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ABSTRACT

A digital phase-locked automatic frequency control (AFC) loop has been success-
fully used to achieve extreme temperature stability in a wideband 68 MHz

voltage-controlled oscillator (VCO). The initial open loop wide deviation and high
frequency modulation capabilities of the VCO have been retained. The stabilization
technique used is unique in that it overcomes the deviation limitations of conven-

tional techniques by greatly reducing the modulation index of the FM signal at the
input of the phase detector.

Two similar versions of the modulator and AFC loop have been designed and
breadboarded. The carrier stability of both is precisely locked to a crystal
reference frequency over a temperature range of -32°C to more than 85°C.

Measured results have shown that the 3 db baseband response ranges from 11 Hz
to 11 MHz, and the feasibility of extending the upper response limit to 30 MHz has
been indicated. When translated to S-Band (2.1 GHz) the modulator is capable of
+9 MHz deviation with 1 percent linearity and +13,5 MHz deviation with 2 percent
linearity. The modulator sensitivity at S-Band is 6.4 MHz/volt. Techniques of
achieving DC baseband response and a technique for automatic quick pull-in are
also described.

THESIS SUPERVISOR: James K. Roberge
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Summary

A digital phase-locked automatic frequency control (AFC) loop has been suc-

cessfully used to achieve extreme temperature stability in a wideband 68 MHz vol-

tage-controlled oscillator (VCO). The initial open-loop wideband deviation and high

frequency modulation capabilities of the VCO have been retained. Two similar ver-

sions of the modulator and AFC loop have been designed and breadboarded.

The carrier stability of both is precisely locked to a crystal reference over a temp-

erature range of -32°C to more than 85°C. Measured results have shown that the

3dB baseband response ranges from approximately 11 Hz to 11 MHz, and the modu-

lation sensitivity is 213 kHz per volt rms. Techniques of extending the baseband

response to dc are described in this report. A modulation linearity of +1 percent

is maintained for deviations up to 300 kHz. For deviations up to approximately 450

kHz, the linearity is +2 percent. These deviation and sensitivity results are given

for an output carrier frequency of 68 MHz.

The importance of these results is more obvious when expressed in terms of the

resulting deviations and linearity obtainable at S-Band frequencies.

For a given degree of linearity or amount of distortion the peak deviation capabili-

ties of a modulator is directly proportional to its center or carrier frequency. The

above results indicate that if the modulator output is directly multiplied to S-Band,

deviations of +9 MHz are obtainable with1percentlinearity, and 2 percent linearity

can be achieved for deviations up to +13.5 MHz. The initial crystal stability and

baseband response are not changed.



The technique described in this report can easily be extended to achieve a baseband

response of better than 30 MHz. The carrier stability will still be equivalent to that

obtainable with a temperature compensated fixed crystal oscillator, and the 1 per-

cent deviation capability will remain at +9 MHz at S-Band.
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Jd. Introduction

The impending 1970 change-over of RF telemetry links from VHF to UHF and

S-Band requires a significant improvement over the present state-of-the-art in

solid-state transmitters. Future space applications require that UHF and S-Band

transmitters be very small and lightweight, and capable of very high dc to RF ef-

ficiency. Advanced missions and increased data transmission requirements call

for greater technical sophistication. Design requirements for such transmitter sys

tems include wideband frequency response and wide carrier deviation capabilities

so that the transmitter can handle real-time video signals for use with television,

radar, and infra-red transmission systems. Good linearity and low intermodula-

tion distortion are essential requirements in all multiplexed applications. Sensi-

tive receivers require a very high carrier stability.

In view of such requirements, the Astro-Electronics Division of RCA is conducting

an investigation of communication link microcircuit modules. The critical circuits

in this project include a wideband frequency modulator, integrated circuit multi-

pliers, and high-power solid-state amplifiers. The final circuits will be converted

to high-dielectric and microelectronic form.

