera-
ture.6’15

The phase noise test set used for evaluating the 45-75 MHz

synthesizer is this type of circuit. It is described in detail in

Appendix D and has an ultimate phase noise floor of -165 dBe.

Iime Domain Measurements

So far, the discussion of phase noise quantification and measure-
ment has involved frequency domain techniques. Phase noise, however,
may be measured in the time domain. Generally, time domain measure-
ments are used for close-in phase noise measurements. Time domain
measurements are made using period counters which measure the slightly
differing periods of successive cycles. A parameter known as the
Allan variance is usually calculated and other phase noise
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specifications are then calculated from it.5 Time domain measurements
may be improved by heterodyning a reference oscillator with the oscil-
lator under test to create a lower frequency signal with larger period
variations. Of course, the reference oscillator should have equal or
lower phase noise than the oscillator under test to prevent intro-
ducing serious error.

Time domain measurements are not used in this thesis for charac-
terizing the phase noise of the 45-75 MHz synthesizer. The reader is
referred to References 9,17,18, and 19 for a thorough discussion of
time domain measurement theory, measurement circuits, and mathematical

relationships to phase noise spectral density and SSB phase noise.

Effects Of Frequency Multiplication And Division On Phase Noise

The phase noise of a signal is altered if the signal is frequency
multiplied or divided. Since frequency multiplication and division
are frequently used in communications systems, the effects of a noise-
less frequency multiplier or divider on the phase noise of a signal
are important. The effects of noise within the frequency multiplier
or divider must be considered separately.

Consider once again the output signal of an oscillator, which can

be represented as
Vout = Vgeosl 2nfgt +@(t) 1. (2.20)
This signal can be represented as

Vout = Vgeoskl 27fpt +4(t) ] (2.21)
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after passing through a noiseless frequency multiplier or divider with

a multiplication factor of K. Rewriting this expression gives

Vout = Vgeos( 2nKfot +K@(t) 1, (2.22)

where it can be seen that both tﬁe carrier frequency and phase noise
are multiplied by the factor K. Thus, frequency multiplication
increases phase noise by the amount of the multiplication, and fre-
quency division improves phase noise by the amount of the division.
Frequently, a signal source will be designed by dividing down a higher

frequency oscillator to improve phase noise.
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3. PHASE-LOCKED LOOP THEORY AND DESIGN

Description Of Phase-Locked Loops

A phase-locked loop is a feedback circuit that generates an
output frequency that is synchronized to its input frequency. A PLL
is like other feedback circuits except that its input and output
signals are phase instead of voltage or current.zo

A PLL consists of a phase detector to compare input phase against
feedback phase, a loop amplifier/filter to control the frequency
response and stability of the loop, a voltage controlled oscillator
(VCO) to generate the output signal, and a loop frequency divider in
the feedback path. A block diagram of the simple single loop PLL is
shown in Figure 3.1.

In a PLL, feedback forces a finite phase difference to appear
between the inputs of the phase detector. From the block diagram of
Figure 3.1, this means that the input frequency (fin) and the feedback
frequency (ffbk) must be equal. Since the feedback frequency is equal
to fout/N, where N is the loop frequency divider ratio, the output
frequency must equal the input frequency multiplied by N. Mathemati-

cally stated,

fout = Nfip. (3.1

A PLL accomplishes phase-locking because the phase detector out=-
puts an error voltage proportional to the phase difference between the
input and feedback signals. This error voltage steers the VCO fre-

quency so that phase-locking or frequency synchronization occurs.
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PLLs have two main applications: frequency synthesis and fre-
quency tracking.zo For frequency synthesis, the input frequency is
fixed and called the reference frequency. The PLL generates one or
more output frequencies by varying the loop divider ratio, N. For
frequency tracking, the loop divider ratio is fixed, and the input
signal varies in frequency. The tracking loop tracks the input fre-
quency and produces a voltage that is proportional to the input fre-
quency at the VCO input. The PLL frequency demodulator is an example
of a tracking loop. Only synthesis type loops are considered in this

thesis, but the analysis of both loop types is identiéal.

PHASE DETECTOR

Fin  t LOOP VOLTAGE Fout
2in AMPLIFIER/ > CONTROLLED ™ Bout
FILTER OSCILLATOR
Febk
Dbk
LOOP
DIVIDER
(+N)
Fout = NFip
Bout = Mip

Figure 3.1. Single Loop Phase-Locked Loop.




Stabjlity, Frequency, And Transient Response

Analysis Model
Since PLLs are feedback circuits, they can potential ly become

unstable. A block diagram for PLL Laplace transform analysis is shown

in Figure 3.2.

PHASE DETECTOR LOOP AMPLIFIER/ VOLTAGE CONTROLLED
FILTER OSCILLATOR

Kf(S) F— Kv/s P—

gf‘(s)

LOOP DIVIDER

/N -

Figure 3.2. Model for Phase-Locked Loop Laplace Transform Analysis.
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The PLL parameters, as shown in Figure 3.2, are defined below:
»K¢ is the phase detector gain and has units of volts/radian.
*Ke(s) is the amplifier/filter transfer gain.

Ky i1s the VCO gain and has units of radians/volt sec.
*N is the loop divider ratio and has units of radian/radian.

Note that the VCO is a pure phase integrator because a steady dec
input results in a constant output frequency or constant linearly
increasing phase. Additionally note that the loop divider transfer
function (1/N) is a simplification because in reality the loop divider
has a finite delay time associated with it. The actual transfer
function is e~¥S(1/N). This effect is negligible if the delay is
significantly less than the loop input signal per'iod.21 PLL analysis
including the loop divider delay is presented by Fadrhons in Reference

22.

General Feedback Apalysis

Using the previously described model, PLL loop gain is given by
T = -K¢Kf(s)Kv/(sN), (3.2)
and the feedback factor B, is given by

B = @p/Bgye = 1/N. (3.3)

From feedback theory, the closed loop gain is

Aoy = Boue/Big = (1/B)[ -T/(1-T) 1. (3.4)

Substituting the expression for T into this equation gives
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ACl = ﬁout/ﬁin = N [ K¢Kf(S)Kv/(SN) ] / [ 1 +K¢Kf(S)Kv/(SN) ]. (3-5)

The phase error appearing between the phase detector inputs is
important in finding the output error of the PLL. Phase error is

given by

Cerror/Pin = (Bin-Pe)/ By = 1/(1=T) = 1/[1 + KgKe(s)Ky/(sN)1.  (3.6)

The PLL output phase error is then

g’out. error = 'Nﬂerror = =Ng;j, [ 1701+ K¢Kf(S)KV/(SN) ) 1. (3.7)

These equations serve as a basis for PLL analysis and are valid
for a system of any order. Later, the second-order PLL will be

discussed.

Before progressing on, it is necessary to study the stability of
the PLL. At first glance, it would appear that PLLs are inherently
stable if the loop amplifier/filter has no ffequency dependency. The
loop gain would then have a constant 90 degree phase lag due to the
integrating behavior of the VCO. However, practical considerations
force the loop amplifier/filter to be a lowpass filter to minimize
reference frequency ripple coming out of the phase detector. This
ripple will modulate the VCO, causing severe frequency or phase jit-
ter.

A lag-lead type compensation network is often used for the loop
amplifier/filter. This network provides both lowpass filtering and

loop compensation. The lag-lead network is particularly useful
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because it allows the designer independent selection of loop bandwidth
and damping. This is done by strategically positioning the pole and
zero frequency locations of the compensator.

Bode techniques as well as root locus techniques illustrate how
the lag-lead compensator is used in a PLL. Figure 3.3 shows both Bode
and root locus plots of the lag~lead compensated PLL. Note that a PLL
with this type of compensator is a second-order system. Actual PLLs
are not second-order systems since there are always extra poles in the
loop gain. If these poles are located much higher in frequency than
the loop gain unity gain crossover frequency, second-érder analysis is
sufficient. More realistic stability analysis can be done using
third- or fifth-order equations as described by Rohde (8, pp. 31-42),
or by tabulating loop gain and phase and looking at the gain and phase
margins.

In the following discussion, analysis for the lag-lead
compensated PLL will be presented. Included in the analysis will be

details for the selection of component values in the compensator,

Ihe Second-Order Phase=Locked Loop

If the loop amplifier/filter is a lag-lead network, the PLL
becomes a second-order system provided there are no additional poles
in the loop gain. The schematics and accompanying equations for both

passive and active lag-lead networks are shown in Figure 3.4.

Closed loop response. Substituting the lag-lead network transfer

functions into the closed loop gain equation, Equation 3.5, gives

Ber = Boup/Bin = NI Glsto+1)/tq 1 /7 [ 52 +s(14Gt,) /b +G/ty 1 (3.8)
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Figure 3.3. Bode and Root Locus Plots for the Lag-Lead Compensated
Phase-Locked Loop.
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Figure 3.4. Passive and Active Lag-Lead Networks.
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for the passive filter, and

Aoy = ¢out/¢in = N[ G(st2+1)/t1 171 s2 +sGt2/t1 +G/ty ] (3.9)
for the active filter, where the dc¢ loop gain is
G = K¢KV/N. (3.10)

The closed loop gain equations may be rewritten as

Rey = Bout/Bin = NI s(2¢wy ~wy2/G) +wp?] / [82 +2fw s +w P]  (3.11)
for the passive filter, and
ALy = Baye/85n = N 24W,S +W 2] 7 [s2 +24W, S +W 2] (3.12)
cl out/¥in n n n n

for the active filter, where Wp is the loop natural frequency in
radians/second and f is the loop damping factor. Wn and ? are found

by inspection to be

w, (passive filter) = WE?E;, (3.13)

f (passive filter) = (172)wylt, +1/G], (3.14)
w, (active filter) = yﬁiﬁﬁ, (3.15)

f (active filter) = (1/2)wpt,. (3.16)

The closed loop gain equations for the loop with the passive
filter become equal to those of the active loop if 1/G Kty. If this
condition is met, the loop is called a high gain second-order systen,

To simplify the analysis and because most PLLs can be approximated by
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high gain second-order systems, the remaining analysis will focus on
the high gain second-order system.

Note that the dc lcop gain G has dimensions of sece~! or an
inverse time constant. Although the dc loop gain is a constant with
frequency, it is a function of VCO gain, phase detector gain, and the
loop divider ratio. The loop divider ratio is not fixed for frequency
synthesizers with multiple output frequencies. 1In addition, the VCO
often has a nonlinear output frequency to input voltage
characteristic. Practical methods of dealing with these problems and
the resulting varying dc loop gain will be discussed iater.

The closed loop frequency response consists of a second-order
lowpass response summed with a second-order bandpass response as can
be seen from the equations. Since typical loop damping G) values
vary from 0.5-2, the bandpass response does not cause significant
peaking. It does, however, dominate the response for frequencies
above the loop natural frequency (wp), causing a 6 dB/octave ultimate
roll-off with increasing frequency. A plot of the closed loop fre-

quency response for different damping values is shown in Figure 3.5.

Loop-error response, The loop-error response is also of interest
since it illustrates how internal noise perturbations are treated by

the loop. The loop-error response is
Bepror/Big = 1/(1=1) = s2 /[ 2 +2puys +w P 1, (3.17)

which is a second-order highpass response. A plot of the error fre-

quency response for different damping values is shown in Figure 3.6.
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Irapnsient response. The transient response of a PLL is very

important for understanding the behavior of the loop for step changes
in the input frequency, changes in N (the loop divider ratio), and all
transient perturbations. Loop transient response may be found for a
step input frequency change by recognizing thatAw/s2 is the Laplace
transform of the input phase for a step change in frequency. Multi-

plying this driving function by the closed loop gain response allows

Agp = =T/(1-T) in dB.

+8 J_
0
/’f= 2.0
-8 T
-16 |
6 dB/octave
na ultimate roll-off
=24
t i i } | .
0.1 0.2 0.5 1.0 2.0 5.0 10.0

Normalized frequency (w/wp)

Figure 3.5. Closed Loop Frequency Response for a High Gain Second-
Order Phase-Locked Loop.
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the output phase response to be found. Then the output phase response

is differentiated with respect to time to find the output frequency

transient response (23, pp. 46=-47). If the VCO has a fairly linear

voltage-to-frequency characteristic, as is usually the case, the input

voltage of the VCO will follow a loop transient just as the output

frequency does. One method of measuring ?is in fact by watching the

1/(1-T)
+8

+U

-12
-16

=20

Figure

in dB.
4 ~F=0.2
f: 0.5
+ $= 0.707
4 f: 1.0
?: 2.0
4
+ 12 dB/octave
ultimate roll-off
{ | 1 ! ! Lo
T 1 ] | J T
0.1 0.2 0.5 1.0 2.0 5.0 10.0

Normalized frequency (w/wp)

3.6. Loop-Error Frequency Response for a High Gain Second-
Order Phase-Locked Loop.
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VCO input voltage during a loop transient. The transient response for
a second-order loop is shown in Figure 3.7.

Lock-up time is that time, as measured by the transient response,
that is required for the loop to adjust to a transient. In synthesis
loops, lock-up time is the time required for the loop to correctly
synthesize a new output frequency when N is changed. Lock-up time can

be seen from the transient response shown in Figure 3.7.
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Figure 3.7. Transient Response for a High Gain Second-Order Phase-
Locked Loop.
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Lock-up time is inversely proportional to Wph, Which means that a
wideband loop locks more rapidly than a narrow bandwidth loop. There
are, unfortunately, practical considerations which limit the loop
bandwidth to a value well under the loop input frequency or reference

frequency.
Nojise Analysis Of Phase-Locked Loops

Noise Model

Phase noise in the output of a PLL is caused by noise at the
reference input and by internal noise contributions of the various PLL
stages. Depending upon where noise is introduced into the systen,
feedback will affect it differently. A noise model that will be used

for PLL noise analysis is shown in Figure 3.8.6

PHASE DETECTOR LOOP AMPLIFIER/FILTER vCo

V, det V, filter g, osc

ﬂn out

Ke(s) Ky/s —

LOOP DIVIDER

—ﬁ)« 1N e

gy div

Figure 3.8. Phase-Locked Loop Noise Model.
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The model noise parameters are defined below:
-ﬂn ref Reference or input phase noise
-V, det Phase detector output noise voltage

*V, filter Loop amplifier/filter output noise voltage

g, osc VCO output phase noise

‘B, div Loop divider output phase noise

'ﬂn out Phase-locked loop output phase noise
Noise Analysis

The PLL output phase noise contribution from each noise source
must be evaluated and summed to find the total PLL output noise.
Reference phase noise and divider phase noise appear as inputs to the

PLL and are acted upon by the closed loop gain. Their contribution to

output phase noise is given by
9y out/@, ref = @, out/@, div = N[ -T/(1-T) 1. (3.18)

Similarly, phase detector output noise voltage is acted upon by the
closed loop gain, after it is converted to equivalent phase noise at
the phase detector input. This contribution to PLL output phase noise

is given by

B out/V, det = (1/K N[ =T/(1-T) 1. (3.19)

VCO noise is acted upon by the loop-error response, and its noise

contribution is given by

@ out/@, osc = 1/(1-T). (3.20)
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Finally, the amplifier/filter noise voltage is also acted upon by the
loop-error response, after it is converted to equivalent phase noise

at the VCO output. The PLL output phase noise contribution is given

by
B, out/V, filter = (Ky/2nfy)l 1/(1-T) I. (3.21)

A11 of the PLL noise sources are uncorrelated as each stage is
independent. Thus, the total output phase noise may be calculated by
squaring the individual noise contributions of each stage and then

summing them. This gives

ﬂnz out = [Q’nz ref +6n2 div +(Vn2 det)(1/1()62)][N(-‘I‘/U-T))]2

+ [8,2 osc +(V,2 filter)(Ky/(2r£5))2101/(1-T)12.  (3.22)

The output phase noise in this expression has units of radians
squared and is the mean square phase noise if all noise sources are
specified in mean square units, If spectral densities are used for
the noise terms, output phase noise is in the familiar form of phase
noise spectral density, Sﬁ(fm). Since the noise terms and their
corresponding transfer functions are functions of frequency, phase
noise should be evaluated at several frequencies to arrive at the

output phase noise spectral density.

The preceding noise analysis can be used to develop low noise
design strategies. The analysis shows that all noise sources should

have minimum noise (obviously), and that the phase detector gain (Kp)
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should be maximized and the VCO gain (KV) should be minimized.6 Maxi-
mizing the phase detector gain also raises the loop gain (T), which is
usually desirable, but minimizing the VCO gain lowers the loop gain,
which is usually not desirable as this lowers the loop bandwidth.

Since reference, divider, and phase detector noise are acted upon
by the closed loop gain, these are significant noise sources at fre-
quencies below the loop bandwidth. However, at frequencies well above
the loop bandwidth they become insignificant. In contrast, VCO and
amplifier/filter noise are acted on by the loop-error response. These
noise sources are "cleaned up" by the loop at frequéncies below the
loop bandwidth, but contribute directly to the output noise at fre-
quencies above the loop bandwidth. In summary, reference, divider,
and phase detector noise are dominant at frequencies well below the
loop bandwidth, whereas VCO and amplifier/filter noise are dominant at
frequencies well above the loop bandwidth.6

It should be apparent that there is an optimum PLL loop bandwidth
for minimum output noise at which frequency the reference, divider,
and phase detector noise contributions just equal the VCO and ampli-
fier/filter noise contributions. This optimum loop bandwidth is found
by plotting the PLL output noise due to the reference, divider, and
phase detector assuming infinite loop gain, or ideal closed loop gain
( =T/(1-T) = 1 ). Then the output noise contribution of the VCO and
amplifier/filter is plotted on the same graph, assuming that the loop
gain is zero, giving maximum error response ( 1/(1=T) = 1 ). The
frequency where these two noise plots intersect is the optimum loop

bandwidth for noise performance. For a loop with this loop bandwidth,
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the output phase noise is given approximately by the lesser of the two
noise plots.24 In addition to selecting loop bandwidth, some noise
optimization is possible by selecting loop damping.25

It is unfortunate that loop bandwidth is limited usually to 20%
of the reference frequency and cannot exceed the reference frequency.
Thus, the optimum loop bandwidth for noise may not be attainable in a
synthesizer with narrow channel spacing, or correspondingly, a low
reference frequency. Similarly, low dec loop gain may impose addi-
tional limits on the loop bandwidth, causing it to be below the opti-
mum value. In wideband loops, fast lock-up time fequirements may

require a higher loop bandwidth than the optimum bandwidth for noise.

sSpurious Noise Quiputs

It is important to realize that spurious noise outputs in a PLL
are not caused by random noise. The use of terminology such as "60 Hz
noise or reference frequency noise" is misleading since these outputs
are usually caused by power supply ripple and phase detector reference
frequency feedthrough, respectively. Spurious outputs can be very
difficult to predict and eliminate as they are often caused by poor
shielding and poor grounding techniques.

In multiple loop PLLs where mixers are often used to generate sum
or difference frequencies, spurious outputs are to be expected due to
unwanted mixer products. Single loop PLLs are essentially free of
these spurious outputs, which are often several MHz away from the

carrier,
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Phase-Locked Loop Circuit Elements

Reference Frequency QOscillators

The reference frequency oscillator should have excellent long-
term frequency stability and low phase noise. Reference oscillators
are almost always crystal oscillators. However, atomic clocks are
sometimes used as references for low phase noise crystal oscillators.
The resulting system has excellent long-term stability (from the
atomic clock), and excellent short-term stability (from the crystal
oscillator).26

Since many PLL frequency synthesizers require low reference
frequencies because of narrow channel spacings, digital frequency
dividers are often used in conjunction with a low noise crystal
oscillator. Low phase noise crystal oscillator design will be

discussed later in this thesis.

Phase Detectors

The phase detector senses the loop input phase and feedback phase
difference and provides an error voltage proportional to this
difference. There are basically two types of phase detectors. One
vtype has an output that is a continuous sine or square wave with a
varying dc level proportional to phase difference. A mixer or
multiplier is an example of this type of phase detector. Since the
strong ac signal in the output of this detector will modulate the vco,
causing severe reference frequency sidebands, this type of phase
detector is rarely used for PLL frequency synthesizers, It is,

however, sometimes used for single frequency synthesizers where the
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reference frequency is very high and may be easily filtered out of the
phase detector output.20

The second type of phase detector does not produce the continuous
sine or square wave output. Instead, its output contains a dec level
with only minimal reference frequency feedthrough. The output of this
phase detector may be filtered much easier in the amplifier/filter
stage of the loop to prevent VCO modulation.Z20

Most of these types of phase detectors are actually
phase/frequency detectors because they respond to frequency error as
well as phase error. That is, if the inputs are at different frequen-
cies, the phase/frequency detector will output a full scale voltage to
allow for correction. Phase/frequency detectors are almost always
used in PLL synthesizers as they ensure reliable phase-locking.

The digital tri-state phase/frequency detector is commonly used
for PLL synthesizers. It produces an output pulse equal to its
positive supply voitage for the time duration the feedback phase lags
the reference phase or continuously if the feedback frequency is less
than the reference frequency. Similarly, it produces an output equal
to its negative supply voltage for the time duration the feedback
phase leads the reference phase or continuously if the feedback
frequency is greater than the reference frequency. Finally, if the
feedback phase and reference phases are equal, the output goes to the
tri-state or open circuit state. The capacitors in the loop
amplifier/filter hold the dc¢ voltage that results in phase-locking.
The output of this phase/frequency detector is very clean because it

only comes into play when there is phase error. Most of the time the

4y




o

VCO control voltage is being generated by charge storage in a
capacitor that has very little noise.

The RCA CD4046 CMOS PLL integrated circuit contains a tri-state
phase/frequency detector and is probably the best commercially avail-
able integrated circuit phase detector. There are some interesting
subtleties with this and other similar types of detectors. Most
importantly, when the phase error is zero, gain drops significantly as
the detector is essentially out of the circuit (8, p. 224). This
causes the loop feedback parameters to change. Rohde (8, pp. 225-229)
presents several circuits that deal with this problém, the simplest
being placing a 1 M ohm resistor between the detector output and
ground. This causes the output to produce narrow pulses to overcome
the current leakage in the resistor. However, this obviously degrades
the reference frequency suppression since there is a continuous ac

component in the phase detector output.