As an integral part of this effort, this report discusses the design and development

of the wideband FM modulator. The specifications for the modulator, after multi-

plication into S-Band, are as follows:

{0



Operating Frequency

Deviation Rate

Temperature Stability

Linearity @ Deviation

S-Band (2100 MHz)

100 Hz to 20 MHz

+0,002% (-10° to +40°C)

+1% @ +4.5 MHz

+4% @ £20 MHz

A frequency modulated oscillator (FMO) which meets these specifications will

likely be the most sophisticated yet designed. With conventional techniques, the

requirements of extreme stability and wide deviation are seemingly contradictory.

The digital phase-locked AFC loop detailed in this report has been successfully

used to achieve both state-of-the-art requirements simultaneously.

A qualitative comparative analysis of conventional modulation and stabilization

schemes versus the digital phase-locked loop technique immediately follows this

section. After the reader has compared the various schemes and has a basic under-

standing of the physical operation of the digital phase-locked AFC loop the advan-

tages and capabilities of the latter technique should be evident.

This report contains a thorough mathematical description of the modified version of

the phase-locked loop used, followed by a description of the design of the VCO.

Distortion and preliminary temperature compensation are discussed. The digital

divider and phase detector design is considered next, and the loop filter. varactor

bias scheme, and crystal oscillator, which complete the feedback loop, are also

described. Two different techniques of obtaining dc response from the modulator

| |



and AFC loop are disclosed. In an effort to avoid an unnecesssarily lengthy report,

the author must assume that the reader has a moderate technical understanding of

RF techniques, phase-locked loop analysis, and digital systems design.

| 2



III. Comparison of Design Approaches

This section discusses the advantages, disadvantages, and limitations of vari-

ous typical S-Band transmitter design approaches. There are several minor vari-

ations of the schemes presented here, but the basic capabilities do not change

significantly.

A, The VCXO

The simplest and least expensive approach to the design of an S-Band trans-

mitter uses only a voltage-controlled crystal oscillator followed by an amplifier-

multiplier chain, This basic scheme is shown in Figure III-1.

MOD. IN

veo {a&gt;

ADVANTAGES

1. SIMPLEST DESIGN.

2. CRYSTAL STABILITY.

3. ALLOWS DC
MODULATION.

MULTIPLIERS  | err

DISADVANTAGES

1. MODULATION BANDWIDTH
LIMITED TO 0.1%.

2. DEVIATION LIMITED TO
0.1%.

QUTPUT

3. POOR SPECTRAL PURITY.

Figure III-1. VCXO Transmitter
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This approach, in addition to being simple and inexpensive, offers crystal control-

led frequency stability. However, this system has serious modulation limitations.

The modulation bandwidth is limited to approximately 0.1 percent of the VCXO fre-

quency, and the peak deviation is limited to 0.1 percent of the S-Band output fre-

quency. In addition, VCXO's generally have poor spectral purity characteristics,

and the modulation response can be non-linear. The VCXO scheme fails to meet

the IR&amp;D baseband and deviation response specifications by more than two orders

of magnitude, and thus is not worth further consideration.

The VCO and Conventional TechniquesB.

The Voltage Controlled Oscillator provides a simple and efficient means of

obtaining a relatively wide baseband and wide deviation capability. A well designed

voltage controlled oscillator is capable of +1.5 percent frequency deviation with

excellent linearity, and has a baseband of 15 percent. At S-Band, the VCO output

sensitivity can approach 15 MHz /Volt.

It is this inherent sensitivity that discourages the use of an unmodified VCO. Since

a wideband VCO is necessarily a low-Q device, its long and short term frequency

stability is relatively poor. It is extremely difficult to repeatedly compensate a

wideband VCO to a frequency stability much better than 1 part in 10°. This is an

unacceptable stability figure for most applications.

Two techniques are generally proposed to improve the stability of a VCO. One such

AFC loop is shown in Figure II-2. This approach allows dc modulation, and the RF

circuitry is relatively simple. However, the discriminator and the differential

1 4



MOD. IN + MN
—ee

DIFF
AMP

»
VCO

UHF OR

VHF —

ADVANTAGES

. ALLOWS DC MODULATION.