Loop Amplifier/Filters

The loop amplifier/filter provides lowpass filtering for phase
detector reference frequency feedthrough and other noise. It also
provides compensation for the loop. The loop amplifier/filter is
designed just as any other voltage sensitive stage. Since active
elements are often used, their noise contributions must be considered.

The most common loop amplifier/filter is the lag=-lead network
followed with additional lowpass filtering or notch filtering for
improved reference frequency suppression. Low noise operational

amplifiers or discrete amplifiers may be used, and careful attention
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must be paid to device noise, power supply rejection, and circuit
shielding.

If the loop divider ratio changes over a significant range, say
over 2:1, it may be desirable, or even necessary, to change the loop
amplifier/filter response to maintain an adequately stable loop. A
multiplying CMOS DAC may be used to change the loop amplifier/filter
response digitally to track changes in the loop divider ratio.27
Since microprocessors are so widely used, it may be convenient to
program the loop amplifier/filter digitally based upon the selected

output frequency range of a synthesizer.

Yoltage Controlled Oscillators

VCO phase noise performance is extremely important as it domi-
nates the PLL phase noise performance at frequencies above the loop
bandwidth unless the amplifier/filter noise is excessive. The vVCo
must have a well buffered output with good reverse isolation so that
nonlinear loading effects do not perturb it, causing increased output
phase noise. Low noise oscillator design is discussed exclusively in

Sections 4 and 5 of this thesis.

Loop Frequency Dividers

There are many implementations of digital frequency dividers.
Most use programmable moduli or division ratios if they are used in a
multiple output frequency synthesizer.

Programmable dividers are available in CMOS, TTL, IIL, MOS, and
ECL technologies. They are usually presettable down counters that

automatically set and count down to zero and then set again, producing
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a single pulse out for every group of N pulses, where N is the
division ratio. Since the counters have to reach the terminal count
(usually zero), know that they have reached it, and preset to N within
one input clock cycle (unless a look-ahead scheme is used), they are
usually limited in frequency. CMOS and MOS programmable dividers are
typically limited to 1 MHz, except for the new high speed CMOS divi-
ders which have speeds comparable to low power Schottky TTL. TTL
programmable dividers are usually limited to around 10-30 MHz depen-
ding upon the family.

To overcome these limitations, some form of freduency prescaling
or division ahead of the programmable dividers is often necessary.
Fixed modulus prescalers are undesirable as they limit the overall
division ratio resolution of the divider network. This in turn forces
the reference frequency of the loop to be lowered by the amount of the
Prescaling. This is bad since the highest possible loop reference
frequency is usually desired as it allows for a wider loop bandwidth.

Variable modulus prescalers overcome this problem by permitting
division ratio resolution down to the single digit, while still lower-
ing the frequency feeding the next stages. Consider, for example, a
+#10/11 variable modulus prescaler in a programmable divider ci;cuit.
To divide by 649, the variable modulus prescaler divides by 11 nine
times and then divides by 10 for the remaining of the 55 counts. The
resulting overall division ratio is then (9x11) + (55x10), which is
649. Other variable moduli or division ratios may be used, such as
+100/101. A +100/101 variable modulus programmable divider is de-

scribed later for the 45-75 MHz synthesizer.
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The topic of programmable dividers is extensive and well covered
in the literature. The reader is referred to Rohde's book8 and the

Plessey digital data book28 for additional discussion and practical

circuits.




4., LOW NOISE OSCILLATOR THEORY AND DESIGN
Causes Of Oscillator Noise

An oscillator has two basic circuit elements: a resonator or
frequency determining element, and a sustaining amplifier to maintain
a gain of one around the loop. Finite Q in the resonator and noise in
the sustaining amplifier give rise to oscillator noise.

From the Barkhausen criterion, an oscillator operates at a fre-
quency where the phase shift around the loop is zero and the gain
around the loop is one (8, pp. 143-144). When an oscillator is first
powered, the loop gain exceeds one, and internal noise builds until
the oscillator levels at its designed output level. At this point,
the loop gain is maintained at precisely unity by some form of lim-
iting or automatic gain control (AGC).

The mechanism for oscillator phase noise is actually quite sim-
ple. The resonator, which is usually a single pole bandpass filter,
has a phase transfer characteristic that is a function of frequency.
At resonance, the phase shift through the filter is zero, and it ap-
proaches positive (usually +90°) and negative (usually -90°) limits
for frequencies below and above resonance. If the sustaining ampli-
fier introduces a phase error in the oscillator signal, the oscillator
output will have to change to the frequency where the resonator phase
shift just cancels the sustaining amplifier phase error. This is
required to maintain a phase shift around the loop of zero. Thus, the
oscillator output frequency wanders around correcting for phase per-

turbations that the sustaining amplifier introduces (8, pp. 153-154).
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As discussed previously, oscillator frequency fluctuations can be
directly related to phase fluctuations.

It should be clear that if the sustaining amplifier is noiseless,
the oscillator will be noiseless as frequency shifts are not required
because there are no phase perturbations that require correction.
Additionally, if the resonator Q is infinite, the oscillator is also
noiseless because sustaining amplifier phase perturbations will be
corrected by infinitesimal shifts in the oscillator frequency. The
goals of low noise oscillator design are then to minimize sustaining
amplifier phase noise and to maximize the resonator Q. It is impor-
tant to realize that it is the loaded Q of the resonator that is
important in an oscillator. The oscillator circuit will always de-
grade resonator Q by some degree, and resonator Q can be degraded by
more than one-half in a poorly designed oscillator circuit. To under-
stand how the sustaining amplifier introduces phase noise into an

oscillator, it is necessary to understand additive noise.
Additive Noise

Additive noise describes linear summing of noise and should not
be confused with noise that is generated by signal mixing (multiplica-
tion) or other nonlinear processes. Consider white noise that is
added to a signal that has no phase noise. The mechanism of additive
noise is shown in Figure 4.1, where sinusoidal noise sources are shown
at a frequency fm from each side of the carrier. The phasor diagrams
in Figure 4.1 show how the added noise results in a phase perturbation

at the frequencies fo -fy and fo +f, in the signal spectrum, where fj
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Figure 4.1. Illustration of Additive Phase Noise.

Source: Scherer, D.,"Design Principles and Test Methods for Low
Phase RF and Microwave Sources," Hewlett-Packard RF and Microwave
Symposium and Exhibit, October 1978.
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is the carrier frequency. The frequencies of the phase perturbations

correspond to a phase noise frequency of fne The resultant phase

noise spectral density as derived in the figure is

- 2 _
Sg(fm) = (En/Esig) = Pn/Psig’ (4.1)
where En is the noise voltage in a 1 Hz bandwidth, and Esig is the
total signal voltage. If evaluating in terms of power, Py is the

noise poweﬁ in a 1 Hz bandwidth, and Psig is the total signal power.

Note that it has been assumed that the additive noise is white
noise. This is a good assumption because phase noise at the modula-
tion frequency fm is caused by noise at the frequencies fo-fm and
fo+fm. Since the carrier frequency'fo is usual ly much greater than
the modulation frequency m of interest, the added noise of interest
is contained in a small band of frequencies near the carrier. Over
this narrow frequency band, the added noise usually has a constant
spectral density.

Note that the phase noise due to additive noise is given simply
by the noise to signal ratio. Thus, it is desirable to maximize the
signal and to minimize noise. Consider the following additive noise
example. A signal of +10 dBm is passed through an amplifier with a
+12 dB noise figure. The phase noise spectral density due to additive

noise is

Sg(fm) = (-174 dBm/Hz +12 dB) - (+10 dBm)
= =162 dBm/Hz - (+10 dBm)
(noise) (signal)

= =172 dB rel to 1 rad?/Hz. (4.2)
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Here the ratio of noise to signal power was calculated in logarithmic
or dB form by subtracting the signal power from the noise power. SSB
phase noise is just as easily found and is simply half the phase noise
spectral density S¢(fm). In the previcus example, SSB phase noise is
found by simply subtracting 3 dB from the answer. The units would

then be, of course, dBe.
Leeson's Oscillator Model

In 1966, Leeson published a heuristic model for oscillator phase
noise.29 It was presented without formal proof, but'the phase noise
transfer function portion of the model has since been proven by
Sauvage.3o Leeson's model is widely referenced in the literature and
allows a designer to estimate the noise performance of an oscillator.

Consider the oscillator block diagram in Figure 4.2. The diagram
shows the oscillator sustaining amplifier and a single pole bandpass
resonator, Through modulation theory, it can be shown that a phase
modulated signal passing through a bandpass filter has the same phase
modulation as if the phase modulating signal were passed directly
through an equivalent lowpass filter. This analogy is described in
Reference 31. From this theory, Leeson's model was derived. The
phase modulation equivalent oscillator model is shown in Figure 4.3.

Note that Leeson's model describes the phase noise in an oscilla-
tor, where ¢pert is the added phase noise or phase perturbation at the
sustaining amplifier, and gout is the oscillator output phase noise.
The phase modulation equivalent filter for the single pole resonator

is a single pole lowpass filter with a corner frequency of f0/2QL,
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Figure 4.2. Oscillator Block Diagram.
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Figure 4.3. Oscillator Phase Modulation Equivalent Model.
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Where fo is the center frequency of the resonator and Q, is the load-
ed quality factor of the resonator. Thus, the oscillator feedback
element (the resonator) allows phase modulation to pass unattenuated
at modulation frequencies below fy/2Q, and attenuates phase modulation
at frequencies above this by 6 dB/octave. This is analogous to signal
phase modulation passing unattenuated through a bandpass resonator at
modulation frequencies, fm, less than half the resonator's 3 dB
bandwidth. At modulation frequencies above half the resonator's 3 dB
bandwidth, signal phase modulation is attenuated by 6 dB/octave.6
Applying feedback theory to Leeson's model.results in an
expression for the oscillator output phase noise. The sustaining

amplifier phase perturbation is acted upon by the loop error response

(1/(1-T)), where T is the oscillator loop gain. This gives

Bout = Ppert [ 1701-T) ]

1

= Zpert

1= /0 1 +3f,/(£5/2Q) ]

= gpept [ 1 'jfo/(2QLfm) ]7 (4-3)

where the corner frequency of the equivalent lowpass filter, as pre-

viously described, is one-half of the resonator's bandwidth, fO/ZQL.

Note that the loop gain, T, of a feedback amplifier is positive.
The oscillator output phase noise may be expressed in terms of

spectral density, which gives

Sg out(fy) = Sy pert(£,)[1 +£,72(£y/2Q,)2]. (4.4)
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This was obtained by squaring the left side of Equation 4.3 and
multiplying the right side of the equation by its complex conjugate.
Then the spectral densities were substituted for the mean square phase
noise terms.

The phase perturbation spectral density is constant with
frequency for white additive noise. In reality, the phase noise
perturbation increases at low frequencies. This is due to additional
noise which is not additive noise. The additional low frequency noise
is caused mainly by the effects of 1/f device noise and the resulting
modulation of device transconductance and input and output imped-
ances.b The 1/f device noise is thus up-converted into the RF oscilla-
tor spectrum because of device nonlinearities causing an increase in
Phase noise close to the carrier. Thus, Leeson described the Phase

perturbation spectral density by
Sy pert(fy) = (Ep/Egy)2[1 +fo/£,], (4.5)

where En is the noise voltage in a 1 Hz bandwidth at the sustaining
amplifier input, Esig is the signal voltage at the sustaining
amplifier input, and f, is the low frequency phase noise corner
frequency.29 Note that the expression "(En/Esig)Z" describes additive
noise and that the expression "1 +f£,/f " describes the excess low
frequency phase noise. The latter expression is somewhat arbitrary,
but Leeson and others have presented experimental data that give the
expression credibility.29

Leeson recommends using a higher noise level for E, than the

actual noise level.29 This is because broadband white‘noise causes a
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higher level of white noise to appear in the oscillator sustaining
amplifier because of noise intermodulation products. White noise far
away from the carrier gets up-converted and down-converted into the
frequency region near the carrier, resulting in a higher white noise
floor in the oscillator sustaining amplifier and a higher oscillator
output phase noise.

Substituting the phase perturbation spectral density (Equation

4.5) into Equation 4.4 gives
Sy out(fy) = (Ep/Egy )20 +£o/£5101 +£572(£/2Q1)21, (4.6)

which is Leeson's complete expression for oscillator phase noise.29
Again, f‘o is the resonator center frequency or oscillator carrier
frequency, QL is the loaded resonator quality factor, Ep is the noise
voltage in a 1 Hz bandwidth at the sustaining amplifier input, Esig is
the signal voltage at the sustaining amplifier input, and fa is the
low frequency noise corner frequency. ~

Leeson's expression for oscillator phase noise may be expressed

in terms of SSB phase noise. This gives
L(fp) = (1/2)84(fy) = (1/2)(Ey/Bgyg) 20148/ 0010 148,72(£0/2Q1)2], (4.7)

where it is assumed that the total peak phase noise is much less than
one radian.

This expression may be plotted for two distinct cases. If the
resonator half bandwidth (fg/2Qp) exceeds the low frequency phase
noise corner frequency (fc), the oscillator is called a low Q oscilla-

tor'.6 Most LC oscillators are low Q oscillators. If the resonator

57



half bandwidth is less than the phase noise corner frequency, the
oscillator is called a high Q oseillator.f Most ecrystal oscillators
are high Q oscillators. The SSB phase noise of both oscillator types
is shown in Figure 4.4.

Note from the figure the different phase noise slopes. Within
the resonator half bandwidth, phase noise increases at 20 dB/decade
with decreasing frequency. At frequencies below the low frequency
phase noise corner frequency, phase noise increases by an additional
10 dB/decade with decreasing frequency. The ultimate phase noise
floor is reached at frequencies above the greater éf the resonator

half bandwidth or the low frequency phase noise corner.

Minimizing S ining Applifier Noi

Signal-to-Nojse Ratio Effects at RF Frequencies

From Leeson's model, it is clear that additive noise at the
sustaining amplifier is a primary contributor to oscillator noise.
Additive noise is caused mostly by RF noise in the active devices, so
obviously low RF noise devices should be used. Further, since addi-
tive phase noise varies inversely with the signal-to-noise ratio, the
sustaining amplifier input signal should be maximized. There are,
unfortunately, practical limits governing the signal level in an
oscillator. The active devices should not be overdriven to where they
saturate, become improperly biased, or reach breakdown. Any of these
occurrences will usually result in a severe degradation of resonator Q

by loading the resonator.
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Figure 4.4, Phase Noise of Low Q and High Q Oscillators.




The choice between bipolar transistors and junction field-effect
transistors (JFETs) is not obvious as the decision must be based on
resonator loading effects, impedance levels, and device noise. JFETs
are generally well suited for LC oscillators because they present a
high impedance load to a parallel LC tank circuit. Further, they can
be driven by the high impedance of an LC parallel tank circuit because
of their low noise currents,

Bipolar transistors are generally well suited for overtone
crystal oscillators where the crystal is coupled to the emitter of the
transistor. The low emitter resistance of the biﬁolar transistor
assures the introduction of minimum series resistance into the crystal
circuit, thus maximizing its loaded Q. In addition to selecting an
active device with minimum RF noise, low frequency 1/f noise must also

be minimized along with device intermodulation distortion.
Low Frequency Device Noise Modulation Effects

Mechapnisms of low frequency device noise modulatjon, Low fre-
quency device noise cannot add directly to the RF oscillator signal,
as signal addition generates no new frequency components. Unfortun-
ately, low frequency device noise modulates the device transconduc-
tance and input and output impedances, causing both AM and PM modula-
tion. The low frequency noise is thus effectively up-converted into
the RF signal spectrum.

Generally, amplitude modulation caused by low frequency noise
does not directly pose a problem, as limiting within the oscillator

suppresses AM noise. However, AM-to-PM conversion within the active
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devices causes amplitude modulation to be converted to phase modula-

tion, resulting in phase noise. Circuit limiting, of course, does
nothing to reduce phase modulation.

AM-to~-PM conversion is caused in part by nonlinear device input
and output impedances. The impedance levels in fact are a function of
the signal level causing circuit phase fluctuations that are a result
of fluctuating signal levels caused by AM noise.32 The initial AM
noise is generated mostly by low frequency or 1/f noise device trans-
conductance modulation.

Bipolar transistors are especially susceptible t§ AM and PM noise

modulation. This is because their transconductance and input and

output impedances are strong functions of bias level, which fluctuates

due to low frequency device noise. Bipolar transistor AM and PM
modulation may be analyzed or measured by finding the magnitude and
phase of device transconductance as a function of bias current.
Transconductance should be evaluated at the RF frequency of interest.

Once the magnitude and phase of device transconductance are found
as a function of bias current, the expressions may be differentiated
with respect to bias current. The change in transconductance magni-
tude with bias current gives the AM gain for low frequency noise, and
the change in transconductance phase with bias current gives the PM
gain for low frequency noise. This calculation is illustrated by
Healey using the hybrid-pi transistor model.33

Bipolar transistor input and output impedance and transconduct-
ance dependency on emitter current are easily seen from the hybrid-pi

model. If the current gain, B, and gain bandwidth product, fT, are
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assumed to be constant with emitter current, additional inacecuracy
above the basic hybrid-pi model will result in the calculations of AM
and PM gain in the device. This is because both B and fr are
functions of emitter current, and to a lesser extent, base-collector
voltage. The computer analysis program SPICE (Simulation Program with
Integrated Circuit Emphasis) is recommended for analyzing device bias-
level AM and PM gain. The SPICE program uses the Gummel-Poon bipolar
transistor model, which is a charge-controlled model that includes
many of the subtle transistor parameter shifts with bias and signal
levels. |

JFETs exhibit much less transconductance and input and output
impedance modulation with bias current compared to bipolar
transistors. This is because their transconductance is not as strong
a function of bias current and their input and output impedances
remain much more constant with varying bias current. This is the
reason JFETs exhibit superior intermodulation performance over bipolar
transistors. 1In short, JFETs are more linear devices and are less
susceptible to low frequency AM and PM noise modulation.

The mechanism of phase modulation has been thought to be primar-
ily a second-order intermodulation effect where low frequency noise
modulation of the fundamental frequency results in most of the phase
modulationﬁy* Second-order intermodulation is evaluated by finding
transconductance phase modulation at the oscillator fundamental fre-
quency. However, recent analysis has shown that in some oscillators,
particularly VHF oscillators, the phase modulation is actually a

third-order intermodulation effect. Here the oscillator fundamental

62



and second harmonic are AM modulated by differing amounts. Since the

second harmonic is out of phase with the fundamental, this causes
considerable phase modulation. The fundamental and second harmonic
are out of phase because device phase shift is greater for the second
harmonic. This third-order intermodulation mechanism has been ana-
lyzed using the SPICE circuit analysis progrmm3u This intermodula-
tion mechanism is probably not present in oscillator stages that are
tuned because signal harmonics are heavily rejected.

Circuit parameter changes or modulations that are caused by the
oscillator fundamental signal should not be confuéed with circuit
parameter modulations caused by low frequency noise. Circuit parame-
ter modulation caused by the oscillator fundamental frequency causes
the generation of harmonics only, and this is simply harmonic distor-
tion. Harmonic distortion, in itself, is generally not a problem in
oscillators, and if it were, the harmonics could be easily filtered
out.

Further discussion of low frequency device modulation mechanisms
is beyond the scope of this thesis as low frequency or 1/f noise is an
entire subject of its own, and the mechanisms of phase modulation due
to device nonlinearities is another entire subject area. The re-
maining focus will be on optimum circuit designs that minimize the
effects of 1/f noise and on the selection of low 1/f noise devices.
The reader is referred to Reference 35 for further discussions of
theoretical 1/f noise effects in oscillators and to Reference 36 for

discussions of 1/f noise in solid state devices.
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Circuit design for low 1/f noise effects. Low frequency noise

modulation effects may be minimized by using low frequency circuit
degeneration to minimize low frequency noise modulation of device
bias, and by using RF circuit degeneration to help stabilize device
transconductance and input and output impedances and thus reduce the
PM modulation gain of the active device.3T The reduction of PM modu-
lation gain is a result of making the active device more linear and
lowering its intermodulation distortion. This not only reduces low
frequency noise modulation, but also reduces broadband noise inter-
modulation, which raises the effective additive noisé in the oscilla-
tor.

Consider the circuit of Figure 4.5 for an example of 1/f noise
circuit degeneration. The oscillator of Figure 4.5 is an LC oscilla-
tor with a JFET differential limiter for the sustaining amplifier,
Low frequency JFET device noise voltage is heavily degenerated by the
current source bias and by the high reactance of the source coupling
capacitor.38 Thus, low frequency device noise does not significantly
modulate the device bias currents, resulting in less AM and PM modu-
lation in the active devices. At RF frequencies, the coupling capaci-
tor reactance is low, allowing the oscillator signal to be coupled
between the JFET sources. There is no RF degeneration in this circuit
except for self-degeneration in the JFET source impedances. Additional
RF circuit degeneration is not needed because of the low PM modulation
gain of JFETs.

As discussed, bipolar transistors are particularly nonlinear

devices and have high PM modulation gains for bias current modulation.
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The PM modulation gain may be significantly reduced by using RF cir=

cuit degeneration, particularly in the emitter circuit. Healey pro-
vides data of PM modulation gain versus bias current for typical
bipolar transistors at 30 MHz.33 A device with a bias current of §
mA, fT of 1000 MHz, Ppp' of 50 ohms, and a B of 100 has a transconduc~
tance PM modulation gain(dﬁ/dlemitter) of approximately 0.045 rad-
ians/mA. The same device with a 50 ohm external emitter resistor has
a transconductance PM modulation gain of 0.01 radians/ma.33 It is
clear that even moderate emitter degeneration results in a substantial

reduction of PM modulation gain. Boychuk also presents data of
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Figure 4.5, Example of Low Frequency Noise Circuit Degeneration.
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bipolar transistor transconductance (and input and output impedance)
modulation with emitter current for varying degress of emitter
degeneration.39

Unfortunately, resistive emitter degeneration adds thermal noise
to the circuit so the emitter resistance cannot be made arbitrarily
large. The author has considered using a sustaining amplifier stage
that uses lossless feedback to accomplish device linearization without
the addition of noise caused by resistive feedback. Lossless feedback
was developed by Norton and uses transformer f‘eedback.uO This will be
discussed later as a suggestion for future work.