(WITH SIMPLE MODIFICATION)

2. GOOD SPECTRAL PURITY.

at AMP MULT Hf BPF
1 S-BAND

—

| OUTPUT

FREQ

DISC
MULT

XTAL

OSC.

DISADVANTAGES

1. DISCRIMINATOR STABILITY CRITICAL.

2. AMPLIFIER OFFSET CRITICAL.

3. LINEARITY DETERMINED BY DISCRIMINATOR

4 DEVIATION LIMITED BY DISCRIMINATOR
BANDWIDTH.

Figure III-2., Transmitter with Frequency Discriminator
AFC Loop

amplifier are very critical parts of this design. Drifts of the discriminator center

frequency or the differential amplifier offset voltage have first order effects on the

overall frequency stability. Also, the modulation linearity is critically determined

by the discriminator linearity. In addition, the discriminator must be at least as
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wideband as the VCO if the circuit is to operate properly. The discriminator must

also be very sensitive because if it isn't, the correction signal produced to maintain

the frequency stability within 0. 001 percent will be below the noise level of the input

of the differential amplifier.

Thus, the discriminator must satisfy many strenuous requirements simultaneously:

it must be wideband (40 percent, sensitive (depends on diff. amp.), linear (+2 per-

cent), and drift free (&lt;0. 001 percent). Frequency discriminators such as this have

never been built.

Another technique often used to improve the stability of a VCO is shown in Figure

III-3. The modulated output of the VCO is mixed to a higher center frequency by

mixing with a multiplied fixed crystal oscillator frequency. The multiplied crystal

oscillator frequency is usually about five or ten times greater than the VCO

frequency.

It is this high ratio of multiplied crystal frequency to VCO frequency that gives an

improved frequency stability. By letting fo and Af, represent the absolute center

frequency and drift component respectively of the VCO and letting fc and Afc repre-

sent the same for the crystal oscillator, one can see that the multiplier-mixer

combination gives an overall stability ofnafe +Afg ~ Ofc + afo for nfe &gt; fo. In

nf
an approximate sense, the modulator stability is thus improved by a factor of

0

However, the relative deviation of the VCO is also reduced by this same ratio, and

that is a major drawback of this technique. The wide deviation capability of the VCO

i 6



MOD. IN
Dm

fo + Af \ MIXER Joe
 ADGI MULTIPLIER + BPF

-

S-BAND
Re

OUTPUT

fe + noe

XTAL
OSC.

MULTIPLIER
XN

ADVANTAGES

1. IMPROVES STABILITY OF VCO.

2. GOOD MODULATION LINEARITY.

3. ALLOWS DC MODULATION.

4. WIDE MODULATION BANDWIDTH.

DISADVANTAGES

1. DEVIATION CAPABILITY OF VCO IS
REDUCED.

2. POOR SPECTRAL PURITY

Figure III-3. Transmitter Using Mixer Technique

is destroyed for the sake of stability. This technique cannot be used if wide devia-

tion is a major design objective.

In conclusion, none of the three standard transmitter techniques are satisfactory.

They cannot meet the stringent IR&amp;D requirements of wide baseband and deviation,

high stability, and good linearity. A single VCXO does not allow sufficient peak

i 7



deviation or base modulation bandwidth. The use of a frequency discriminator is

not possible because the requirements placed on the discriminator itself are overly

severe. The mixing technique is not satisfactory because it greatly reduces the

VCO deviation capability.

A digital phase-locked loop circuit has been successfully used to overcome all of

the above difficulties. Its operation and design are described in the following

sections.

[ 8



IV. The Digital Phase-Locked Loop

The basic digital phase-locked scheme is shown in Figure IV-1. The loop

consists of two high frequency digital counters (dividers), a crystal reference os-

cillator, a phase detector, a low-pass filter, and a loop amplifier. For certain

applications, one or both of the dividers and/or the loop amplifier can be omitted.

MOD. +

IN -
VCO [as MULT.