Walls gives an empirical expression of close-in phase noise for a
common emitter bipolar transistor amplifier operated without emitter
degeneration.41 The expression describes 1/f noise PM device

modulation and is given by
Sg(fp) = 10=11 raa2/f 40 (4.8)

Thus, S¢(1 Hz) is empirically -110 dB (relative to 1 rad2/Hz) and
falls at 10 dB/decade until the white additive noise floor is reached.
Emitter degeneration can improve this by 30-40 dB.3T 1In fact, a
2N3904 isolation amplifier with a 27 ohm emitter resistance is re-
ported to have a close-in phase noise 30 dB below this empirical (non-
emitter degenerated) value *!

Fortunately, it is very convenient to couple the crystal of a
series resonant overtone crystal oscillator circuit to the emitter of
a bipolar transistor. This not only maximizes the loaded Q of the

crystal because of the low drive impedance seen from the emitter, but
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also provides emitter degeneration. The crystal impedance provides
emitter degeneration, especially at frequencies off of resonance where
the impedance becomes quite large.

Rohde suggests that a series resistor placed between the bipolar
transistor collector and the collector tuned circuit used in an over-
tone crystal oscillator further reduces low frequency noise modula-
tiomﬁZ Rohde references a report which mathematically demonstrates
the reduction of AM-to-PM conversion and the corresponding low fre-

quency modulation.32

Low 1/f noise devige selection. JFETs generally have the lowest
1/f noise corner frequency of active devices, The corner frequency
typically varies from 10 Hz to 10 kHz. Additionally, their low noise
currents make them extremely attractive if their input signal source
is not low impedance. Further, their improved linearity over bipolar
transistors makes them less susceptible to low frequency PM noise
modulation. The J308,J309,J310 family and the 2N5397 are good JFETs
for low noise oscillators. The J308,J309,J310 family are good for VHF
service, and the 2N5397 is good for UHF service. MOSFETS should be
avoided as they have very high 1/f noise.

Bipolar transistors may be used effectively in low noise oscilla-
tors if they are driven from low impedance sources to shunt the
effects of base current noise. Large junction devices generally
exhibit less 1/f noise than small junction devices. Thus, a small-
signal low noise RF transistor may not be an optimum device for low

noise oscillator service because of 1/f noise (23, p. 106).
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The 2N5943 transistor, which is a moderately large geometry
device, is reported to have low 1/f noise.38,41 The author has seen a
20 dB noise improvement at 1 kHz from the carrier using the 2N5943 in
place of an MRF-901 in a 45 MHz crystal oscillator circuit. The
2N2857 is commonly used in low noise oscillators into the UHF range
and has been in use for some time.

High current gain transistors have lower 1/f noise as they have
lower surface recombination velocities.33 However, high B transistors
usually have large base-spreading resistances that introduce higher
levels of additive white noise into an oscillator éircuit. The BC~
109C is a high B transistor with low 1/f noise, but it has higher
broadband or white noise than the 2N2857 because of its higher base-
sSpreading resistance,33

PNP transistors are reported to have lower 1/f noise than NPN
transistors.36 PNP devices are not, however, used as frequently as
NPN devices. The 2N4260 is a good PNP cransistor for service up into
the UHF range.

The optimum bipolar transistor is a nedium-to-large geometry
device with high B, low base-spreading resistance, and of course a
satisfactory gain-bandwidth product. It is important to realize that
1/f noise is very process dependent., It may well be necessary to
individually select devices for critical low noise oscillator applica-
tions,

Passive devices also exhibit 1/f noise. Silver mica capacitors
are reported to have high 1/f noise.36’37 Similarly, electrolytic and

ceramic capacitors are also reported to have high 1/f noise as well as
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carbon composition resistors.36 Reversed biased varactor dicdes also

exhibit 1/f noise}2 Finally, hot carrier diodes have low 1/f noise,

which makes them desirable limiting elements.36

Power Supply Noise Effects

As in low noise low frequency amplifiers, power supply noise can
significantly degrade the noise performance of an oscillator.
Additive noise effects are not a problem as supply bypassing assures
negligible noise at the RF frequencies. However, the low frequency
noise of power supplies can cause device transconductance and input
and output impedance modulation to occur. Power supply modulation
effects are similar to 1/f device noise modulation effects.

Power supply noise effects can be minimized by designing for
maximum power supply rejection. The circuit of Figure 4.5 has excel-
lent power supply rejection for the negative supply voltage. This is
because of the current source bias. It is interesting to note that
this circuit was designed for low 1/f device noise effects, but has
excellent power supply rejection as well. Note that the parallel LC
tank circuit is capacitively coupled to one of the JFET drains, and
this drain is biased through an RF choke to the positive supply
voltage. Noise on the positive supply will modulate the drain-gate
capacitance of the JFET, causing reactance modulation of the oscilla-
tor tank circuit or resonator.

It is recommended that power supply phase noise contributions be
measured experimentally to determine if indeed device noise is con-

trolling noise performance., Of course, every effort should be made to
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minimize low frequency supply noise using low noise series pass regu-

lator circuits and filtering.
Meximizing In-Circuit Resopator Q

Resonator Chojces

The quartz crystal is the highest Q resonator known to man. When
operated in the series resonant overtone mode, crystal Q can exceed 1}
million. The Quarzkeramik Company makes exceptionally high Q crystals
(8, p. 200). Also, the Bliley Company makes high Q crystals. Most
erystals for low noise oscillators are AT cuts, but Bf and SC cuts are
also used.32’3u’43

Q values up to 3 million are possible for 5th overtone AT cut 5
MHz crystals.uu Groslambert reports a 5 MHz 5th overtone AT cut
crystal with a loaded Q of 1.5 million in an oscillator cir'cuit.45
Driscoll reports an interesting scheme for actively multiplying the Q
of a cr'ysi:.al.u6 This is done using a negative resistance generator in
series with the crystal to lower the effective series resistance of
the crystal. A 30 MHz crystal with a Q of 2.9 x 109 was Q-multiplied
to an effective Q of 1 x 106.u6 Similarly, an 80 MHz crystal was Q-
multiplied to an effective Q of 5 x 105, of equal significance to the
process of multiplying crystal Q is the fact that the negative re-
Sistance generator used by Driscoll has a phase noise comparable to
that of nonregenerative stages.l‘6 This opens up possibilites for some
very low noise crystal oscillator designs.

Transmission lines, helical resonators, and cavities are also

high Q resonators, and Q values over 1000 are easy to obtain.
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Although not as limited in tuning range as crystals, the tuning range
of these resonators is small.

Where wide tuning ranges are required, the LC resonator is usu-
ally required. Unfortunately, Q values over 500 are rarely obtained
in a circuit. Most LC resonators are parallel circuits, thus Q is
maximized by increasing the capacitance to inductance ratio until coil
losses become severe, Maximizing the parallel capacitance also mini-
mizes capacitance modulation effects caused by devices coupled to the
tank cirouit.6 This effect is caused by low frequency device capaci-
tance modulation and the resultant phase modulation due to varying
capacitance in the tank circuit.

The author has considered using a Q-multiplied parallel LC tank
circuit in an LC oscillator, which was a suggestion offered by the
late Bill Managan, Unfortunately, time did not allow for the design
and evaluation of this circuit before the completion of this thesis.
It is hoped that a circuit of this type will be as successful as Dris-
coll's crystal Q-multiplying circuit.*® This will be suggested later

as a topic for future study.

Oscillator Limitipng

As previously discussed, some form of controlling oscillator loop
gain at unity is required. This is done in many oscillators by let-
ting the active devices cut off or saturate. It is crucial in low
noise oscillators that the limiting mechanism does not significantly
degrade the loaded Q of the resonator.

Most LC oscillators use a parallel tank circuit for the

resonator. It is imperative that oscillator circuitry does not
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resistively load the tank circuit, degrading its loaded Q. Devices
that saturate or are driven into breakdown will degrade the locaded Q
of the parallel tank circuit by shunting resistance across it.

Self-limiting oscillator ecircuits are commonly used and are usu-
ally quite simple. Self-limiting occurs when the input level of a
device builds up to the point where the device cuts off for a portion
of the signal cycle. As the device becomes cutoff for a larger por=-
tion of the cycle, the average transconductance drops, Self-limiting
occurs at the signal level that degrades device transconductance to
where the overall oscillator loop gain is unity.

If a self-limited stage is used to drive a crystal in a series-
mode oscillator circuit, the series impedance driving the crystal will
be high during device cutoff. Thus, the average driving impedance of
the crystal will be much higher compared to the driving impedance of a
class A stage where the device is on for the entire signal cycle.
This, of course, will degrade the loaded Q of the erystal.

Driscoll reported a comparison between two 47 MHz crystal oscil-
lators, where one was self-limiting in the crystal driver stage, and
the other used a class A erystal driver stage and a separate limiting
stage.u3 The single stage self-limiting oscillator has a reported
loaded Q of 24,000, whereas the two-stage oscillator with the class A
crystal driver has a reported loaded Q of 120,000.43 Obviously, the
oscillator with the higher loaded Q will have lower close-in phase
noise. However, self-limiting designs often have lower ultimate noise

floors because they typically operate with larger signal levels, The
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drive of a class A stage must usually be limited to prevent device
cutoff.

The differential limiter is an excellent oscillator limiting
element. It provides essentially a fixed square-wave current output
for a wide range of input voltages. Because it maintains high input
and output impedances during limiting, it is an extremely desirable
limiting element. Further, the differential limiter may be driven by
large signals, permitting a maximum signal-to-noise ratio for minimum
additive noise.

Hot carrier or Schottky diodes may also be uséd for limiting.
These may be placed at a circuit point that is buffered from the
resonator to limit signal levels. They may also be placed across a
tap that is near ground on a parallel tank circuit. This will load
the tank circuit some, but it is possible to load it only slightly.

AGC is sometimes used in oscillators to control loop gain. Here
the signal level is rectified and used to control loop gain at unity
for a fixed signal level. The use of AGC for oscillator limiting does
not appear as popular as other forms of oscillator limiting.

In summary, limiting generally should not occur in the resonator
but in a separate isolated stage. This assures maximum in-circuit
resonator Qﬁ’32 Although a separate limiting stage has been recom-
mended, good oscillator performance has been observed in some oscilla-
tors where this was not done. For example, series resonant crystal
oscillators that have emitter-coupled bipolar transistor crystal
drivers have been operated with the driver cut off for a portion of

the signal cycle. Phase noise degradation is not as severe as
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expected because of device reactance during cutoff, which acts to
maintain coupling to the crystal.u7’u8 A pure reactance in series
with a resonator will not degrade the Q of the resonator. This may
help to explain the surprising performance of some seemingly sloppy

oscillator circuits.

Usually, a buffer amplifier is used to buffer the oscillator
output signal from the internal oscillator circuitry. This prevents
changing load conditions from introducing phase noise. The buffer
amplifier also raises the signal level to the level needed for subse=-
quent circuitry.

The buffer amplifier introduces phase noise of its own. Phase
noise is introduced by additive noise and low frequency device and
power supply modulation effects. The buffer amplifier should be
designed with the same considerations as the oscillator sustaining

amplifier to minimize phase noise.

Yoltage Controlled QOscillator Considerations

If the resonator resonant frequency is varied by a dc control
voltage, an oscillator becomes a VCO. If the tuning range is
extremely narrow (below 1 kHz), a crystal may be pulled with a varac-
tor diode. If the tuning range is moderately wide (less than a 10%
range), a transmission line resonator may be pulled with a varactor
diode. The transmission line resonator may be tuned over a wider

range by using switched capacitors at one or both ends. Finally, for
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wide tuning ranges, an LC resonant circuit may be tuned using a varac-

tor diode.

Yoltage Controlled QOscillator Gain Effects on Phase Noise

It is unfortunate that all VCOs are FM modulators. Any noise on
the dc control voltage will result in output frequency fluctuation or
phase noise. If the VCO output frequency to input voltage
characteristic or gain is high, this effect can become quite severe.

Consider two VCOs with different gains that are fed by the
thermal noise voltage of a 1 k ohm resistor. The first oscillator has
a gain of 100 kHz/volt, and the second has a gain of 10 MHz/volt. V(O

frequency fluctuation noise due to input noise is calculated as
Se(fg) = [Ep(fp)kyl3, (4.9)

where E, is the input rms noise voltage in a 1 Hz bandwidth and Ky is
the VCO gain. From frequency fluctuation noise, the phase noise is

found to be
Sg(fy) = (1/5,2)8p(£0) = (1/£,2) (B, (£)Ky 12, (4.10)

A plot of the resulting output phase noise for both the low gain
and high gain VCO is shown in Figure 4.6. Note that the VCO with the
higher gain has much greater output phase noise due to the input noise
voltage than the lower gain VCO.

The varactor control voltage can be heavily lowpass filtered to
reduce noise. This filtering must not cause significant phase shift
within a PLL as loop stability will suffer. However, even if the

control voltage is totally filtered into a pure dc voltage, varactors
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have an internal thermal noise voltage caused by their bulk resistance

that will cause VCO phase noise.

Yoltage Controlled QOscillator Frequency Presteering

Minimizing VCO gain usually requires coarse frequency steering of
the oscillator tank circuit. This may be done by switching varying
amounts of either capacitance or inductance into the circuit. A
varactor diode then provides the fine tuning. The switching of

capacitance or inductance into the tank circuit may be done using

HIGH GAIN VCO
(Ky = 10 MHz/volt)

=131,

LOW GAIN VCO
(Ky = 100 kHz/volt)
-151_]

-1T1

" s oy .
y Lonmns

10 Hz 100 Hz 1 kHz 10 kHz 100 kHz

Figure 4.6. Phase Noise of a Low Gain and High Gain VCO Due to
Control Voltage Noise Caused by a | k Ohm Resistor.
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mechanical relays or solid state devices. PIN diodes are commonly

used as a solid state RF switch. Unfortunately, they have a series
resistance when turned on and an off-capacitance in series with a
resistance when turned off, which results in a degradation of tank
circuit Q. Further, PIN diodes have a small varactor diode charac-
teristic when reversed biased off that makes the tank circuit suscep-

tible to PIN diode bias voltage noise.

\dditi 1 i it Consid .

In addition to the VCO gain noise problem, VCOs present addi-
tional circuit problems. The varactor diode should not become forward
biased or reach breakdown by excessive signal levels. Thus,
oscillator signal levels may have to be reduced when using a varactor.
Additionally, varactors have much poorer Qs than fixed capacitors.

The effect of varactor Q is minimized in low gain VCOs because the

varactor has a more limited effect on the resonator. Gallium arsenide
varactors have superior Qs over silicon varactors, but they are much

more expensive.

Low Noise Oscillator Examples

Because of the extremely high Q of quartz crystals, crystal
oscillators exhibit superb phase noise performance. Three crystal
oscillators in the 100 MHz range will be compared, each having a
considerably different design from the others. Since the next section
of this thesis is devoted to an LC VCO that is used in the 45-75 MHz

frequency synthesizer, no examples of LC oscillators will be given.
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The first oscillator was designed by Rohde and uses a bipolar
transistor sustaining amplifier and a bipclar transistor differential
limiter.32 An abbreviated schematic of this oscillator is shown in
Figure 4.7.

The sustaining amplifier is a cascode amplifier with current
bias. The current bias results in significant degeneration of low
frequency noise because of the high low frequency impedance at the
emitter of transistor Q1. The parallel tuned circuit tunes the oscil-
lator to the correct overtone of the crystal, which is generally
required in overtone oscillators. The 470 ohm resistér in series with
the collector of Q2 minimizes AM-to-PM conversion and the resulting
up-conversion of low frequency device noise. This was discussed
earlier, and Rohde references a computer analysis that verifies this
effect.32 Transistors Q3,Q4 and Q5,Q6 form two differential limiters.
One limiter is used in the oscillator feedback loop for levelling, and
the other is used as an output buffer amplifier.

This oscillator has a measured SSB phase noise of =112 dBc at 10
Hz, -142 dBc at 100 Hz, and =160 dBc at 1 kHz. The ultimate noise
floor is reached at close to 1 kHz and is -160 dBe. This oscillator
has the best close-in phase noise performance of the oscillators.

The second oscillator uses a bridged-tee self-limiting configura-
tion with a bipolar transistor cascode sustaining amplifier and was
designed by Healey.34 An abbreviated schematic of this oscillator is
shown in Figure 4.8, The cascode arrangement of Q1 and Q2 helps
prevent ﬁhe base-collector capacitance of Q1 from degrading the crys-

tal Q. As the circuit is self-limiting, the transistors are turned
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Figure 4.7. Abbreviated Schematic of Rohde's 100 MHz Crystal Os-
cillator,

79




TANK CIRCUIT
— c2

{. T
| T

Q2

AN

Q1

Lo
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off for a portion of the signal cycle. Although this degrades crystal

Q, the oscillator still has respectable close-in performance.

The phase noise of this oscillator is -132 dBe at 100 Hz,
=157 dBc at 1 kHz, and ~168 dBc at 10 kHz. The ultimate noise floor
is reached at slightly above 10 kHz and is ~170 dBe. This oscillator
does not have as good a close-in performance as the first oscillator,
probably because of degraded crystal Q caused by limiting in the
crystal driving stage. It does, however, have a superior ultimate
noise floor, due probably to larger oscillator signal levels. Details
of output signal coupling were not given in Healey's paper'.34 Link
coupling to the tank circuit inductor is probably used with subsequent
buffering.

The third oscillator uses all JFETs and was designed by Neubig..u9
An abbreviated schematic of this oscillator is shown in Figure 4.9,
The sustaining amplifier is a JFET cascode with a pi-network connected
between output and input. The 180° phase shift of the sustaining
amplifier combined with the 180° phase shift of the pi-network results
in positive feedback. Limiting is provided by Schottky dicdes at the
pi-network. Output buffering is provided by a grounded gate JFET.

The measured SSB phase noise of this oscillator is -114 dBec at
100 Hz, -140 dBc at 1 kHz, and -147 dBc at 10 kHz. The ultimate noise
floor is reached at slightly above 2 kHz and is -147 dBe. This
oscillator does not have as low a phase noise as the other two oscile
lators. This is probably due to degraded crystal Q caused by high
JFET source resistance as compared to low bipolar transistor emitter

resistance. Additionally, oscillator signal levels are probably
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lower, resulting in lower signal-to-noise ratios. This can usually be
found to be true in an oscillator with a higher ultimate noise floor.
The topology of this oscillator is very similar to that of
Healey's oscillator except for the use of diode limiting. Healey
reports another crystal oscillator with the same basic topology,
including diode limiting.50 This oscillator operates at 90 MHz and

uses bipolar transistors.

PI NETWORK
s F .
L
OUTPUT == Q3 % Q1

Figure 4.9. Abbreviated Schematic of Neubig's 96 MHz Crystal Os-
cillator.
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5. VOLTAGE CONTROLLED OSCILLATOR IN THE

45-.75 MHz SYNTHESIZER
Design Goals

VCO noise requirements can be taken directly from the synthesizer
design specifications in Table 1.1 since phase noise above 1 kHz is
controlled by the VCO. Phase noise above 1 kHz is controlled by the
VCO because the PLL loop bandwidth is well under 1 kHz since loop
bandwidth must be less than the reference frequency of 1 kHz. 1In
fact, the selected loop bandwidth is only 10 Hz becaﬁse of the low de
loop gain. PLL noise performance was not specified at frequencies
below 1 kHz because close-in phase noise is not criticﬁl in HF com-
munication receiver local oscillator applications.

To accomplish the low noise performance, it is necessary to
minimize the gain of the VCO for reasons described in the previous
section. A switched inductor design was chosen that limits VCO gain
to 100-200 kHz/volt. The inductors will be switched in a binarily
coded fashion under control of a ROM that will select the proper
inductors based upon the selected frequency of the synthesizer. Fine
tuning will be provided by a varactor diode.

The VCO will have two outputs: one output will be the main RF
output to the outside world; the other will drive the synthesizer's
programmable divider. Both outputs will be well buffered from the
oscillator circuitry and from each other. Of course, the VCO will be
thoroughly shielded and use careful povwer supply filtering and by-

passing techniques.
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Circuit Description

A schematic diagram of the VCO is shown in Figure 5.1. The
circuit consists of a JFET differential limiter for the sustaining
amplifier, a switched inductor parallel LC tank circuit with varactor
diode fine tuning, and two bipolar transistor differential limiters

for output signal buffering.

The JFET differential limiter consists of JFETs Q201 and Q202.
The gate of Q201 is connected to a tap on the fixed tank inductor,
L201. The selection of this tap sets the differential limiter RF
input voltage. The drain of Q202 is returned to a higher tap on L201
and provides positive feedback to the tank circuit. This tap allows a
tank circuit RF voltage that can exceed the power supply limited RF
voltage at the drain of Q202.

The JFET differential limiter is current biased by resistors R208
and R209. The high impedance of these resistors provides a high
degree of 1/f noise degeneration in the JFETs, minimizing 1/f noise
(as well as white noise) modulation of JFET source current. Addie-
tionally, the low-valued source coupling capacitor, C212, provides 1/f
noise degeneration in the JFETs by preventing low frequency coupling
between the JFET sources.

Although fixed JFET source bias resistors have less noise current
than bipolar transistor current sources, they place demanding low
noise requirements on the negative power supply line. This is because

noise variations in the negative supply modulate the bias currents of
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the JFETS (Q201 and Q202). Resistor R224 and capacitor C230 form a
power supply lowpass filter to help reduce negative power supply
noise.

Bipolar transistor current sources were initially designed into
the circuit to provide a high degree of power supply rejection.
However, they did not appear to improve the noise performance and were
believed to have parasitic oscillations at frequencies well above the
oscillator frequency. The parasitic oscillations were probably caused
by excessive layout conductor length. Bipolar transistor current
sources will be utilized in the second generation synﬁhesizer.

The J309 JFET was chosen for Q201 and Q202 as it has good VHF

performance, low RF noise, and low 1/f noise. Other similar JFETs,

such as the 2N5397, would work well in the c¢ircuit. 1In fact, the
HP 8662A synthesized signal generator uses 2N5397 JFETs in a similar

circuit for a 320-640 MHz VCO.b

Zapk Circuit

The tank circuit capacitors consist of C201, C208, and the varac-
tor diode D201. Tank circuit inductors consist of the fixed inductor,
L201, and the six PIN diode switched inductors L202-~L207. As men-
tioned, the inductors are binarily weighted and switched in a binary
coded fashion under control of a ROM. This ROM is located in the
synthesizer programmable divider circuit.

The VCO is preset to within approximately 1 MHz of the desired
frequency by the switched inductors. The varactor diodes then provide
the fine tuning, which limits the gain of the VCO to between 100-200

kHz. This is sufficiently low for low noise performance.
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As discussed, the JFET differential limiter is coupled to the

tank circuit by taps on L201. The tap close to ground couples the
input of the limiter to the tank circuit, and the higher tap couples
the output of the limiter to the tank circuit. In addition to
controlling the input and output RF signal levels at the limiter,
coupling into the tank circuit by these taps helps buffer the tank
circuit from the input and output impedances of the limiter. This is
because of the impedance transformation provided by the taps, which

results in a higher impedance appearing across the tank circuit.

Buffer Amplifiers

The sustaining amplifier output is taken from the drain of Q201
across resistor R219 and is coupled to the inputs of the bipolar
transistor differential limiters by transformer T201. This low impe-
dance voltage signal is used to drive the differential limiters. The
programmable divider limiter consists of transistors Q206 and Q207,
and the output limiter consists of transistors Q208 and Q209. The
outputs of both limiters are taken from the collectors of grounded
base transistors to provide isolation from their outputs to the
sustaining amplifier., Additionally, the sustaining amplifier output
is isolated from the tank circuit by the JFET Q201.

The éN2857 bipolar transistor was selected for the differential
limiter buffer amplifier transistors. This RF device features good
noise performance and is optimized for operation in the 10 mA collec-
tor current range.

The bipolar transistor differential limiters are operated from a
single power supply line and are current-biased by resistors R215 and
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R216. Base bias voltage is derived from the resistive divider consis=-

ting of R217 and R218 and is heavily bypassed to ground by capacitors
C228, C219, and C220. This helps prevent power supply noise modula-
tion of the limiter bias currents by maintaining an essentially con-
stant base bias voltage. Device bias current noise caused by circuit
noise and power supply noise has been minimized in both the sustaining
amplifier and the buffer amplifiers because it results in phase modu-
lation caused by device nonlinearities. This, of course, raises the
phase noise levels, especially at low modulation frequencies because
of high levels of 1/f noise and low frequency power supply noise. The
Phase modulation gain of the differential limiters is reduced by
linearizing them with emitter resistors R211, R212, R220, and R22ft.
Transformer T202 is used to multiply the output current of Q209
and provides a higher output level in output buffer. The output is a
Ssquare wave of 2 Vpp into 50 ohms. The output of the programmable
divider buffer is a square wave of approximately 0.7 Vpp, which is
sufficient for driving the programmable divider ECL input stage.
Transformers T201 and T202 are wound on ferrite toroids with a rela-
tive permeability of approximately 125. T202 is a transmission line

type transformer.

Oscill Circuit Analysi

Jank Circuit

Circuit model and analysis. The tank circuit may be modelled at

frequencies near resonance as a parallel circuit consisting of an
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inductor, a capacitor, and a resistance. The effective parallel
inductance and capacitance set the resonant frequency. The effective
parallel resistance divided by the reactance of either the inductance
or capacitance sets the loaded Q of the circuit. Further, tank cir~
cuit impedance at resonance is equal to the effective tank resistance.

Each element of the tank circuit may be modelled as a series LRC
circuit, and series-to-parallel transformations can be used to arrive
at the effective parallel tank resistance, inductance, and
capacitance. Since PIN diode switching provides coarse tuning in 64
steps, 64 tank circuit calculations are required, each at a different
resonant frequency with different circuit elements switched into the
circuit., Additionally, since the PIN diodes must be modelled with
finite on-resistance as well as finite off-capacitance, it should be
clear that the tank circuit calculations are extremely tedious. For
this reason, a FORTRAN computer program was written to analyze the
tank circuit.

The tank circuit model used in the computer program is shown in
Figure 5.2. Note that all inductors are modelled as an inductance in
Series with a resistance as a result of finite inductor Q. Inductor Q
at 50 MHz is used as a program input, and operating Q is calculated by
the program based on the assumption that inductor Q increases as the
square root of frequency with increasing frequency. Inductor Q in-
creases slightly with increasing frequency because the inductive reac-
tance increases linearly with frequency and the series resistance only
increases as the square root of frequency. The resistance of a con-

ductor increases as the square root of frequency because of the skin
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effect. However, inductor Q only increases with frequency until the

effects of winding shunt capacitance become significant. Once the

operating Q of the inductor is found, the inductor series resistance

is calculated in the program as

Rseries = X/Q. (5.1)

The varactor diode is modelled as a fixed capacitor in series
with a fixed resistor. 1Its capacitance is not varied in the program,
and it will have a negligible effect on the tank circuit since its
capacitance is much less than the capacitance of the fixed capacitor.
The fixed capacitor is modelled as a perfect capacitor as its Q is
much greater than the inductor Qs.

The PIN diodes are modelled with a fixed resistance (the on-
resistance) in series with either off-capacitance or a large on-
capacitance approximating a short circuit. A large series on-
capacitance was used in place of a short circuit for programming
simplicity.v

The PIN diode model is very important because in the on-state the
PIN diode will effectively degrade the Q of the inductor it is
switching because of its series resistance. In the of f-state, the PIN
diode off-capacitance will add capacitance to the circuit affecting
the tank circuit tuning. Additionally, the PIN diode off-capacitance
can series resonate with the inductor that it is switching, causing

severe circuit loading since a series resonant circuit looks like a

low impedance at resonance.




The fixed shunt resistance (RFET) in the tank circuit model

represents the parallel combination of the transformed sustaining
amplifier input and output resistances. The input and output
resistances are transformed because of the tapped connections on L201.

The computer program runs through an algorithm for each of the 64
PIN diode settings. Each series circuit is analyzed, and if the
series circuit is inductive, an effective parallel inductance is added
to the tank circuit. If the series circuit is capacitive (the case if
the PIN diode is off), an effective parallel capacitance is added to
the tank circuit. In both cases, an effective parallél resistance is

added to the tank circuit.

The series-to-parallel transformations are listed below:

- 2 2

*Lparallel = [ (Qgeries” *1) /Qgeries” Ilseries: (5.2)
where Lseries = xseries/w if the series circuit reactance is
inductive.

R - 2 2

Cpar'allel = [ Qgeries /(Qseries +1) ]Cseries’ (5.3)
where Cgepnjes = 1/wXgepijes if the series circuit reactance is
capacitive.

. - 2

Rparallel = [ 1 +Qgepies JRseries: (5.4)

which applies whether the series circuit reactance is inductive or

capacitive.
xseries is the total reactance of the series circuit, Rseries is

the total resistance of the series circuit, Qgeries 18 the Q of the
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series circuit, and w is the frequency in radians/second. Note that

Q

series * Xseries/Rseries- (5.5)

Since the series-to-parallel transformations are functions of
frequency, the program uses an iterative solution with a starting
frequency of 50 MHz. After the first iteration is completed and the
total parallel L, R, and C values are calculated, the resonant fre-
quency of the tank circuit is calculated. The resonant frequency is

calculated as

fo =1 /¢ 271'VLpar-allelcparallel ). (5.6)

The calculated resonant frequency is used in the next iteration
instead of 50 MHz for calculating all the frequency sensitive parame-
ters. Three iterations are used, and convergence is assured by
printing out the resonant frequency of the last two iterations.

A printout of fhe computer program results is provided in Figure
5.3 for the VCO tank circuit. This printout is very valuable because
it illustrates how the ROM must be programmed to coarse tune the VCO
where the printout parameter "N" is the decimal equivalent of the
binary code for the PIN diode switching. The printout also gives the
effective parallel resistance and tank circuit loaded Q that will be
used in signal level calculations, oscillator starting gain calcula-
tions, and oscillator noise calculations., A source listing for the

program is provided in Appendix A.

PIN diode selection. The perfect PIN diode would have zero on-
resistance, infinite off-impedance (including zero capacitance), and
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no large signal limitations. PIN diodes that optimize any one of
these parameters are available. For example, low on-resistance PIN
diodes will usually have a high off-capacitance. Conversely, low off-
capacitance PIN diodes will usually have a high series resistance.
Finally, an otherwise desirable PIN diode may perform poorly under
large RF signal conditions.

The RF signal being controlled by a PIN diode must not severely
modulate the stored charge in the intrinsic region of the diode. The
negative going RF half-cycle will pull charge out of the intrinsic
region. If the charge is completely removed, the &iode becomes an
open circuit.

The intrinsic region charge is stored by the dc¢ bias current and
the finite lifetime of the carriers. To prevent the RF signal from
completely removing the stored charge, the following condition must be

met:
Ipt > Igp(pk)/(nf), (5.7)

where Ip is the dc bias current, t is the carrier lifetime, Igp 18 the
peak RF signal current, and f is the frequency in Hz (51, pp. 80-81).

Restated as a design equation,

Ip > Igp(pk)/(nft). (5.8)

Listed in Table 5.1 are several useful PIN diodes for RF

switching with specified on-resistance, off-capacitance, minority

carrier lifetime, and the required bias current for the stated




Table 5.1.

Common Switching PIN Diode Parameters.

Parameter

Motorola MPN-3401

HP 5082-3002

HP 5082-3188

On-resistance
(max)

Off-capacitance
(max)

Stated bias
current

Minority carrier
lifetime (min)

Peak RF current
at 50 MHz
for depleting
stored charge

0.7 ohms

1.0 pF

10 mA

40 ns (meas
by author)

62.8 mA (meas

by author)

1.0 ohms

0.2 pF

100 md

100 ns

1.57 A

0.6 ohms

1.0 pF

10 mA

40 ns (typ)

62.8 ma

Sources:

Arizona, 1981,

Motorola Inc., Motorola RF Data Manaual. Phoenix,

Hewlett-Packard, Diode and Iransistor Designer's
Latalog 1982-1983. Palo Alto, California, 1982.




on-resistance., Also included in the table is the maximum 50 MHz RF
signal that can be switched for the stated bias current.

PIN diode D202 switches the greatest amount of RF current in the
VCO because it switches the lowest valued inductor. It is turned on
for frequencies above approximately 60 MHz and must handle about
300 mA of peak RF current. Two Motorola MPN-3401 PIN diodes in
parallel are used for D201. These diodes are operated at 100 m4,
which assures adequate large signal handling capability. The fact
that they are operated at such a high current also assures that the
100 mA of bias current will divide evenly between the two diodes. A
0.35 ohm on-resistance and a 2 pF off-capacitance were used to model
D202 in the tank circuit analysis program.

The HP 5082-3002 PIN diode was selected for the remaining PIN
diodes in the VCO. Although they are relatively expensive, especially
compared to the Motorola MPN~3401, they proved to be a good choice.
The Motorola MPN-3401 diode off-capacitance will almost series reso-
nate with the larger inductors. For this reason, the low off-capaci-
tance HP diodes are required. These diodes are biased at 100 ma,
which assures minimum on-resistance and adequate large signal handling
capabilities. A 1 ohm on-resistance and a 0.2 pF off-capacitance were
used to model the HP 5082-3002 PIN diodes in the tank circuit analysis

program.

Yaractor diode selection. The varactor diode must pull the VCO
frequency approximately 1 MHz at the worst case operating frequency of

45 MHz. This can be seen from the tank circuit analysis printout of
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Figure 5.3 as a requirement to tune the VCO between coarse frequency
settings.

The required varactor capacitance change is found by
approximating the resonant frequency versus tank capacitance function
as a linear function, which is realistic over the small frequency span

of 1 MHz. Thus, the required varactor capacitance change is
AC = Af/(§5£/5¢C ), (5.9)
where

S£/5C = J15¢ [ 1/(24LC) ]

-c~3/2,( ymT ). (5.10)

Substituting Equation 5.10 into Equation 5.9 gives the design

equation,
AC = -Af [ umfT ¢3/2 1, . (5.11)

L and C are the total parallel tank inductance and capacitance, re-
spectively. Af is the frequency change in Hz caused by a AC capaci=-
tance change in farads.

Evaluating this expression for the worst case condition (the

condition requiring the largest AC) of 45 MHz gives

AC = 1 MHz [ 4740.1 uH « (125pF)3/2 ]

5.6 pF. (5.12)

‘

Two Motorola MV-109 varactors in parallel will provide a capacitance
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of 20 pF at 13 V and 14 pF at 20 V, which is satisfactory (52, p.
19:33). This tuning voltage range was chosen because 12 V or more is
needed to prevent varactor diode forward bias, and the loop ampli-
fier/filter stage is limited to about 21 V maximum output.

Operating the varactor diodes at these large bias voltages has
both advantages and disadvantages. The disadvantage is the
capacitance change per volt becomes smaller at higher bias voltages.
The advantage is that varactor Q increases at higher bias voltages.
This is because the bulk resistance remains essentially constant,
while the capacitance decreases at higher bias voltages.

The Motorola MV-109 varactor has a Q of approximately 2200 at 50
MHz at a reverse bias of 12 V (52 p. 19:34). A value of 20 pF (13 V
reverse bias) and a series resistance of 0.1 ohms are used to model
the two paralleled varactors in the tank circuit analysis progranm,
The series resistance selected actually implies a Q at 50 MHz of less
than 2200.

The VCO gain is approximately the 1 MHz tuning range divided by
the 7 V tuning voltage range, or about 150 kHz/volt. This is within
the desired 100-200 kHz/volt range. The VCO gain will be higher for
higher frequencies because the tank circuit inductance decreases with
increasing coarse frequency selections, while the tank circuit capaci-
tance remains constant. Additionally, the VCO gain will be higher at
the minimum control voltage because the varactor capacitance versus

voltage curves are steeper at lower bias voltages.

Anductor selection. Inductor values were Selected after several

trial and error runs of the tank circuit analysis program. It was
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necessary, of course, to include the PIN dicde parameters as PIN diode
series resistance limits how much the tank circuit C/L ratio can be
maximized. This is because PIN diode series resistance causes a
decrease in effective inductor Q as the inductor value is lowered. A
total tank circuit capacitance of 125 pF was obtainable without sig-
nificant PIN diode Q degradation in the switched inductors. This is
believed to be high for a 45-75 MHz oscillator, which is desirable as
it assures a low impedance tank circuit that is not as strongly
affected by resistive and capacitive loading introduced by the sus-
taining amplifier.

L201, L202, and L203 are the lowest valued inductors and dominate
the Q and parallel resistance (at resonance) of the tank circuit.
These are single-layer air-wound coils using silver plated wire. A
length-to-@iameter ratio of 0.8 and a turns spacing greater than twice
the conductor diameter were used. Additionally, these inductors were
also placed as far from metal objects as possible to minimize eddy
current losses. All of these inductor construction practices are
discussed at length in Terman's classic Radio Engineer's Handbook (54,
PP. T4-90). The intent, of course, is to maximize inductor Q.

It was necessary to place a 0.15 ohm fixed resistance in series
with L201 to make its Q comparable to the effective Q of the switched
inductors. If this is not done, the tank circuit resistance at reso-
hance becomes too large at 45 MHz when no inductors are switched into
the circuit. This will cause a tank circuit signal level that is too

large. L2071 was modelled with a Q of 150 to consider the effects of

this fixed resistance.




L204 is single-layer, air-wound, and has a length-to-diameter

ratio that is somewhat above the approximately optimum ratio of one-
half as mentioned by Terman (54, p. T4). Finally, L205-L207 are wound
on powdered iron toroidal cores as their Q is not very important
because of their high inductance value and limited effect on the tank
circuit. The Q of the air-wound inductors is estimated at 300, and
the Q of the toroidal inductors is estimated at 150. These values
were used in the tank circuit analysis program for the inductors
except for L201. As mentioned, the Q of L2071 was degenerated to about

150 by a 0.15 ohm fixed series resistance.

Oscillator Starting Gain

In order to assure oscillation, it is necessary that the oscilla-
tor loop gain is greater than unity during oscillator startup. Once
the oscillator signal has risen to the designed level, limiting within
the oscillator sustaining amplifier will control the loop gain at
precisely unity. During startup, the sustaining amplifier functions
as a linear small signal amplifier, so small signal analysis is suffi-
cient for determining oscillator starting gain.

To evaluate the oscillator starting gain, the voltage gain
between the gate of Q201 and the n, or gate tap of L201 is determined.
The gain between the gate voltage of Q201 and the total tank circuit

voltage is given by

Vtank/vgate = gp/2 ( nZ/ntotal ] Rtankv (5.13)

where g, is the operating transconductance of Q201 and Q202, ny, is the
number of turns in L201 from ground to the drain tap, Dyotal 1s the
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total number of turns in L2071, and Riy,, is the tank circuit

equivalent parallel resistance. Note that the ratio of np, to nggtal
describes the current gain from the drain tap of L201 to the top of
L201.

The gain between the gate of Q201 back around to the gate tap of
L201 (the tap loaded with the input impedance of Q201) is the oscilla-

tor loop gain and is given by

(3]
"

Veank/Vgate [ nq/ngotay !

&n/2 [ nynp/neota1® 1 Beapye (5.14)

All terms of the expression were previously described, except ny which
is the number of turns in L201 from ground to the gate tap. The
assumption has been made that the operating transconductances of Q201
and Q202 are equal.

The minimum transconductance of Q201 and Q202 at 8 mA of drain

current is given by

8p(8 mA) = 48 mA/10 mA - g, (10 ma), (5.15)

where gm(10 mA) is the minimum transconductance at a drain current of

10 mA. From the Siliconix JFET data book, gm(lo mA) is guaranteed to

be at least 10 mU for the J309 JFET.?> Evaluating Equation 5.15 gives

8 mA/10 mA+10 U

gn(8 mi)

8.94 ml, (5.16)




Substituting the transconductance value and the other parameters

into Equation 5.14 gives the starting gain,

(]
[}

_ 2
8y/2 [ myna/neoea1® 1 Regny

8.94 ml/2 [ (1.75)(3.25)/(4)2 1 1700 ohms

2.7c (5017)

The value for Ry,,, was taken from the minimum value of Ry, in the
tank circuit analysis results of Figure 5.3. Note that the oscillator
loop gain is greater than unity, indicating that oécil lation will
start. Interestingly enough, the gate tap on L201 had to be increased
from its initial 0.5 turns to sustain oscillation during testing.
This problem was quickly solved by evaluating the oscillator starting

gain and raising the gate tap.

Oscillator Signal Levels

It is important to evaluate signal levels within the oscillator
to ensure proper circuit operation and to estimate oscillator phase
noise. Note that measured signal levels are given on the VCO schema-
tic of Figure 5.1 for the 45-75 MHz frequency range.

If the sustaining amplifier (Q201 and Q202) operates as a perfect
limiter, a square wave of current is fed from the drain of Q202 into
the tank circuit. Only the fundamental frequency component of this
square wave is important as the high Q tank circuit will reject the
harmonic components. The ratio of the peak sinusoidal fundamental
component to the peak square wave amplitude is 4/m, which is found by

evaluating the Fourier series of a square wave,
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The total tank circuit voltage is

Veank(Pk) = np/ngoray (M) Ipg Reanys (5.18)

where n, is the number of turns in L201 from ground to the drain tap,
Niotal is the total number of turns in L201, ka is the peak amplitude
of the current square wave at the drain of Q202, and Rtank is the
total tank circuit parallel resistance. The factor 4/7 describes the
ratio of the limiter fundamental frequency amplitude to the total
sSquare wave amplitude as previously described. The total tank circuit
voltage is important as it controls the PIN diode RF.currents and the
varactor diode RF voltage.

It was observed that the total tank circuit voltage was less than
the calculated value. The measured tank voltage was 10 Vpk at 45 MHz,
dropping to 5 Vpk at 75 MHz, compared to calculated values of almost
twice these levels, This error is probably due to imperfect limiting
action in Q201 and Q202, calculations of tank circuit resistance that
are high, and measurement error. The sustaining amplifier signal
levels were also measured to be approximately one-half of the calcu-

lated values, which is expected since they are developed by taps on

L201.,

The voltage at the drain of Q202 is given by

Varain(Pk) = Veanp(pK) no/ngoeay

[ np/nggrar 12 (8/m) Iy Reap. (5.19)

The RF voltage at the drain of Q202 must be less than approximately

12 Vpk to prevent saturation of Q202. Note the voltage at the drain
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of Q202 goes equally above and below the supply voltage (15 V) because
of the RF choke, L208.

The voltage at the gate of Q201 is given by

Vgate(PK) = Vianp(Pk) nq/nggoeag

n1“2/ntotal2 (4/m) Iok Reank: (5.20)

where ny is the number of turns from ground to the gate tap in L201.
The RF gate voltage is important as it controls the RF signal-to-noise
ratio and correspondingly the phase noise of the sustaining amplifier.
Further, the gate voltage must not be so large as to cause device
breakdown or saturation.

Finally, the input voltage of the output limiters is given by

where the factor 0.5 describes the turns ratio of T201. ka, again,
is the peak value of the current square wave at the drain of Q202.
This expression assumes that the input impedance of the output lim-
iters is much greater than R219/4, the driving or source impedance,
The limiter input voltage is important to evaluate limiter phase noise
contributions.

The ﬁeak value of the current square wave at the drain of Q202
(ka) is equal to one-half of the total current supplying the Q201 and
Q202 differential limiter. Since each device is operated at 8 mA, the
total current is 16 mA, which makes Ipk equal to 8 mA pk. Perfect

limiting has been assumed.
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In this section, phase noise is approximated using Leeson's model
for the oscillator stage.29 Then noise calculations are presented for
the output buffer amplifier phase noise contribution. Finally, the
phase noise of both the oscillator section and output buffer amplifier
is combined to find the total oscillator phase noise. Phase noise
will be calculated at 45 MHz. Phase noise at 75 MHz will be slightly
higher because of lower signal levels and the higher carrier fre-
quency.