XM

FM OUTPUT
Fe—————

S-BAND

 Mn

A
AMP LPF

ADVANTAGES

1. CRYSTAL STABILITY.

2. WIDE DEVIATION.

3. WIDE MODULATION BANDWIDTH.

4. GOOD MODULATION LINEARITY.

5. GOOD SPECTRAL PURITY

PHASE
DETECTOR

-n
f

DISADVANTAGES

I. DOES NOT ALLOW DC
MODULATION.

2. COMPLEX DESIGN.

XTAL
OSC.

Figure IV-1. Simplified Block Diagram of Digital AFC
Loop for an Ultrastable Wideband FMO
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A simplified explanation of the phase-locked loop operation is as follows. The phase

detector compares the phase of the modulated VCO signal divided by m with the

phase of a fixed crystal oscillator divided by n. The phase detector output is a

measure of the phase difference between these two signals. This difference voltage

is then filtered by the loop filter and is applied as a correction voltage to the VCO.

The control voltage on the VCO corrects the average frequency of VCO in a direc-

tion that reduces the average phase difference between the two inputs of the phase

detector. When the loop is "in-lock', the average or carrier frequency of the VCO

is exactly equal to an integral multipleEt of the crystal oscillator frequency. The

average VCO frequency is thus stabilized to crystal stability. All dc drift and mod-

ulation is removed from the VCO.

For wideband operation, the dividers are essential elements of the loop. Unless

they are used, the modulation index of the FM oscillator is severely limited by the

nature of the phase detector. The modulation index is a direct measure of the peak

phase deviation of the VCO output. For proper loop operation the maximum phase

difference between the two phase detector inputs must not exceed sg or +7 radians,

depending on the type of phase detector circuit used. A digital phase detector pro-

vides an unambiguous range of +7 radians. The frequency division scheme shown

in Figure IV-1 circumvents this basic limitation, since the modulation index is re-

duced by a factor of m, as is the oscillator center frequency.

The scheme as shown in Figure IV-1 does not allow de modulation of the VCO. The

modulation index is inversively proportional to the modulation frequency, and is

) (0)



thus infinite for dec modulation. Trying to reduce the modulation index by further

division is futile.

The advantages of the resulting circuit are numerous. The excellent modulation

characteristics of the VCO, which includes its linearity, wide baseband, and wide

deviation, are maintained. The carrier frequency has crystal stability. In addition.

the digital loop components require no tuning, and they are not temperature sensi-

tive. Also a digital loop is much more easily adaptable than its equivalent analog

version to a lower frequency VCO. A detailed analysis of the operation and prop-

erties of the digital phase-locked loop is now given in the following section.

21



 vy Loop Analysis

Frequency Modulation

An understanding of the mathematics of frequency modulation is a necessary

preclude to understanding the operation of a phase-locked FM loop. The basic

equations of frequency modulation are presented here. For a more complete back-

ground, the reader is referred to Black!. A fairly complete bibliography of all

aspects of phase-lock techniques can be found in Gardner?.

Frequency modulation cannot be discussed until the concept of instantaneous fre-

quency is defined. In the general expression for a constant amplitude modulated

waveform M(t) = A cos g (t) the instantaneous frequency of M(t) is defined as the

derivative of the phase angle 9 (t), that is,

wW. —ont. = 3 ot)
i dt

. . ._ radians

where w; is the instantaneous angular frequency in soo

Frequency modulation is by definition that type of modulation in which the instan-

taneous frequency of M(t) is equal to the constant frequency of the carrier plus a

time-varying component that is proportional to the time dependent magnitude of the

modulating waveform. That is, if V(t) is the modulating wave and 3 is the constant

of proportionality then the instantaneous radian frequency wy is given by

_ _d

w.() =w_+BV(H) == 0 (t) (2)

For the case of a sinusoidal modulating wave

V(t) =-A  sinw t
m m

3)

29



it is easily shown that

M(t) = A cos w,t +Lw cos or]“m
=A cos ¢ (t)

 1)

where

Aw=KA;
OOIm

0)

Al = input amplitude (volts)

K = VCO gain (radians /volt)
A

The term == is an important parameter in the discussion of FM, and is usually
m .

called the modulation index or 8. As equation (4) shows, the modulation index

represents the peak phase deviation of the modulated wave M(t).