The effects of device nonlinearity and the resulting phase modu-
lation caused by circuit noise is considered by using the phase per-
turbation spectrum presented in Leeson's model.29 This noise spectrum
increases at low frequencies because of 1/f noise device phase modula-
tion and has a higher white noise level than implied by pure linear

additive noise because of broadband noise phase modulation.

Oscillator Stage

The oscillator stage consists of the sustaining amplifier (Q201
and Q202) and the tank circuit. The output of this stage is the
voltage signal appearing across R219. Output phase noise spectral

density from Leeson's model is

L(fp) = 1/2 (Ep/Bgyg)2 [ 1 +fo/fy 10 1 +£,72(5g/20)2 1, (5.22)

which was presented earlier in Equation 4.7.




E, is the effective input RF noise at the gate of Q201 and must

include the effects of both Q201 and Q202., Initially, JFET noise was
calculated from van der Ziel's JFET noise model.56 However, the gate
current noise due to gate-source capacitive coupling to the channel
was found to be unrealistically high. The model is apparently not
accurate at 45 MHz.

Noise figure data from the Siliconix JFET data book was used to
find the equivalent input noise of each JFET.5% A noise figure of 4
dB for a source resistance of approximately 100 ohms and a drain
current of 8 mA was taken from the data book.”? This implies an
equivalent noise voltage of approximately 1.6 nV//Hz for each JFET.
Since the noise of each JFET is uncorrelated, the effective input
noise at the gate of Q201 is approximately 2.3 nV/VﬁE, which is the
square root of the sum of the squared noise voltages of both JFETs.
An equivalent noise voltage of 3 nV/yHz was chosen because the actual
input source impedance is closer to 500 ohms than 100 ohms, as can be
calculated by the impedance transformation of the tank circuit paral-
lel resistance as seen from the gate of Q201. The higher source
impedance results in a larger noise voltage component due to gate
current noise.

It is necessary to use a value of E, greater than the actual
value because of broadband noise modulation effects as discussed by
Leeson.29 A value for En of 4 nV//Hz was chosen and is felt to be
reasonable. The low frequency phase noise corner frequency, for is

perhaps the hardest parameter to estimate for use in Leeson's
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oscillator model. A value of 1 kHz was chosen to represent the 1/f

noise in both of the JFETs.

A loaded Q of 100 was chosen to use in Leeson's model, This is
representative of the tank circuit Q as tabulated in Figure 5.3.
Since the measured oscillator signal levels were lower than the
calculated signal levels, the measured level of RF gate voltage at
Q201 will be used for the value of Esig in Leeson's model. At 45 MHz
this level is 3 Vrms, and it drops to approximately 1.5 Vrms at 75 MHz.

The oscillator phase noise (excluding the buffer amplifier noise)

at an operating frequency of 45 MHz is
L(fy) = 1/2 (E /Eq )% £/t =2(f 2
il n/ 313) L1 +f/8p 101 +fy “(£5/2Q)¢ ]

= 1/2 ((4 nV//Bz)/3 V)2 1 +1 kHz/fy ][ 1 +£,-2(45 MHz/(2-100))2].

(5.23)

This expression will be plotted later along with the phase noise

contribution of the output buffer amplifier.

Qutput Buffer Stage

Since programmable divider phase noise is not significant at
frequencies well above the PLL loop bandwidth, the phase noise of the
programmable divider output buffer will not be analyzed. Again, as
mentioned earlier, PLL phase noise at frequencies above 1 kHz will be
almost totally dominated by VCO phase noise. It is then important to

evaluate the effects of the main VCO output buffer amplifier phase

noise.
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Output buffer phase noise analysis is much simpler than the phase
noise analysis of the oscillator stage of the VCO. This is because
there is no frequency selective feedback involved in the buffer ampli-
fier, The phase noise contribution of the output buffer is caused by
additive noise and by phase modulation of the signal'due to device
nonlinearities and device bias fluctuations. The phase modulation
effect can be considered just as the phase perturbation signal is
modelled in Leeson's model.29 The phase noise introduced in a signal

passing through the output buffer can be given by
L{fp)= 1/2 (Eg/Bgyp)2 [ 1+ £o/8y 1, (5.24)

where, as in Leeson's model, E, is the equivalent input noise voltage,
Esig is the input signal level, and fo is the low frequency phase
noise corner frequency. This expression describes the increase in
close-in phase noise caused by 1/f device noise and the resulting
phase modulation it causes as a result of device nonlinearities.
Again, as ih Leeson's model, E,, should be taken somewhat higher than
the actual noise value because of the increase in the noise level
caused by broadband noise mixing into the frequencies of interest
(frequencies near the carrier). Further, a higher value of E, can be
used to accommodate phase modulation caused by device bias noise at
frequencies above the low frequency corner, fc. Exactly how much to
increase E, from its actual value depends on both the magnitude of

circuit noise (particularly at low frequencies) and the intermodula-

tion performance or linearity of the active devices.




From the Motorola RF data book, the noise figure of the 2N2857

transistors (Q208 and Q209) is estimated to be approximately 4 dB at a
collector current of 10 mA with a source impedance of approximately
100 ohms (52, pp. 17:4). The source impedance of Q208 is approxi-
mately 100 ohms, and the source impedance of Q209 is 0 ohms. The
noise figure data implies an equivalent noise voltage of approximately
1.6 nV/MﬁE-per device., Since the noise in Q208 and Q209 is uncorre-
lated, the effective input noise is then increased by the square root
of two, making it 2.3 nV/VﬁEl The thermal noise contributions of R220
and R221, which are 10 ohm resistors, do not signifidantly change the
equivalent input noise. A value of 3 nV//Hz was chosen for E, and
allows for noise intermodulation effects.

The output buffer input signal level from Equation 5.21 is ap=-
proximately 1 Vrms. This was also the measured value of the signal.
Finally, a value of f, of 10 kHz was chosen to represent the 1/f noise
corner in the 2N2857 bipolar transistors.

The output buffer phase noise is then given by

L(fy) = 1/2 (Ey/Eg3g)2 [ 1 +£o/fy ]

1/2 (3 nV/48z)/1 V)2 [ 1 +10 kHz/f 1. (5.25)

It will be seen in the next discussion that the output buffer phase

noise is negligible compared to the oscillator stage noise.

Iotal Predicted Voltage Controlled Oscillator Phase Noise
The total VCO phase noise is calculated by adding the oscillator

stage phase noise and the buffer amplifier phase noise, assuming no
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correlation between them. Since phase noise is given in mean square
or power units, Equations 5.23 and 5.25 may be added directly together
to evaluate the uncorrelated summing of the oscillator and buffer
stage noises. It must be remembered that the effects of varactor diode
noise are not included in this analysis., Varactor diode noise voltage
introduces phase noise as described in Equation 4.9. This effect has
been omitted as the bulk resistance of the MV-109 varactor is quite
low and the VCO gain is also low.
The total predicted oscillator phase noise is plotted in Figure
5.4 along with the oscillator stage noise componenﬁ and the output
buffer noise component. Note that the output buffer contributes very
" little to the total output phase noise. Phase noise is given in units
of dBe, which is found by taking 1010310 of Equations 5.23, 5.25, and
their sum, Phase noise is only given for an operating frequency of
45 MHz for clarity. Phase noise at 75 MHz is approximately 6 dB
higher because the osecillator stage input voltage drops to about one-
half of its 45 MHz value. This approximation is not exact because the
effects of the higher carrier frequency are not included. The loaded
Q of the synthesizer is very nearly constant at 100 for all operating

frequencies, so this term in Leeson's noise model does not change.
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6. THE COMPLETE 45-75 MHz SYNTHESIZER

Phase Detector And Loop Amplifier/Filter

Ci it D {pti
A schematic diagram of the phase detector and loop amplifier/fil-
ter for the synthesizer is shown in Figure 6.1. The circuit consists
of an integrated circuit-type phase detector, a discrete loop ampli-
fier and lag-lead filter, and a three pole lowpass filter for rejec-
tion of reference frequency phase detector ripple and circuit noise.

The reference frequency and feedback frequéncy inputs are
translated to +7.5 V logic levels to drive the CDU4QU6 type phase
detector (U101), which is operated from +7.5 V bias levels. The logic
translation circuits, Q101-Q106, are designed to produce pulses with a
fast positive-going risetime because the phase detector compares phase
at the positive-going transition of its inputs. The phase detector is
operated at +7.5 V bias levels because its output voltage operates at
a voltage equal to the input voltage of the lag-lead filter stage,
which is close to ground. Since the phase detector outputs positive
(+7.5 V) and negative (-7.5 V) pulses to correct for either leading or
lagging phase errors, the phase detector has equal gain for both
leading and lagging phase errors.

The phase detector (U101) is a CDUOU6 type integrated circuit
detector which was described earlier in Section 3 in the "Phase Detec-
tors™ discussion. The output of this phase detector goes to a high
impedance or off-state when no phase correction is required. This

greatly reduces the phase detector reference frequency ripple. Phase
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detector ripple causes reference frequency sidebands in the VCO output
spectrum. Phase-lock detection is provided by JFET Q107. The drain
of Q107 is saturated to ground during phase-locked conditions, and is
cutoff when phase-locking is lost. This stage is used to control an
LED, which glows under normal or phase-locked conditions.

The active lag-lead filter consists of transistors, Q108-Q112.
The active lag-lead filter is designed for a positive output of 8-21 V
to operate the tuning varactor in the VCO. The input stage features
a low input bias current because the input device (Q108) is a JFET.
It is important that leakage current be minimizéd at the phase
detector output because leakage current must be compensated for by
output pulses, which will raise the VCO reference frequency sidebands.

The active lag-lead filter stage has a very high open loop gain
because of the high dominant pole impedance at the collector of Q109.
Feedback elements R114, R119, and C112 provide the lag-lead response.
Capacitor C113 introduces an additional real pole for lowpass fil=-
tering of phase detector ripple.

The three pole lowpass filter consists of transistor Q113 in a
two pole active lowpass filter configuration followed by a single pole
passive lowpass filter. Resistop R201 and capacitor C209 form the
passive single pole lowpass filter that immediately precedes the VCO.
This passive filter minimizes noise at the varactor because it pro-
vides a continuous roll-off of circuit noise. Active filters usually

have fixed noise floors set by active device noise.
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ci it Apnalysi
The phase detector gain is 7.5 V/cycle since a phase error
results in a 7.5 V pulse (either positive or negative, depending upon
whether the phase is leading or lagging) equal in duration to the time
of the phase overlap. Under phase-locked conditions, the positive
edges of the phase detector input signals are in phase. The phase
detector gain will be used later in PLL compensation calculations.

The transfer function of the lag-lead filter is
Kiag-lead = [ (1 +stp)/sty 1 [ 1/(1 +stpy) 1, (6.1)
assuming an infinite opep loop gain., The time constant t1 is given by
ty = (R114) (C112); (6.2)
the time constant t2 is given by
to = R119 [ C112 +C113 1; (6.3)
and the lowpass time constant tL1 is given by
trq = (R119) (C113). (6.4)

The time constants t4 and t; describe the active lag-lead filter that
was described earlier in Figure 3.4, The time constant tL1 describes
the added single pole lowpass response that helps to filter out ref-
erence frequency sidebands.

The three pole lowpass filter is composed of a second-order

lowpass filter followed by a single pole lowpass filter. The transfer
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function of the three pole lowpass filter is

K3 pole lpass = [ Wi/ ( 82 +2fups +w2 1 [ 1/( 1 4st;,) 1, (6.5)

where wy 1s the 3 dB frequency (in radians/second) of the second-order
lowpass filter, ? is the damping of the second-order lowpass filter,
and th is the time constant of the single pole lowpass filter. A
three pole Butterworth response is obtained by setting the damping of
the second-order lowpass at 0.5, and by setting the 3 dB frequencies
of both the second-order lowpass and the single pole lowpass equal to
the desired 3 dB frequency of the three pole filter (57 p. 12:1).

The 3 dB frequency of the second-order lowpass filter is

f 3 dB = 1/(27TRC), where (6.6)
R = R120 = R121, and (6.7)
C=CNT/¢ = £C118, (6.8)

where fis the damping factor of the second-order lowpass filter (58 p.

123). The3 dB frequency of the single pole lowpass filter is

£ 3 g = 1/(27 R201-€209) = 1/(2wt,). (6.9)

Loop Compensation Design
The values of ty, t2, t1 1, and the 3 dB frequency of the three
pole lowpass filter must be properly selected to ensure stability of

the synthesizer. To select these values, it is necessary to




calculate the dc loop gain, G. The dc loop gain is given by
G = K¢KV/N, (6.10)

which is the product of the phase detector gain and the VCO gain
divided by the loop divider ratio. Evaluating the dc loop gain at the
geometric mean of 45 MHz and 75 MHz, which is 58 MHz, for an average

VCO gain of 150 kHz/volt gives

(]
"

KgKy/N

(7.5 V/cycle ) (150 kHz/volt ) / (58000)

19.4 sec!. (6.11)
The time constants t1 and t, are found for the second-order PLL

with an active lag-lead filter by rearranging Equations 3.15 and 3.16

of Section 3, which describe PLL natural frequency and damping. The

time constant t1 is given by

ty = G/wg2, (6.12)
and the time constant to is given by

t2 = 2f/wp. (6.13)

The PLL natural frequency is wp, and the PLL damping is ?.

A PLL natural frequency of 10 Hz (62.8 radians/sec) and a PLL
damping factor of 0.707 were chosen for the synthesizer. A low value
of natural frequency was chosen because of the low de loop gain and

because of the need to provide a very high attenuation of the 1 kHz
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reference frequency phase detector ripple, which will cause reference
frequency sidebands in the VCO output spectrum.

The values selected for t1 and t2 in the synthesizer are

2
= 19.4/(62.8)2 = 4.9 ms, and (6.14)
tz = Zf/wn
= 2(00707)/(62.8) = 22-5 ms. (6015)

The 3 dB frequency of the single pole lowpass filter in the lag-lead
Stage was set at 200 Hz and the 3 dB frequency of the three pole_
lowpass filter was set at 100 Hz. The 3 dB frequencies of these
filters were set at a minimum of 10 times greater than the loop
natural frequency. The selection of the lowpass corner frequencies
involves a compromise between loop stability and reference frequency
sideband suppression. For the synthesizer to closely approximate a
second-order PLL, the 3 dB frequencies of the lowpass filters need to
be set much higher than the loop natural frequency. For maximunm
lowpass filtering of the reference frequency, the 3 dB frequencies
should be set at as low a frequency as possible., Since the
synthesizer is a sixth-order system, a computer program will be

Presented later to evaluate the frequency and phase response.

Noise Apnalysis
Phase detector noise will be considered later in the "Synthesi-

zer Phase Noise Analysis” discussion of this section and is not a
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significant contributor to synthesizer phase noise above 1 kHz. Since
noise appearing across the varactor modulates the VCO causing phase
noise, noise analysis of the loop amplifier/filter must be considered
in calculating the total synthesizer phase noise. This noise could be
a potentially significant contributor to synthesizer noise since it is
not reduced by the loop at frequencies above the loop bandwidth.

Noise analysis of the loop amplifier/filter is extremely complex
since the loop amplifier/filter contains five poles and one zero (the
lead network zero). For this reason, SPICE computer analysis was used
to evaluate the noise voltage appearing across €209 which also appears
across the varactor diode.

Noise is evaluated assuming an infinite phase detector output
impedance which models the phase detector under phase-locked condi-
tions. To establish dc¢ biasing, a current source is connected across
R123, and a 1000 M ohm resistor is paralleled across C112. The cur—
rent source is modelled as a noiseless source, and the 1000 M ohm
resistor does not affect the ecircuit noise for frequencies above 1 Hz
as it is shunted by C112. These additions to the loop amplifier/fil=
ter circuit model set the output voltage at approximately 18 V, which
is within the normal circuit operating range.

The SPICE program is written to analyze the circuit from R123 to
the voltage appearing across C209. All components are labelled in the
SPICE program source listing as they are in the schematic. All tran-
Sistors have an assumed 1/f noise corner of 1 kHz. The SPICE source
listing is contained in Appendix B, and a tabular listing of the loop

amplifier/filter output noise in V/{/Hz is provided in Figure 6.2.
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Programmaple Divider And Voltage Controlled Oscillator
Presteering ROM

Circuit Description

The programmable divider and the VCO presteering ROM are located
on a separate printed circuit board from the VCO, phase detector, and
loop amplifier/filter. This is to accommodate shielding of the criti-
cal analog circuitry of the VCO, phase detector, and loop ampli-
fier/filter from the programmable divider and the outside world. A
schematic of the programmable divider and VCO presteering ROM is shown
in Figure 6.3.

The programmable divider uses a two modulus variable modulus
prescaler with division ratios of 100 and 101. A modulus control
programmable divider controls the 1 kHz and 10 kHz frequency settings
of the synthesizer. Another or main programmable divider controls the
100 kHz, 1 MHz, and 10 MHz frequency settings of the synthesizer.

The variable modulus prescaler divides the input signal by 101
for the number of counts set in the modulus control divider or coun-
ter. When the count in the modulus control counter reaches zero, the
set-reset flip-flop made up of U4(B) and U4(C) changes the state of
the prescaler modulus control line, causing the prescaler to now
divide by 100. The operation of variable modulus prescalers in pro-
grammable dividers is discussed in more detail in Section 3 in the
"Loop Frequency Dividers" discussion.

The variable modulus prescaler is made up of integrated circuits
U1 and U2 along with transistors Q1 and Q2, and the NAND gate U3(4).
Integrated circuit U1 is an ECL device and integrated circuits U2 and
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U3 are LSTTL devices. All other integrated circuits in the
programmable divider are CD4000 series CMOS devices since they are
operated at a factor of 100 or 101 lower in frequency than the 45-75
MHz operating frequency because of the prescaler.

Integrated circuits U5 and U6 are programmable dividers operated
in the BCD countdown mode. They are cascaded together and act as the
modulus control programmable divider or counter. Integrated circuits
U7-U10 are also programmable dividers operated in the BCD countdown
mode, These dividers are cascaded together to form the main
programmable divider.

A look-ahead scheme is used to determine the terminal count of
the main programmable divider and to reload both the modulus control
divider and the main divider. This scheme is used because there is
not enough time to decode the terminal count (zero) and then reload
the programmable divider before the next clock cycle. One clock cycle
after the main divider reaches a count of zero, a zéro logic level is
clocked into the D flip-flop U12(4), which loads both programmable
dividers with the parallel BCD frequency or division ratio data. Also
the set-reset modulus control flip-flop is set for division by 101.
The load pulse lasts until immediately after the next clock cycle,
where a logic level of one gets clocked into the D flip-flop because
the main divider no longer has a count of zero in it, having been
preset with nonzero data. Both the modulus control and main divider

will begin counting down on the next clock cycle because the load line

is no longer asserted.




The look-ahead scheme causes two clock cycles to be lost in the

programmable dividers; this is the price paid for having enough time
to operate the slow CD4000 series CMOS programmable devices. It is
thus necessary to subtract 200 (decimal) from the inputted division
ratio, This is because the prescaler always divides by 100 at the end
of a division cycle since it can only divide by 101 for up to 99
counts (the maximum count in the modulus control divider), which would
be completed earlier in the division cycle. The extra two counts lost
by the main divider are then equal to 200 lost counts in the overall
programmable divider. The subtraction of 200 is not'a problem since
the synthesizer frequency setting will have to be altered by the
addition of the IF frequency and by small offséts for proper single-
sideband reception in the communications receiver.

The input frequency set lines for the programmable divider are
BCD coded 5 V CMOS logic levels. These lines are all bypassed to
ground by 0.001 uF capacitors to prevent conducted RF from leaving the
programmable divider. The three most significant decade (10 MHz, 1
MHz and 100 kHz) inputs are sampled by U(11), the VCO presteering ROM.
This ROM is an EPROM integrated circuit and generates a truth table
based on the frequency setting of the synthesizer to select the proper
inductors in the VCO. Since the EPROM cannot switch the 100 mA of
current needed to operate the PIN diodes in the VCO, transistors Q3-Q8

-are required to provide the needed current.

ROM Iruth Iable

The ROM truth table was generated from the tank circuit analysis

results of Figure 5.3, The truth table controls the selection of the
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VCO inductors to ensure that the VCO will be properly tuned so that
fine tuning by the varactor tuning diode will result in phase-locking
of the synthesizer. Table 6.1 contains a listing of the ROM truth

table.

Reference Freguency Oscillator

The reference frequency oscillator for the synthesizer consists
of a 5 MHz series resonant crystal oscillator followed by a digital
frequency divider with a division ratio of 5000. The output of the
reference frequency oscillator is a 1 kHz logic signal that can drive
a 50 ohm load. A schematic of the reference oscillator is shown in
Figure 6.4.

Transistor Q1 is a Class A crystal oscillator sustaining ampli-
fier with emitter coupling to the crystal. This stage maximizes the
loaded Q of the crystal because its low emitter impedance drives the
crystal. Transistors Q2 and Q3 form a differential limiter. The
signal at the collector of Q2 is coupled to the input of the sus-
taining amplifier (Q1) to provide positive feedback in the oscillator.
The collector of Q3 is the buffered oscillator output, which is TTL
compatible and feeds the frequency dividers.

The crystal oscillator is similar to Rohde's 100 MHz crystal
oscillator which was discussed in Section 4 in the "Low Noise Oscilla-
tor Examples" discussion. The reference oscillator, however, uses
only one differential limiter and does not use the cascode configura-

tion in the sustaining amplifier,
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ROM Truth Table for the Synthesizer.

Frequency (MHz)

Address (hex)

QUTPUT

Q5 Q4 Q3 Q2 Q1 QO
L207)

Data (hex)

. * & o o & o o e e o e & o & & 6 o & e * e 6 o * & o e & o
W= N OO EFOW~I 2TV WOW-IOE2VITONDUUITON &~

LB48-455
456-462
463-470
471-476
477-483
4 84-490
491-497
498-503
504-509
510-516
517-522
523-528
529-535
536-541
542-547
548=551
552-557
558-563
564-569
570575
576-581
582-586
587-592
593-597
598-603
604-608
609-614
615-619
620624
625-629
630-635
636-641

O OO0OO0OO0COOO— m@ i1 2 v 3 cd OO0 OO O O OO wd il ch ed ed cd ed =
O OO O = 2 i cd OO0 2 = 2 OO0 O 2t d OO OO = 3 ed

e e e e e 3 eh b ed o eh ek e o) b mh D b eh D e e o ed b ok D ek eh el
QOO0 O0OO0COO0CODOOCOOOOOOO = b cd ek e emd ed od emd md ek oed ed b ad b

OO =2 200 002 200 = a0 00w OO0 A OC —a2aO0 =




Table 6.1. (Continued)

INPUT OUTPUT
Frequency (MHz) Address (hex) Q5 Q4 Q3 Q2 Q1 Q0 Data (hex)
(L202 - L207)
64.4-64 .8 642-646 01 1t 1 1 1 1F
64.9-65.3 647651 o1 1 1 10 1E
65.4-65.9 652657 c 1t 1 1 0 1 1D
66.0~66.3 658-661 01 1 1 00 iC
66.4-66.9 662-667 o 1t 1 0 1 1 1B
67.0-67.4 668-672 0 1 1 0 1 0 1A
67.5-67.9 6T73=-6TT7 01 1 0 0 1 19
68.0-68.4 678-682 011 0 0 0 18
68.5-68.9 683-687 O 1 0 1 1 1 17
69.0-69.3 688-691 o 1 0 1 1 0 16
69.4-69.9 692-697 6 1 0 1 0 1 15
70.0-70.3 698~701 c 1t 01 0 O 14
70.4-70.8 702-706 c 1 0 0 1 1 13
70.9-71.3 707=-711 010 0 1 0 12
T1.4=-T1.7 712=T715 0 1 0 0 0 1 11
71.8-72.0 T716-718 0O 1 0 0 0 0O 10
T2.1=72.5 719-723 0o 0 1t 1 1 1 OF
72.6=72.9 724727 0 0 1 1 1 0 OE
73.0-73.5 728-733 0 0 1 1 0 1 oD
73.6-73.9 T34=737 0 01 1 00 0c
T4.0=T4.4 738-742 0 0 1 0 1 1 0B
T4.5-74.8 TU3-T46 0 01 0 1 O 0A
T4.9-75.0 T47=-TU48 0 01 0 0 1 09

Note: An output of "0" denotes the inductor is switched into the
circuit. All undefined memory locations are stored with hex
FF, which corresponds to the 45 MHz frequency setting.
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Integrated circuits U1-U3 are fixed frequency dividers that
divide the 5 MHz oscillator signal down tc 1 kHz. Integrated circuit
U1 is an LSTTL device, and U2 and U3 are CMOS devices. Transistors QU
and Q5 form a differential limiter that is used for output buffering
of the reference frequency oscillator output.

A detailed analysis of the reference oscillator is not provided
because it is a negligible contributor to synthesizer phase noise at
frequencies above 1 kHz. Signal levels, bias levels, and other notes
are included on the schematic of Figure 6.4 and provide a brief anal-
ysis of the circuitry. An estimation of phase noise for the reference
oscillator is plotted in Figure 6.5.

Phase noise was estimated using Leeson's model for the 5 MHz
crystal oscillator with a sustaining amplifier input noise of
1.5 nV/MﬁE, a low frequency phase noise corner frequency of 10 kHz, a
sustaining amplifier input signal level of 0.35 Vrms, and a loaded
crystal Q of 50,000. Buffer amplifier phase noise was assumed to be
negligible. The phase noise of the 5 MHz crystal oscillator was then
reduced by the division ratio of 5,000 or T4 dB to normalize it to
1 kHz. Finally, an estimated divider phase noise of =160 dBe, in=-
creasing at 10 dB/decade at frequencies below 1 kHz, was added. This
value was taken to be between the phase noise floor of TTL and ECL
dividers, which is given by Scherer.6 Data on CMOS dividers was not
found in the literature,

It is interesting to note that divider noise almost totally domi-
nates the reference oscillator noise. The estimated reference phase

noise will be used later in calculating total synthesizer phase noise
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to verify that reference oscillator phase noise is indeed negligible

at frequencies above 1 kHz.

Synthesizer Frequency And Phase Response

The loop gain of the synthesizer, from Equation 3.2 in Section 3,

is given by
= K K 1 +st 1 W 2 [ 1
k' 2 L J N
[SN } ': St1 J |:1 +StL1} [52 +2?WLS +WL2:I |J +StL2 ’ (6.16)
(lag-lead with lowpass) (three pole lowpass)

where all terms of the equation have been previously described. Since
the synthesizer is a sixth-order system, computer analysis of fre-
quency and phase response is a practical necessity.

A FORTRAN computer program was written that tabulates loop gain
and phase as functions of frequency. The program also tabulates the
loop amplifier/filter gain as this is important to determine the
rejection of phase detector reference frequency ripple. Finally, the
program tabulates the synthesizer closed loop gain factor ( -T/(1~T) )
and the PLL error response ( 1/(1=T) ).

The program computes the different transfer functions at various
frequencies, using complex arithmetic which FORTRAN very conveniently
supports. The program was run for the synthesizer parameters and a

listing of the results is contained in Figure 6.6. A source listing

of the program is contained in Appendix C.




KO (VOLTS/CYCLE) KV (HZ/VOLT) NDIV
‘ 7.50E ] 1.50E = S.80E
T1 (SEC) T2 (SEC) FCO (H
4.90E =3 2,258 -2 2, 00E
FCEND (HZ) IETA FC1 (H
1.00E 2 35.00E -1 1.00E
DC LOOF GAIN (1/SEC)
1.94€E 1
FREQUENCY AMP/FILTER
KF
MAG FHASE
(HZ) (dB) (DEG)
1.00 30.32 ~-83.39
1.12 29.36 -82,61
.26 28.26 -81.70
1.41 27.42 -80.75
1.59 26.42 =79.61
1.78 25.49 ~78.43
2.00 24,55 =77.08
2.24 23.64 -75.64
2.51 22.75 -74.06
2.82 21.87 -72.30
3.16 21,03 -70.45
3.58 20,20 -48.44
3.98 19.43 -466.34
4.47 18.68 ~b4,11
3.01 18. 00 -461.87
S.62 17.36 -59.59
4,71 16.77 -57.31
7.08 16.24 -55.12
7.94 15.77 -33.08
8.1 135.35 ~-51.22
10,00 14.99 -49.61
11.20 14.68 -48.34
12.60 14.41 -47.39
14.10 14,19 =46.89
15.90 14.00 -46.83
17.80 1Z.84 ~47.27
20,00 12.71 -48.27
22.40 13.60 -49.81
25.10 13.50 -51.98
28.20 13.42 ~54.89
71.60 13.34 -58.48
35. 50 13.27 =62.99
39.80 13.19 -68.35
44.70 13.10 -74.86 -
50.10 12.99 -B2.49 -
56.20 12.84 -91.61 -
63.10 12.62 -102.51 -
70.80 12.25 -115.34 -
79. 40 11.467 -130.23 -
89.10 10.72 -147.23 -
100.00 9.28 ~165.461 -
112.00 7.34 176.10 -
126.00 4.8% 158. 01 -
141.00 2.02 142.27 -
159.00 -1.22 127.27 -
178.00 -4.45 114.76 -
134

4

2)

)

LOOP GAIN

T
MAG PHASE
(dB) (DEG)
40.11  ~173.39
I8.16 -172.61
36,14 ~171.70
34,22 -170.7%
32,18 ~169.61
30.27  -168.43
28.32 -167.08
26.43  ~165.64
24.55 -164.06
22.65 -162.30
20.83  -160.45
18.99 -158.44
17.22 -1%6.34
15.47 ~154.11
12.79 -151.87
12.16 -149.59
10.56 -147.31
9.0  ~145.12
7.%6  ~143,08
6,15  -141.22
4.79  -139.61
3.49  -138.34
.20 ~137.39

1.00 -136.89
-.24 -136.83
-1.38 -137.27
-2.852  -138.27
-3.62  -139.81
~4.70 -141.98
-%£.80 -~144.89
-6.86 -148.48
-7.95  -152.99
-9.02 ~1S8.3%
10.11  -~164.86
11.21 =172.49
12.36 178.39
13.59 167,49
14.95 154, 66
16.54 139.77
18.49 122.77
20.97 104,39
2z.8% 86.10
27.41 68.01
31.17 s2.27
35.46 37.27
39.66 24.76

PLL GAIN
T/(1+T)
MAG
(dB)

.09
.11
.14
.17
.21

« 26

PLL ERROR
1/(1+T)
MAG
(dBp)

-40.02
-38.0%
=36.01
-24,06
=-31.97
=-30.01
-27.98
-26.02
-24,04
-22.02
-20.09%
-18.04
=-16.07
~14.07

-12.13

-1.35

- 00
1.18
2.07
2.78
T.24
3.52
3.69
I.75
R 1
3.64
.50
z.321
.06
2.75
2.39
1.97
1.49
1.00

.33

.16
~.06
-.14
~. 13
-. 12

-.08

Figure 6.6. Frequency and Phase Response of the Synthesizer.



FREQUENCY
MAG

(HZ) (dB)

200, 00 -7.89
224.00 -11.34
251.00 -14.86
282.00 -18.54
316,00 ~-22.18
355.00 -25.96
Z98. 00 -29.71
447,00 -33.36
$01.00 -37.37
562.00 -41.24
631.00 ~-45.16
708.00 -49,08
794,00 -52.99
891.00 ~-56.94
1000.00 -60.91
1120.00 -&4,.81
1260, 00 -68.88
1410.00 -72.76
1590, 00 -76.92
1780.00 -80.83
2000, 00 -84.87
2240,.00 -88.79
2510.00 -%92.74
2820.00 -96.78
2160,00 -100.72
3550.600 ~-104.77
3980, 00 -108.74
4470.00 -112.77
SO10,.00 -116.73
$620.00 -120.72
6310.00 -124.75%
7080.00 -128.75
79240, 00 -132.72
8910.00 -136.73
10000, 00 -140.74
11200.00 -144,68
12600.00 -148.77
14100.00 -152,68
15900.00 -156.85
17800.00 -160.77
20000, 00 —-164,.82
22400.00 -168.76
25100. 00 ~-172.71
28200, 00 -176.76
31600, 00 -180.71
35500.00 -184.76
39800. 00 -188.73
44699.99 ~-192.76
S0100,01 -196.73
S6200,00 -200.72
63100, 00 -204.74
7080G.01 -208.74
79400,01 -212.73
89100. 00 ~216.72
Figure 6.6. (Continued)

AMF/FILTER

PHASE

(DEG)

103.23
93.15
84.00
75.51
4£7.98
61.00
54.78
49.06
43.98
39.37
35.18
31.44
28.10
25.08

-~
22.3

20.01
17.80
15.92
14.13
12,62
11.24
10,04
8.96
7.98
7.12
6.34
S5.65
5.03
4,49
4,01
3.57
3.18
2.84
2.52

2,25

2.01
1.79
1.460
1.42
1.26
1.13
1.01
.90
.80
.71
.63
.57
.50
.45
.40
.36
.32

.25

LOOP GAIN
MAG FHASE
{dB)  (DEG)

-44,12 13.23
-48.5%5 3.18
-53.06 -6.00
-57.75 -14.49
-62.38 -22.02
-&7.17 -29.00
-71.91 -35.22
-76.77 -40.94
-81.57 -46.02
-86.44 -50.63
-91.37 ~54,82
-96.29 -58.56

-101.20 ~-61.90

-106.15 -64.92

-111.12 -67.62

-116.061 ~69.99

-121.09 -72.20

-125.96 -74.08

-131.16 -75.87

-136.05 -77.38

-141.09 -78.76

-146.01 -79.96

-150.94 -81.04

-1%6.00 -82.02

~160.93 -82.88

-165.99 -83. 66

-170.9% -84.325

-175.99 -84.97

-180.94 -85.51

~185.93 -85.99

-190.96 -86.43

-195.96 -86.82

-200.93 -87.16

-205.94 -87.47

-210.95 -87.7%

-215.87 -87.99

-220.99 -88. 21

-225.87 -88. 40

~231.09 -88.58

-23%.99 -88.74

-241.0% -88.87

-245.97 -88.99

~2%0,92 -89.10

~255.97 -89.20

-260.92 -89.29

-265.97 -89.3

-270.94 -89.43

~275.98 ~-89.50

-280.93 -89.55

-28%.92 -89.60

-290.9% -89. 64

~295.95%5 -89. 68

-200.93 -85.72

-20%.94 ~89.75
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PLL GAIN PLL ERROR

T/(1+T

MAG
(dB)

-44.18

-48.58

-53.08

-37.7&

-62.39

-67.17

-71.92

~7&4.77

-81.57

-86.44

-21.37

-36.29
-101.20
-106.18
-111.12
-116.01
-121.09
-125.96
-131.16
-136.05
-141.09
-1446.01
-150.94
~156.00
-160.92
=-165.99
-170.95%
-175.99
-180.94
-185.93
-190.96
-195.96
-200,93
-208.94
-210.95
-215.87
-220.99
-225.87
-231.09
-235.99
-241.05
-24%5.97
-250.%92
-255.97
-260.92
-265.97
-270.94
-275.98
-280.9%
-28%5.92
-290.9%
-295.95
-300.93
-305.94

1/(1+T)

MAG

(dB)

-.03
-. 02
-.01
~.01
-. 00
-.00
= D0
-. 00
-.00
-. 00
-. 00
-. 00
-. 00
-. 00
- 00
-, 00

-. 05
|
|
|

.00
. 00
.00



Note that the phase margin is approximately 43°, and the gain

peaking is approximately 3.5 dB, indicating stable operation. Also
note the large loop amplifier/filter attenuation at the reference
frequency (1 kHz) and at its harmonic frequencies. This attenuation
will greatly reduce reference frequency sidebands. Note that relative
to synthesizer phase noise performance, the error response is unity
for frequencies above 10 Hz, which indicates that VCO phase noise
above this frequency will not be cleaned up by the synthesizer. Also
note that the closed loop gain factor drops rapidly at frequencies
above 20 Hz, which indicates that the reference oécillator, loop
divider, and phase detector noise will be attenuated at frequencies

above this.

The calculation of PLL output phase noise was discussed earlier
in Section 3 in the "Noise Analysis Of Phase-Locked Loops" discussion.
A PLL noise model was presented in Figure 3.8, and an equation for
total PLL output phase noise was presented in Equation 3.22. The
following analysis will be based upon this earlier discussion. Note
that synthesizer output phase noise is the uncorrelated sum of the
reference frequency oscillator, phase detector, loop frequency divi-

der, loop amplifier/filter, and VCO noise contributions.

Noise Components Affected by the Closed Loop Gain
The reference frequency, phase detector, and loop frequency divi-

der noise contributions are all acted upon by the PLL closed loop




gain. From Equation 3.22, the synthesizer output phase noise due to

these noise components is
#n2 out = [8,2 ref +p,2 div +(V,2 det)(1/K,2) 1IN (-1/(1-T))1%. (6.17)

These noise components decrease very rapidly at frequencies above the
loop bandwidth because the synthesizer is a sixth-order system.

The 1 kHz reference oscillator phase noise must be increased by
N2 as can be seen in Equation 6.17. For a synthesizer operating
frequency of 45 MHz, this corresponds to an increase of 45,0002 or
93 dB. Additionally, the reference phase noise must‘be scaled by the
closed loop gain factor ( -T/(1-T) ), which is tabulated in Figure
6.6. The reference oscillator phase noise contribution is evaluated
by adding 93 dB to the reference oscillator phase noise in Figure 6.5,
and then adding the "PLL GAIN", which is given in dB in Figure 6.6.

The phase detector and loop divider will be assumed to be noise-
less since their noise contribution, like the reference oscillator
noise contribution, is acted upon by the closed loop gain factor of
the PLL, which is very low at frequencies above 1 kHz. The assumption
of no phase detector and loop divider noise will be justified later by
comparing total synthesizer phase noise to the reference frequency

phase noise contribution.

Noise Components Affected by the Loop-Error Response

The VCO phase noise is acted upon by the loop-error response,
which, unlike the closed loop response, does not decrease at fre=-
quencies above the loop bandwidth. In fact the error response

approaches a value of unity for frequencies above the loop bandwidth.
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It should be apparent that VCO phase noise contributions are very
important at frequencies above 1 kHz.

Loop amplifier/filter noise modulates the VCO, causing additional
phase noise in the output of the VCO. Loop amplifier/filter noise, as
seen in the VCO output, is also acted upon by the loop-error response.
Loop amplifier/filter noise could be a potentially significant con~
tributor to synthesizer output phase noise.

The phase noise contributions of the VCO and loop amplifier/fil-

ter as given in Equation 3.22 are
8,2 cut = [ 8,2 osc +(V,2 filter)(Ky/2nfy)2 10 1/(1-T) 12.  (6.18)

The noise contribution of the VCO is plotted in Figure 6.7 and was
evaluated by multiplying the predicted VCO phase noise of Figure 5.4
by the loop-error reéponse taken from the tabulation in Figure 6.6.
The noise contribution of the loop amplifier/filter is also plotted in
Figure 6.7 and was evaluated using Equation 6.18. The loop ampli-
fier/filter noise was taken from Figure 6.2, the VCO gain was taken to
be 150 kHz/volt, and the loop-error response was taken from the tabu-

lation in Figure 6.6.

Iotal Predicted Synthesizer Noise

The total predicted synthesizer noise is presented in Figure 6.7
along with the reference frequency oscillator contribution, VCO noise
contribution, and the loop amplifier/filter contribution. Note that
the reference frequency oscillator contribution is indeed negligible
at frequencies above 1 kHz. The assumption of no phase detector and
loop divider noise is valid because it can be seen from Figure 6.7
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that these noise sources would have to be much greater than the ref-
erence oscillator noise to have an impact on the synthesizer noise.
These noise components (phase detector noise, loop divider noise, and
reference frequency noise) are acted upon by the closed loop gain,
which rolls off very rapidly at frequencies above the loop bandwidth
because the synthesizer is a sixth-order system. The high-order
system is a requirement both for low phase noise and for low reference
frequency sidebands.

The assumption of no phase detector and loop frequency divider
noise is only valid because of the narrow bandwidth‘of the loop and
the high loop order. These assumptions are certainly not valid for
all synthesizer designs or applications. It is always necessary to
evaluate the closed loop gain factor and to estimate noise contribu-
tions to determine if these are potentially troublesome noise sources.

Clearly, the VCO dominates the synthesizer phase noise at
frequencies above 1 kHz which is why the major design emphasis was
placed on its noise performance. The loop amplifier/filter noise
contribution is not totally negligible and would almost certainly have
become significant if the VCO gain were higher or if the loop ampli-
fier/filter stage did not incorporate passive filtering immediately
ahead of the varactor diode to minimize noise.

The predicted synthesizer noise exceeds the synthesizer design
requirements of Table 1.1 and represents state-of-the-art performance.
The actual synthesizer noise performance will be compared with the

predicted noise performance and the noise design requirements later.
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Synthesizer Reference Sideband Levels

Reference frequency ripple components in the phase detector out-
put give rise to reference frequency sidebands in the synthesizer
output spectrum. These sidebands are equally spaced on both sides of
the carrier with a separation equal to the reference frequency. Ref-
erence frequency sideband levels may be calculated by determining the
reference frequency (and reference frequency harmonic) contents ap-
pearing in the VCO tuning voltage.

As mentioned earlier in Section 3 in the "Phase Detectors" dis-
cussion, it is necessary to provide a current leakage path at the
output of the CD4046 phase detector to keep its gain from dropping
very low during phase-~locked conditions. A significant loss of loop
gain will result in instability in a lag-lead compensated PLL. As a
result of this leakage path, reference frequency output pulses are
always present in the output of the CD40U6 phase detector. The height
of these pulses is approximately 7.5 V, and they are of sufficient
duration to overcome the leakage current.

The current provided by these pulses must equal the phase

detector output leakage current. Mathematically stated,
(t/T)+(Vg/R114) = I, (6.19)

where t/T is the duty cycle of the output pulses, Vo is the pulse
amplitude, R114 is the series resistance from the phase detector
output to the virtual ground of the active lag-lead filter, and I, is
the leakage current. Refer to the phase detector and loop ampli-

fier/filter schematic of Figure 6.1 for the location of R114.
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The leakagecurrent(IL)isapproximately68 niA, which is found
by dividing the phase detector output bias voltage by R123, the resis-
tor responsible for the leakage current. Solving Equation 6.19 for

the pulse duty cycle gives
/T = I; (R114/Vg) = 68 nA ( 47 k ohm/ 7.5 V) = 4.3 x 107%.  (6.20)

The harmonic contents of a periodic pulse train can be found from

Fourier series analysis. These components are given by

Vems(n) = [ 42 Vy/(nm) ] sin(nmt/T), _ (6.21)

where n defines the harmonic, t/T is the pulse duty ¢cycle, and VO is
the pulse amplitude. Note if the duty cycle is much less than unity,
the reference pulse train has harmonics of equal magnitude extending
way up the frequency spectrum, In effect, this is equivalent to a
periodic impulse signal.

The reference sideband levels are calculated by multiplying each
phase detector reference frequency component by the gain of the loop
amplifier/filter, Kg(s). This evaluates the signal levels appearing

directly at the VCC varactor. Sideband levels are then evaluated from

Lsidebands(nfrer) = 1/2 [ V(nfper) Ky/(nfpee) 12, (6.22)

where L describes the ratio of the sideband to the carrier, n defines
the reference frequency harmoniec, fref is the reference frequency,
V(nfref) is the reference signal component at the varactor, and Ky is

the VCO gain. This equation is derived from Equation 4.8 in the



"Voltage Controlled Oscillator Gain Effects on Phase Noise" discussion

of Section &4,

The calgulations of reference frequency sidebands are presented
in Table 6.2. A phase detector output voltage of 7.5 V, a phase
detector output duty cycle of 4.3 x 10'“, and a VCO gain of 150 kHz
were used to make the calculations. The loop amplifier/filter
attenuation was taken from the tabulated values in Figure 6.6. Note
that all sidebands beyond the first sidebands are over 95 dB down.
This sideband performance was only obtainable by using extensive
lowpass filtering ahead of the VCO varactor and by minimizing the VCO
gain. Equal sideband performance could also be attained by using a
more elaborate phase detector and less lowpass filtering. This will

be discussed later as a design improvement.

Table 6.2. Predicted Synthesizer Reference Sideband Levels.

Sideband Phase detector Component at Sideband-to-
frequency signal component VCO varactor carrier ratio
(Hz) (Vems) (Vyms) (dB)

1 kHz 4,6 mv 4.2 uv - 67 dB

2 kHz 4.6 mv 0.27 uv - 97 dB

3 kHz 4.6 mv 58.0 nvV -114 dB

4 kHz 4.6 mV 16.3 nv -127 dB

5 kHz 4.6 mV 7.3 nv -136 dB

6 kHz 4.6 mv 3.7 nv -144 dB

7 kHz 4.6 mV 1.7 nv -152 dB

8 kHz 4.6 my 1.0 nv ~-158 dB

10 kHz 4.6 mv 0.43 nv -167 dB
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Actual Synthesizer Performance

Several problems were encountered during the testing of the
synthesizer. The most difficult problem was caused by the switched
reactance tank circuit. Specifically, the inductor L207 was series
resonating with the off-capacitance of PIN diode D207 when it was
switched out of the circuit. This caused the tank circuit impedance
to be very low at frequencies approaching 75 MHz. As a result, the
VCO would not oscillate at the higher frequencies.

Since the tank circuit analysis program results and the oscilla-
tor starting gain calculations indicated that the PIN diode off-
capacitance should not be a problem, it was determined that ¢circuit
board capacitance across the PIN dicdes must be the culprit. Removing
PIN diodes D205-D207 from the circuit board and placing them directly
in series with the inductors solved the problem, The VCO now oscil-
lated reliably at all frequencies. Only 0.7 pF of capacitance is
required for series resonance with L207 at 75 MHz. The circuit board
capacitance was adding a significant amount of capacitance to the 0.2
pF off-capacitance of the PIN diodes.

The VCO operating frequency deviated slightly from the tank
circuit analysis results at frequencies over 60 MHz. This is probably
a result of inaccurate tank circuit alignment or even coupling between
the inductors. It was, however, not a serious problem, but will
require a slight modification in the VCO presteering ROM truth table.
Synthesizer testing was done without the VCO presteering ROM by con-

necting +5 V as required to the PIN diode bias resistors. The VCO
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presteering ROM will be programmed later for the second generation
synthesizer,

As mentioned earlier, the tank circuit RF voltages measured about
one-half of the calculated values. This is probably due to tank
circuit inaccuracies (such as errors in the estimated Q of the
inductors), imperfect limiting in the sustaining amplifier, and
measurement error, As a result of this, the bias current of Q201 and
Q202 was raised to 8 mA from an initial value of 5 mA to achieve
larger signal levels. It is believed that the improved circuit layout
of the second generation synthesizer will eliminate'the tank circuit
deviations from the calculated analysis.

The synthesizer was completely stable at all operating fre-
quencies. Its transient response was evaluated by observing the VCO
varactor control voltage during step changes in the loop divider
ratio. The loop risetime was approximately 20 ms, and the overshoot
was approximately 20%. This is in good agreement with the synthesizer
design natural frequency of 10 Hz and a damping of 0.707. The agree-
ment is especially good considering the synthesizer is a sixth-order
system because of the extensive lowpass filtering.

The programmable divider was tested separately initially and was
found to operate up to 93 MHz. Its power consumption was 5 V at
125 mA, excluding the VCO presteering ROM. Two BCD coded thumbwheel
switches were used to select the 10 MHz and 1 MHz frequency settings
of the programmable divider. Small DIP switches were used for the

other frequency settings.
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It was necessary, as suggested by Rohde, to provide a leakage

path at the output of the CDJ4O46 phase detector. As mentioned
earlier, this is required to prevent the phase detector gain from
dropping very low under phase-locked conditions. A small, but
unacceptable, loop oscillation was present if the leakage path
provided by R123 (located at the phase detector output) was omitted.
A value for R123 of 22 M ohm, which gives 68 nA of leakage, was
determined to stop the oscillation. This worked well with different
CD4046 phase detectors made by both RCA and Motorola.

It was noticed that the synthesizer phase hoise increased
occasionally for no apparent reason and that it was affected by
bringing objects near the circuitry. Ferrite beads were placed on the
gates of Q201 and Q202 and solved the apparent high frequency parasi-
tic oscillation. It is believed that the circuit runs in the layout
are too long, causing the problem.

The phase noise performance of the synthesizer is quite good and
far exceeds the design specifications of Table 1.1. Synthesizer phase
noise at 45 MHz is presented in Figure 6.8 and was measured using the
phase noise test set described in Appendix D. Note that the noise
floor of the test set is presented along with the measured phase noise
of the synthesizer in the figure.

The measured synthesizer phase noise is approximately 10 dB
higher than the predicted value in Figure 6.7. The higher actual
phase noise is not surprising since the predicted phase noise is
extremely low. Phase noise analysis by Leeson's model is perhaps not

accurate for very large signals (3 Vrms) appearing at the sustaining
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amplifier input. It is interesting to note that the very low synthe-

sizer phase noise floor could not be measured by the test set, which
has a noise floor of -165 dBec.

Note that the measured synthesizer phase noise decreases at
30 dB/decade for frequencies below 5 kHz and decreases at 20 dB/decade
for frequencies above 5 kHz. These phase noise slopes are in agree-
ment with Leeson's model. The measured low frequency phase noise
corner is approximately 5 kHz, which is higher than the assumed value
of 1 kHz.

Synthesizer phase noise was also measured atv62 MHz, and was
approximately 3 dB lower than the phase noise at 45 MHz. The lower
phase noise at 62 MHz was not expected because of the higher carrier
frequency and lower oscillator signal levels. Synthesizer phase noise
performance at 45 MHz may have been degraded over performance at
62 MHz because of the excessively high sustaining amplifier input
voltage (3 Vrms) at 45 MHz. The sustaining amplifier input voltage is
lower (2 Vrms) at 62 MHz.

The reference sidebands near the carrier are lower than predicted
in Table 6.2 and exceed the design requirements of Table 1.1. Note
the presence of 60 Hz related power supply sidebands. These sidebands
are always present in a synthesizer that is operated from ac power.
With the improved shielding and power supply filtering planned, these
sidebands should be lower in the second generation synthesizer.

It was necessary to evaluate synthesizer phase noise in an acous-
tically quiet location because of microphonics. Microphonics do not

appear to be a problem above several kHz as most vibration frequencies
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are below this. Probably the majority of microphonic effects are

caused by vibration in the tank circuit inductors and capacitors,
which results in a tank circuit frequency shift. Microphonics at
frequencies above the loop bandwidth are not minimized by phase feed-
back within the synthesizer. For this reason, wideband PLLs are
desirable for microphonic rejection.

A photograph of the synthesizer is shown in Figure 6.9. Note
that the programmable divider circuit board is located outside of the
aluminum shield box that houses the VCO, phase detector, and loop
amplifier/filter. Also note the shielding between thé circuits within
the shield box. Finally, note that the reference frequency oscillator
is housed in its own separate enclosure, Shielding will.be even more

extensive in the second generation synthesizer.
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7. CONCLUSIONS

Suggested Improvements For The Synthesizer

A second generation synthesizer is planned and will be slightly
different from the synthesizer presented in this thesis. The discrete
loop amplifier/filter circuitry will be replaced with an operational
amplifier. The noise performance of most operational amplifiers is
sufficient for this circuit because of the extensive lowpass fil-
tering. The discrete transistor two pole lowpass filter will not be
changed as it offers good performance and circuit simplicity. The
phase detector may be replaced with a more sophisticated design.
Unfortunately, an improvement over the CDU4OL46 phase detector is ob-
tained only with a rather massive amount of circuitry. The phase
detector logic circuits will be operated off a single supply voltage
to eliminate the rather complex logic translation circuits and the
+ 7.5 V bias levels.

The second generation synthesizer will be better shielded than
the first generation unit. The phase detector circuitry will be
mounted on its own circuit board and so will the loop amplifier/filter
and the VCO. This will allow for very good shielding for these stages
by mounting them in independent shield boxes. These boxes will be
fabricated out of 0.032 inch printed circuit board copper-clad stock.
An additional benefit will be the ability to try different circuitry
easily by replacing the affected circuit module.

The eircuit layout of the VCO will contain very short circuit

lengths in the second generation synthesizer. Additionally, the
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switched inductors will be better separated. It will still be neces-

sary to mount some of the PIN diodes off the circuit board because of
stray capacitance. To simplify the tank circuit, five switched induc-
tors instead of six will be tried. It will then be necessary to use a
higher capacitance change varactor diode system. Finally, transistor
current sources will again be tried for biasing the sustaining ampli-
fier. They should work well with the tighter circuit layout.

The programmable divider circuit will not be changed in the
second generation synthesizer. A more modern design using the new
high speed CMOS devices could be used, but wouldvnot improve the
performance of the synthesizer. The phase detector, loop ampli-
fier/filter, and VCO circuits are much simpler from a standpoint of
the number of connections. Their new layouts will be small and chal-
lenging to design, but will not require much time to design. A new
layout of the programmable divider (and VCO presteering ROM) could
easily take a week to design.

The second generation synthesizer will be easier to build and
could even be mass~-produced. The use of toroidal inductors wound from
the same powdered iron mix could be used to replace the air-wound
inductors. This would make inductor alignment unnecessary in produc-
tion. Minimum inductor alignment is a requirement to fabricate the
synthesizer inexpensively. Finally, the second generation synthesizer
will offer better performance and reliability. In particular, refer-
ence sidebands and power supply sidebands should be lower because of

better shielding techniques.
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sSuggestions For Future Work In Low Noise
Signal Source Design

Future work in low noise signal source design falls into two
categories: innovative circuit ideas and improved analytical methods.
As mentioned earlier, the use of lossless feedback (nonresistive
transformer feedback) should be tried to make a linear low noise
sustaining amplifier. Extensive amounts of feedback could be used to
linearize the amplifier without degrading its noise performance. A
more linear sustaining amplifier would have a lower phase modulation
gain for bias supply and device noise. The result would be lower
phase perturbations, especially at low frequencies.

A second circuit idea is to try an active Q multiplier in the
parallel LC tank circuit of an oscillator. This suggestion came from
the late Bill Managan and certainly warrants exploration since Dris-
coll's Q-multiplied c¢rystal resonator circuit was successf.‘ul.u6 Dris-
coll's eircuit was discussed earlier in Section 4 in the "Resonator
Choices"™ discussion. It is apparent from Leeson's oscillator model
that an improvement in resonator Q is always welcomed in low noise
signal source design. Of course, it is necessary that the noise
introduced by a Qmultiplier does not defeat its application. Con-
ceivably, both Q multiplication and lossless feedback could be tried
in an oscillator. The phase noise performance would have to be worth
the effort a circuit of this complexity would require to build.

There is much work to be done in the area of analytical methods
for low noise signal source design. Computer analysis using programs
such as the SPICE program provides an idea of the noise phase
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modulation in active devices that is caused by device nonlinearity.

Perhaps through the use of nonlinear mathematics, a new improved
oscillator model could be developed (if it does not already exist).
The value of a mocdel that is more complex than Leeson's model is
questionable unless it can suggest additional low noise design strat-
egies. Nonetheless, it would be desirable to model oscillator noise

accurately, even if extensive device data were required for the model.
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TANK CIRCUIT ANALYSIS FOR VOLTAGE CONTROLLED SWITCHED REACTANCE
OSCILLATOR

DESCRIPTION

THIS PROGRAM EVALUATES THE EQUIVALENT PARALLEL L.C.R.,Q, AND RES-
ONANT FREQUENCY OF A TANK CIRCUVIT

SIX INDUCTORS ARE SWITCHED BY BEING IN SERIES WITH CAPACITORS THAT ARE
SWITCHED FROM C TO 1,000, 000C (REPRESENTING ESSENTIALLY A SHORT CIR~
CUIT) TO SIMULATE PIN DIODE SWITCHING OF THE ELEMENTS. THE SWITCHING
IS IN A BINARY CODED FASHION REPRESENTED BY DECIMAL INTEGERS 0-463

TWO FIXED INDUCTORS AND TWO FIXED CAPACITORS ARE INCLUDED IN THE CIR-
CUIT ALONG WITH A FIXED RESISTOR

VARTABLE NAMES

N, INTEGER 0-63 REPRESENTING BINARY CODED PIN DIDDE SWITCHING
K. REGISTER FOR N

J,» SERIES CIRCUIT INDEX

M, ITERATION INDEX (3 ITERATIONS ARE PERFORMED FOR SOLUTION)
M1, REGISTER WITH VALUE M+1

L{J), A &6 ELEMENT DATA INPUT ARRAY OF INDUCTANCE VALUES

QL(J), A & ELEMENT DATA INPUT ARRAY OF G (AT 30 MHZ) VALUES FOR L{(J)

CtJ), A b ELEMENT DATA INPUT ARRAY OF CAPACITANCE VALUES

R(J), A & ELEMENT DATA INPUT ARRAY OF RESISTANCE VALUES

A{J), A & ELEMENT ARRAY INDICATING PIN DIODE SWITCHING
A(J)=1 OE4 PIN DIODE ON: A(J)=1 0 PIN DIODE OFF

LFIX, A FIXED INDUCTOR VALUE

GLFIX, @ (AT SO MHZ) OF LFIX

LRFC, INDUCTANCE OF AN RF CHOKE

GLRFC, @ OF LRFC

CVAR, TUNING DIODE CAPACITANCE

RCVAR, SERIES RESISTANCE OF CVAR

CF1X. CAPACITANCE OF A FIXED CAPACITOR

RFET, RESISTANCE OF A FIXED RESISTOR

QCVAR, G OF CVAR
QLFX, Q@ AT FREQUENCY F(M) OF LFIX

X, TOTAL REACTANCE OF SERIES CIRCUIT BEING EVALUATED

RSER, TOTAL R OF SERIES CIRCUIT BEING EVALUATED

G, @ OF SERIES CIRCUIT BEING EVALUATED
X AND G ARE POSITIVE IF CIRCUIT 1S "INDUCTIVE, NEGATIVE
IF CIRCVUIT IS CAPACITVE

BL, TOTAL RECIPRICOL INDUCTANCE OF TANK CIRCUIT
G, TOTAL CONDUCTANCE OF TANK CIRCUIT

CTOT, TOTAL CAPACITANCE OF TANK CIRCUIT

RTOT, TOTAL RESISTANCE OF TANK CIRCUIT

LTOT, TOTAL INDUCTANCE OF TANK CIRCVUIT

QTOT, TOTAL @ OF TANK CIRCUIT
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F{M), RESONANT FREQUENCY (HZ) DF TANK CIRCUIT USED DURING ITERATIONS

F(M+1 DR M1), RESDNANT FREGUENCY (HZ) OF TANK CIRCUIT CALCULATED
AFTER THE Mth ITERATION

W, RESONANT FREGQUENCY OF TANK CIRCUIT IN RADIANS/SEC

SPECIFICATION STATEMENTS

INTEGER#*2 N, K, J, M, M}
REAL#4 L (&), C(6),R(&),A(h), GLIA), X, Q. BL, G, CTOT, LTOT, QTOT, RTOT,
1 F{4), W. LF1X, LRFC, CVAR, RCVAR, CF1X, RFET, QLF1X, QLRFC, RSER
1 » GCVAR, QLFX

DATA INPUT STATEMENTS

DATA L/3. 2E-6, 1. 6E-6,0. BE~b, 0. 4E-6, 0. 2E~4, 0. 1E-6/

DATA GQL/150.,150,,130. ,300., 300., 300. /

DATA R/1.0,1.0,1.0,1.0,1.0,0. 35/

DATA C/0. 2E-12,0. 2E~12, 0. 2E~12, 0. 2E~12, 0. 2E~12. 2. OE~12/
DATA LFIX,QLFIX,LRFC, GLRFC, CVAR, RCVAR, CFIX, RFET/0. 105E-4
1 +150., 2. 2E~4, 50. 0, 20. OE~-12,0. 1, 101. 4E-12, 25. DE3/

PRINTING OUT COMPONENT VALUES

WRITE (1,90) L{1),L(2),L(3),L(4),L(S).L(&), LFIX, LRFC

WRITE (5,90) L(1),L(2),L(3),L(4),L(%),L(&),LFIX, LRFC

WRITE (1,91) C(1),C(2),C(3),C(4),C(5),Ct&), CVAR, CFIX

WRITE (35,91) C(1),C(2),C(3),C(4),C(5),L(6),CVAR, CFIX

WRITE (1,92) R(1),R{2),R(3),R(4),R(5),R(&),RCVAR, RFET

WRITE (5,92) R(1),R(2),R(3),R(4),R(5),R(b6), RCVAR, RFET

WRITE (1,93) GL(1),0L(2),GL(3),QL(4),GL(5),GL(&), GLFIX, GLRFC
WRITE (5,93) QL(1),6L(2),GL{3),QL(4),G8L(5),QL(6),QLFIX, QLRFC
FORMAT (3X, ‘L= ‘, B(1PE?. 2))

FORMAT (3X, 'C= , 8(1PE9. 2))

FORMAT (3X, ‘R= ’,8(1PE9. 2))

FORMAT (3X, 'G= /, B{1PE9. 2))

LABELING COLUMN HEADINGS

MAIN

WRITE (1,95)
WRITE (3,93)
FORMAT (1X, ' *)
WRITE (1,93
WRITE (3,95)

WRITE (1,100)

WRITE (5, 100)

FORMAT(1X, ‘N’, T18, ‘LAST F', T34, ‘F’, 754, 'L TOTAL’, T72. ‘'C TOTAL’,
1 T90, ‘R TOTAL’, T108, ’'Q’)

WRITE (1,9%)

WRITE (S, 9%)

LOOP FOR CALCULATING ALL SETTINGS , N

DO 40 N=0, 43
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COMPUTING ARRAY A TO REPRESENT PIN DIODE SETTINGS

K=N
DO 10 J=t. 6
IF (ISHFT(K, 16~U).LT. 0) THEN
A(J)=1. OE&
ELSE
A(J)=1 O
END IF
CONTINUE

SETTING INITIAL RESONANT FREGUENCY FOR FIRST ITERATION
F(1)=5 0E7
ITERATION LOOP FOR CALCULATIONS
DO 30 M=1,3
BL=0.0
CT0T=0. 0
G=0.0
W=2. 0#3. 1415927+F (M)
CALCULATING SERIES CIRCUITS 1-6 SUCCESSIVELY
DO 20 u=1.6
XaWkl (J)=1. Q/(W#C(J)#A(J))
RSER=R (J)+W*L(J) /(QL(J) #SQRT(F (M) /50  E6))
G=X/RSER
IF (X .LT. 0.0) THEN
CTOT==1. O#(Q##2/(QG##2+1.0))/(W*X) +CTOT
THE CIRCUIT IS CAPACITIVE AND ADDS TO CTOT

ELSE
BL=(Qu#2/ (Que2+1 0))#W/X +BL

THE CIRCUIT IS INDUCTIVE AND ADDS 7O BL
END IF
G=1. 0/ ((RSER)* (1. O+Q##2)) +G

CONTINUE

CALCULATING THE EFFECTS OF THE UNSWITCHED ELEMENTS

QCVAR=1. 0/ (RCVAR*W#CVAR)
GLFX=QLFIX*#SGRT(F(M)/50. 0E&)

CTOT=CTOT+CFIX+CVAR#QCVAR%#2/ (1. 0+QCVAR#»2)
BL=BL+(QLFX##2/(QLFX##2+1. 0))/LFIX

1 +{QLRFC##2/(QLRFC##2+1. 0))/LRFC
G=G+1. O/ (QLFX#W#LFIX)+1. O/ (QLRFC*W#LRFC)+
i 1. 0/ (RCVAR# (QCVAR##2+1. 0))+1.  O/RFET

CALCULATING THE RESONANT FREGUENCY FOR THE NEXT ITERATION
OF CALCULATIDNS
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Ml=M+1
F{M1)=1 0/(2 O%3. 1415927 +SQRT(CTOT/BL))

CONTINUE
SOLVING FOR THE FINAL RESULTS

RTOT=%. 0/G
LTOT=1. O/BL

QTOT=1. 0/(2. O#3. 1415927#F (M1)#LTOT#&)

WRITING OUTPUT

WRITE(1, £10) N, F(M),F(M1),LTOT, CTOT,RTOT, GTOT
WRITE(S, 110) N, F{(M),F(M1),LTOT, CTOT, RTOT, QTOT
FORMAT(3X, I3, 6(1PE1B. &) )

CONTINUE ON TO NEXT SETTING OF N

CONT INUE

STOP
END
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APPENDIX B

SPICE PROGRAM SOURCE LISTING FOR THE LOOP

AMPLIFIER/FILTER NOISE ANALYSIS




LOOP AMPLIFIER/FILTER NOISE ANALYSIS FOR THE 45-75 MHZ SYNTHESIZER AMPFLT SPI
*

B T T YT T T e e Py Ty ARy Y e e S ey e

» ANALYSIS PURPQOSE

PP ST e TP T TR PR R R Y Y I R e R A e R Y

THIS ANALYSIS DETERMINES THE OUTPUT NOISE OF THE LOOP AMPLIFIER/FILTER
FOR THE 45-75 MHZ SYNTHESIZER. THE CIRCUIT IS ANALYZED ASSUMING AN
INFINATE DRIVING IMPEDANCE FROM THE PHASE DETECTOR, WHICH IS INDICATIVE
OF PHASE LOCKED CONDITIONS

AN INPUT BIAS CURRENT SOURCE, IBIAS, IS CONNECTED TQ THE INPUT OF THE CIRCUIT
TO ESTABLISH DC BIASING. A RESISTOR, RBIAS, OF 1000 MEG OHMS IS PARALLELED
ACROSS Cii12 TO PROVIDE A DC FEEDBACK PATH SO THAT PROPER DC BIASING CAN
OCCUR. THESE ELEMENTS DO NOT AFFECT THE CIRCUIT NOISE. AND ARE USED TO SET
THE QUTPUT VOLTAGE OF THE CIRCUIT AT APPROXIMATELY (8 VDC

ALL TRANSISTORS HAVE AN ASSUMED 1/F NOISE CORNER FREGUENCY OF 1 KHZ

QUTPUT NOISE VOLTAGE HAS UNITS OF V/ROOT HZ

* K % K ¥ & &k & Kk ¥k ¥ & X F &k ¥ %

L R L Ry Yy sy T Ty e ey
*

* POWER SUPPLY VOLTAGE

*

VCC 1 0 24V

»

* INPUT BIAS CURRENT SOURCE

*
{BIAS 2 O 82NA
»*
LIRS 2 I I Ly T L X Ly e T Y Y T T Y
* LAG/LEAD CIRCUITRY

LT T S Y L E e e Ly Y X 2
*

R123 2 O QIMES
R114 2 3 47K

J108 4 3 0 J309
D109 O & DINS228
D108 & 5

€110 5 © \UF

Q109 7 5 4 Q2N3904
Ci11 7 O {OOFPF
R115 5 8 16K

Q11C 7 B8 9 G2N3906
R116 9 1 120

D106 1 10 DIN914

D107 10 8 DIN9I14
Glil 1 7 11 QG2N3904
R117 11 0 16K

Q112 1 11 12 Q2N3904
R118 12 0 5. 1K

C112 12 13 0. IUF
R119 3 13 220K

C113 3 13 2000PF

*

* PARALLELING RBIAS ACROSS C112 TO ESTABLISH DC BIASING
*

RBIAS 12 13 1000MEC
#

|

\

|
DiNS228

bt e 33 3 U2 3 3 B A A I U B 36 WA A I 33 AW 3 U U 3 A I A2 N

* 2 POLE LOWPASS FILTER CIRCUITRY
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*

R120 12 14 16K

R1i21 14 1S 16K

Q113 1 15 16 G2N5089

R122 16 0 6.B1K

Ci17 14 16 0.2UF

€118 15 O O. 047UF

R201 16 17 16K

C20% 17 0 O 11UF

»

bt i d st dldt l 22 a2 et ot IR TT TE LT T 2 S v vy
+ DEVICE MODELS

NN E G TE RN A2 I3 36N A T 31000 00 00 3036 2 360036 30060 0 00 00 UG 6 0600 06 36
»

NOTE: ALL TRANSISTORS HAVE AN ASSUMED 1/F NOISE CORNER OF 1 KHZ.

JFET MODEL

* &k ¥ ¥

-MODEL J30? NUF VTO=-2. 5V BETA=3. 2M LAMBDA=0. 05 RD=20 RS=20 CGS=10PF CGD=5FF
+ AF=1 KF=Q. O0i{5F
»*

» BIPOLAR TRANSISTOR MODELS

*

. MODEL G2N3904 NPN IS=2FA BF=200 IKF=100MA ISE=1PA NE=2 VAF=100Y RB=200C
+ RBM=100 IRB=100MA RC=2 5 RE=0.3 CJUE=4. 5PF CJC=3. 5PF TF=0. 5NS XTF=1. 1
+ VTF=1V ITF=100MA KF=0. 32F

*

- MODEL G2N390&6 PNP 1S=2FA BF=200 IKF=100MA ISE=1PA NE=2 VAF=100V RE=200
+ RBM=100 IRB=100MA RC=2 S RE=0.3 CJE=4. SPF CJC=3. 5PF TF=0. 3NS XTF=i.1
+ VTF=1V ITF=100MA KF=0. 32F

»

MODEL G2NS5089 NPN 1S=20FA BF=750 IKF=12MA I1SE=1PA NE=R2 VAF=92V RB=800
+ RBM=500 IRB=12MA RC=43 RE=0. 33 CJE=4PF CJUC=4PF TF=0. 22NS XTF=i, 1

+ VTF=1V ITF=12MA KF=0. 32F

*

* DIODE MODELS
*

MODEL DiN914 D IS=10FA RS®0. 3 CJO=2PF

*

MODEL DIN5228 D BV=4 3V 1BV=20MA
*

*
bad b b At s et dl s a2 A2 2SI R T TR R T L g RV
* ANALYSIS COMMANDS
M d s d it e A R I L L L E o S oy
»
. NODESET V(3)==1, SV

AC DEC 10 10 100KHZ
.NOISE V(17) IBlAS 10
. PLOT NOISE ONOISE
. END
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SOURCE LISTING FOR THE SYNTHESIZER FREQUENCY

AND PHASE RESPONSE PROGRAM

APPENDIX C



FLLRES.FOR
11/24/832

THIS FROGRAM COMFUTES FLL AMFLIFIER/FILTER RESFONSE.
FLL LOOF GAIN RESFONSE, FLL CLOSED LOOP RESFONSE. AND
FLL ERRDR RESFONSE.

LOOF AMFLIFIER/FILTER DETAILS

[ALUTIVE LAG-LEAD +SINGLE FOLE LFASS) [ZRD ORDER LFASS5]
Made up of lag-lead active filter Made up of 2nd order
with added real pole lowpass with single

OO OmOoLOOgNOOoaoaon

OO0 OO0O00CoONaon0000aOOn 000000000 M On e D

=

pole lpass at varactor
INFUT VARIAEBLES

PO FHASE DETECTOR GAIN (VOLTS/CYCLE)

FA VvCO GAIN (HZ/VOLT:

NDIV DIVIDER RATIO

T1 LAG-LEAD FILTER ZERO TIMECONSTANT

Tz LAG-LEAD FILTER FOLE TIMECONSTANT

FCo ~-ID& FREDQ OF SINGLE FOLE LFASS ADDED TO LAG-LEAD
FLIND ~IDR FRER® OF IND ORDER LOWFASS

IETA DAMFING OF 2ZND ORDER LOWFASS

FC1 ~2DE FRER OF SIMNGLE FOLE LFASS ADDELD TO IZND ORDER LF
NFTS NUMBER OF FREQUENCY FOINTS USED IN CALCULATIONS
SCALE(2D) AN ARRAY (OF LOG COMFRESSED VALUES FOR FREQS

CALCULATED VARIABLES

S COMFLEX FREQUENCY VARIAEBLE

FREQ (NFTS) ARRAY OF FREQUENCY VALUES

FFMAG (NFTS) ARRAY OF LOOF FILTER MAGNITUDES VS FREQ

FEFHA (NFTS) ARRAY OF LOOF FILTER FHASES VS FREQ

TMAG (NFTS) ARRAY OF LOOF GAIN MAGNITUDES VS FRE®

TPHA (NFTS) ARRAY OF LOOF GAIN PHASES VS FREQ

ACLMAG (NFTS) ARRAY OF CLOSED LOOF GAIN VS FREQ

ERRMAG (NFTS) ARRAY OF LOOF ERROR MAGNITUDE VS FREQ

kF COMFLEX VARIABLE FOR LOOF AMF/FILTER

T COMFLEX VARIARLE FOR LOOF GAIN

ACL COMFLEX VARIABLE FOR CLOSED LDOF GAIN

ERROR COMFLEX VARIABLE FOR LOOF ERROR GAINM

TLO TIMECONSTANT ASSOCIATED WITH THE SINGLE FOLE LFASS
ADDED TQ THE LAG-LEAD FILTER

TL1 TIMECONSTANT ASSOCIATED WITH THE SINGLE FOLE LFASS

ADDED TO THE 2ND ORDER LFASS FILTER
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WCZND FC2ZND EXFRESSED IN RADS/SEC
WCZNDZ  WEC2ND SQUARED
WCZETZ Z2.0#ZETA*WCINDZ

G DC LOOF GAIN

VARTABLE DEFINITIONS

REAL KO(KV,SCALE(Z0) ,FRER (100) ,KFMAG (100) ,KFPHA (100) ,
1 TMAG (100) , TRHA (100) ,ACLMAG (100) ,ERRMAG (100) ,NDIV

COMFLEX KF,T,ACL ERROR,.S

THE FOLLOWING DECLARATION IS REQUIRED IN SS FORTRAN ONLY
COMFLEX CMFLX

INITIALIZING VARIAELES
DATA SCALE /1.00,1.12,1.26,1.41,1.59,1.78,2.00,2.24,2.51,
2.82,3.16,3.595,3.98,4.47,5.01,5.62,6.31,7.08.7.93,
1 8.91/
NFTS = 100
INFUTTING VARIABLES FROM THE KEYBOARD
WRITE (1,10
FORMAT (1X, 'ENTER KO,KV IN FLOAT FT OR SCI MNOTATION : ‘%
READ (1,20) KO.,KV
FORMAT (260.0)

WRITE (1,20

FORMAT (1X. 'ENTER NDIV IN FLOAT FT FORM : ‘%
READ (1,40) NDIV
FORMAT {(G0. Q)

WRITE (1,20

FORMAT (1X, "ENTER T1,T2,FCO IN FL PT OR SC! NOT : E 3
READ (1,60) T1,T2.FCO

FORMAT (ZG0.0)

WRITE (1,70
FORMAT (1X. 'ENTER FCZND.ZETA,FC1 IN FL FT OR SCI NOT :
READ '1.,80) FCIND,ZETA,FC1
FORMAT (Z60O.0)
COMFUTING DC LOOF GAIN

G = viOekV/NDIV

FRINTING QUT THE INFUT FARAMETERS AND
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WRITE (1.1)

FORMAT (I1X, = )

WRITE (1,100}

FORMAT (11X, "kO (VOLTS/CYCLE) KV (HZ/V0LT) NDIV )
WRITE (1,110) KO,KV(NDIV

FORMAT (SX1FTELIZ.T)

NRITE (1.1)

WRITE (1,120)

FORMAT (1X., - T1 (SEC) TZ (SED) FCO (HZ) '
WRITE (1.,170) TL1,T2,FCO

FORMAT (SX . 1PIELZ.32)

WRITE (1.1)

WRITE (1.140)

FORMAT (1X, ~ FCZND (HZ) ZETA FC1 (HZ)
WRITE (1,150) FCZND,ZETA,FC1

FORMAT (SX,1F3EL1Z.3)

WRITE (1,1)

WRITE (1.,160)

FORMAT (1X, 'DC LOOF GAIN (1/SEC) )
WRITE (1.170) G

FORMAT (S5X,1FEL12.3

WRITE (1.1)

COMPUTING THE FREQUENCY ARRAY
INDEX = ©
LOOF FOR EACH DECADE OF FREQUENCY
DO 1000 N = 1,5
LOOF FOR EACH MANTISSA FREQUENCY VALUE
DO 1010 M = 1,20
INCREMENT INDEX
FREQ(INDEX) = SCALE(M)*10, O#%(N-1)
CONT INUE
CONTINUE
CONVERTING INFUT VALUES TO QTHER FORMS
TLO = 1.0/ (6.28T19%4FC0)
TLL = 1.0/ (b.28319%FC1)
WCESND = 4,28319#FCZND
WCINDY = WC2ND#*#2
WCZETZ = WCZND*ZETA*Z2.0

LOOP FOR EACH FREQUENCY VALUE

oo0oon

9]

DO 2000 N = 1,NFTS
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S = CMPLX (0.0, 6.28319%FRER(N) )

COMFUTING THE LOOF FILTER RESPONSE

KF = ((S#T2 +1.0)/(S#T1)) # (1.0/((1.0 +TLO*S)* (1,0 +TLI*S)))
1 * WC2NDZ/( S#S + WCIETZ#S + WCZND2 )
KFMAG (N) 20.0+#ALDG10( CARS(KF))

KFPHA(N) = 57,2958#ATANZ ( AIMAG(KF), REAL (KF)

)

COMPUTING THE LOOFP GAIN

T = KF*G/S

TMAG (N)
TPHA (N}

Z20.0*ALOG1O(¢ CABS(T))
57.2958%ATAN2 ( AIMAG(T), REAL(T) )

COMFUTING THE CLOSED LOOF GAIN

ACLMAG (N) = Z0.0#ALOG1O( CABS(T/(T+1.0)) )

COMFUTING THE ERROR RESFONSE

ERRMAG (N) = 20,0#ALOG10( CABS(1.0/ (1.0+T)) )

GOING TO NEXT FRER® VALUE AND REPEATING CALCULATIONS

CONTINUE

FRINTING QUT COMFUTED DATA

WRITE (1.1)
LABRELLING THE COLUMN HEADINGS

WRITE (1,Z010)
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FORMAT (5X, "FREQUENCY ' ,7X, AMP/FILTER ,10X, 'LOOF GAIN',7X.
1 ‘FLL GAIN',2X, 'FLL ERROR ‘)

WRITE (1,2020)

FORMAT (25X, "KF ", 18X, "T' 12X, "T/(1+T) " ,3X, "1/ (1+T) ")
WRITE (1,30Z0)

FORMAT (22X, ‘MAG FHASE " ,7X, "MAG FHASE " ,7X, "MAG ",

1 8X, 'MAG

WRITE (1,2040)

FORMAT (7X, " (HZ) " 10X, (dE) (DEG) " ,7X, " (dE) (DEG) " ,7X,
1 A{dB) " 7X, (dB) ")

WRITE (1,1)

FRINTING QUT THE VALUES

DD 4000 N = | ,NFTS

WRITE (1,4010) FREQ(N).KFMAG(N).KFFHA(N).TMAG(N).TPHQ(N).
1 ACLMAG (N) ,ERRMAG (N)

FORMAT (1X,F10.2,3X,6F10,2)

CONT INUE

STOF
END
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APPENDIX D

PHASE NOISE TEST SET USED TO MEASURE

THE SYNTHESIZER PHASE NOISE




Theory Of Operation

A block diagram of the phase noise test set is shown in Figure
D.1, which includes signal levels and descriptive information. Note
that the phase of a low noise reference oscillator is compared to the
phase of the oscillator under test by a phase detector. If the phase
noise of the reference oscillator is much less than the phase noise of
the oscillator under test, then the phase detector output voltage is
an accurate signature of the time-varying phase noise in the oscilla-
tor under test.

It is necessary that the phase detector be operated under phase
quadrature conditions for linear phase comparison and minimun sensi-
tivity to AM noise in the oscillator signals. Since it is virtually
impossible manually to tune the reference oscillator to track the
oscillator under test, a phase-locked loop is used. This phase-~locked
loop is designed to hold long-term phase quadrature between the two
oscillators while not tracking the short-term phase variations in the
oscillator under test. Phase noise at frequencies above the loop
bandwidth of the phase-locked loop appears directly in the phase
detector output as the loop cannot track it. Stated differently, the
phase noise of the oscillator under test is acted upon by the loop=-
error response, which approaches a2 value of unity for frequencies
above the loop bandwidth.

Since it is so important to assure that the loop bandwidth is
significantly less than the minimum desired measured phase noise
frequency, the loop features four settings of loop bandwidth, 1 Hz,
10 Hz, 100 Hz, and 1 kHz. The lower frequency settings are used for

177




395 989 O9STON 8seud 92y3 Jo meaSerq HooTd °*1°@ oJn3Td

ZH 000! ‘001 0Ot "t 0
HLAIMANVE 4001

(x) “f
_ |
cer | : |
(=)
Avadsiq
YoLVvSNIdWO2D
- LrgnNi
| aval-ov? Towimes |
S OVLI0A
ynaw vares “arois
oxX oA
1 we A19n0g ﬂu..
dwy
o O rE- 1 -
8p09+/ 0% + NILLY VIMO0d NILLV 2§0 1INI¥IA3Y
] /’ 01
2 N006
W3t IINIWY J
AIL Y SSYIMOT
yI2AIVNY 2SION MoT _ Fl
WNuYL2348
_ INISSII0Nd |
TYN SIS gNYEISVE — [
wgr7s wAPL+  V@POIs
L - - = - - - 4

WY dwWyv LS3L ¥30Nn
YOLVSNISWOD 4007/ 40121130 I$¥Hd ¥IMOd NOI1LY YOS N3ILLY VWOLVITIDSC




measuring phase noise close to the carrier. The higher frequency

settings are very convenient for measuring phase noise at high phase
noise frequencies because they allow the loop to reject the very large
low frequency noise components that would otherwise limit the dynamic
range of the measurements.

As discussed earlier in Section 2 in the "Measurement of Phase
Noise" discussion, there are several critical design considerations in
this type of phase noise test set. First, since the test set actually
compares phase between the oscillators, the reference oscillator phase
noise must be either much lower than the oscillator.under test or it
must be subtracted from the measurementﬂ“ Second, injection locking
between the oscillator under test and the reference oscillator must be
prevented as this causes the oscillators to track each other's phase
noise, particularly at low f‘r‘equencie.s;.”r"16 Finally, the phase
detector must be a high level detector to achieve a low noise floor
and the low noise amplifier must have good low noise performance.15

The test set noise floor may be determined by comparing two
identical oscillators, If it is assumed that these oscillators have
equal phase noise, the test set phase noise floor is 3 dB below the
measured noise floor obtained by comparing the two oscillators. The
3 dB correction takes into account the uncorrelated summing of the
oscillator phase noises., It is important to determine the phase noise
floor of the test set to be assured that it is less than the oscilla-

tor under test.
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Circuit D {pti

The reference oscillator is a low noise voltage controlled crys-
tal oscillator, using the crystal in the series resonant overtone
mode. A schematic diagram of this oscillator is showp in Figure D.2.
Note the similarity between its design and the design of the reference
oscillator for the synthesizer that was discussed in Section 6 in the
"Reference Frequency 0Oscillator Discussion.® With the varactor
tuning, the gain of the test set reference oscillator is approximately
300 Hz/volt. Two of these oscillators were constructed so they could
be compared against each other to determine the test set noise floor.

The phase detector and loop compensation circuitry contains a
high level doubly balanced mixer for the phase detector and an active
lag-lead filter to provide loop compensation. A schematic of this
circuitry is shown in Figure D.3.

The doubly balanced mixer IF output is connected to a lowpass
filter to reject the very strong sum frequency image. Note that at
this image frequency the mixer IF output is terminated into 50 ohms.
This is important to maintain isolation between the RF and LO ports of
the mixer and to assure proper mixer operation. The lowpass filter is
similar to the filter described by Fischer for a phase noise measuring
circuit.’® Note that the filter presents a much higher impedance than
50 ohms at low frequencies (below 1 MHz), which unloads the mixer and
increases its phase detection gain., The measured gain of the phase
detection circuitry is 1.7 V/rad, which was measured by unlocking the
test set and measuring the peak sinusoidal difference frequency signal
at the mixer IF output. The peak value of the difference frequency
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Figure D.2.

Phase Noise Test Set.
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signal is equal to the phase detector gain if the detector is oper-
ating as a linear detector.6 For greater precision, a known phase
modulation should be measured to determine phase detector gain.

The loop compensation circuitry consists of an active lag-lead
network., The extremely high de¢ gain of this network assures that the
two oscillators remain in long-term phase quadrature. During phase
quadrature the phase detector output is at a dc level of 0 V,
excepting phase offset errors in the detector.

As mentioned, the loop bandwidth is variable to optimize the
dynamic range of phase noise measurements in different frequency
ranges. This is accomplished by the switch-selectable lag-lead
parameters.

The power amplifier is a broadband single stage RF amplifier
using base-collector feedback. Its gain and signal levels are shown
in the test set block diagram of Figure D.1. It uses the 2N5109
transistor, which is a low noise medium power RF device. Noise per-
formance of the amplifiers used in the test set is somewhat important
because of additive phase noise, However, the large signal levels
present in the test set would assure a good signal-to-noise ratio even
if the amplifiers were not particulary low noise circuits. A sche-
matic diagram of the power amplifier is shown in Figure D.4.

A schematic diagram of the isolation amplifier is shown in Figure
D.5. It has a measured isolation of over 60 dB at 50 MHz. The
estimated isolation between the osecillator under test and the refer-
ence oscillator is over 100 dB. This is sufficient, especially since

phase noise very close to the carrier is not being measured in the
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Figure D.4. Schematic Diagram of the Power Amplifier for the Phase
Noise Test Set.
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test set. It is interesting to note that without the isolation ampli-
fier the two oscillators would synchronize with each other if brought
close enough together in frequency.

The low noise amplifier has a selectable gain of either 40 dB or
60 dB and a noise floor of approximately 1 nV//HBz. Its bandwidth is
approximately 10 Hz to 2 MHz (20 MHz if operated at a gain of 40 dB).
It was designed by the author and features a JFET input stage for
minimum current noise. No schematic diagram is provided for it in
this thesis.

The attenuators are pi-network resistive attenuaﬁors designed for
50 ohm source and load impedances. They are used to set signal levels
in the test set. The attenuators located adjacent to the doubly
balanced mixer (the phase detector) serve an additional function of
providing source impedances for the mixer that are close to 50 ohms.

For phase noise measurements below 50 kHz from the carrier, a
digitally based FFT analyzer was used. Like most FFT analyzers it
supports data display of reference units based on a user-entered
reference level. A reference level was used that is equal to the
product of the phase detector gain, the low noise amplifier gain, and
the square root of two (this compensates for the 3 dB difference
between SSB phase noise and phase noise spectral density). The FFT
analyzer then reads SSB phase noise directly when used in the noise
mode where the spectrum measurements are normalized to a 1 Hz
bandwidth.

Phase noise measurements at frequencies above 50 kHz from the

carrier were taken using an analog spectrum analyzer. The analyzer
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was used in the averaging mode, so no correction for peak detection
was required. The measurements were normalized to a 1 Hz bandwidth by
correcting for the analyzer noise bandwidth.

A photograph of the phase noise test set is shown in Figure D.6.
Note the shielded construction of each stage. In particular, note
that the stages are individually constructed for maximum shielding.
This also allows the test set to be reconfigured by rearranging the
different stages. All signal connections between the stages are made

by means of 50 ohm coaxial cable with BNC type connectors.
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Figure D.6. Photograph of the Phase Noise Test Set.
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