It is sometimes very useful to express waveform M(t) as a sum of cosines of a

constant frequency. The reader is referred to H.S. Black! for a derivation of the

result that

x i“ nmM(t) = AZ J (B) cos (me) t =
N=oN

5)

Thus the frequency spectrum of the frequency modulated wave M(t) includes side-

bands around the carrier which extend indefinitely. In reality, however, the mag-

nitude of the higher - order Bessel functions eventually diminish, and it is a well

known result that the actual bandwidth of an FM spectrum is approximately twice

the sum of the modulation rate and the peak frequency deviation that is,

= + Af)BWrMm ~ 2(2Tw,_ + 27 Aw) 2(f 7)

Js



B, Loop Transfer Functions

A block diagram of the basic phase-locked FM loop is shown in Figure V-1.

The phase-locked loop consists of a phase detector, a low-pass loop filter, a vol-

tage-controlled oscillator, a summing network to combine the modulation and feed-

back control, a crystal oscillator that provides the reference frequency and phase,

and two divider chains. The VCO is a frequency modulator which produces an out-

put frequency with an instantaneous component that is proportional to the amplitude

of its input voltage. The size of the divide-by-m network is a function of the band-

width requirements of the transmitter, the modulation index, and the nature of the

MOD. IN +

+=} VCO + VCO OUTPUT

-m

| PE

Figure V-1,

PHASE
DETECTOR

Basic Block Diagram of the
Phase-Locked FM Loop

XTAL
OSC.
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phase detector. This will be explained fully later in this section. The crystal os~

cillator frequency f and the division ratio n are then chosen such that = i, is equal

to the desired transmitter frequency. The division ratio m is usually but not

necessarily greater than n.

The linearized equivalent block diagram of the phase-locked FM loop (Figure V-1)

is shown in Figure V-2. It is a valid representation of the system when the loop is

locked i.e., when g; is within the unambiguous range of the phase detector, A &lt; T.

The phase detector produces a voltage output which is proportional to the phase

difference between its two inputs and thus it can be replaced by a summing network

0, = Ka¥e
S

fo = 500 = KoVe
Ve=V+Vs

Vi=Vm + V4 \

NE Ko
Ts “m

_KoVe_ 0gOr ==

V§ ==Ky © F(s)

Fs]

-Kq©1
SA

i. 6,=0

&gt; —=
9.

Ko = VCO GAIN (RADIANS/SEC/VOLT)

Kg = PHASE DET. GAIN (VOLTS/RADIAN)

figure V-2, Linearized Equivalent Block
Diagram of Figure V-1

JH



followed by a proportionality amplifier. The output phase of a VCO is proportional

to the integral of its input voltage and thus its transfer function is represented as

K . .

* . For convenience, the reference phase g, is set to zero. The low-pass loop

filter can be active or passive. It's transfer function is denoted as F(s).

The input voltage v is represented as a sum of the modulation voltage Vo and an

equivalent drift on instability voltage V 3° The drift voltage is the equivalent voltage

that would be required to simulate the open loop VCO drift caused by such physical

factors as temperature variation or component aging. As such, V A is a dc or very

low frequency voltage.

The loop can now be analyzed by standard control systems techniques. We can now

determine the control voltage Vv.(8), the phase detector input g;(s) and the VCO out-

put frequency fo, all in terms of the input voltage V.(s). These transfer functions

will provide most of the information necessary to understand the loop operation.

Analysis of the Block Diagram of Figure V-2 shows that

Ve(s) = -K461(s)F(s)
_ Kd KoVe(s)F(s)

ms

3)

Now

V.(s) a Vv. (5) = Ve(s)

V.(s) = Vv _(s) + Rakoli)Vele)
V _(s) ( +KgKoF(2)

(9)

(10)

0



Which reduces to

Ve(s) _ 3

Vis) + Koka Te
(11)

Now we proceed to find the transfer function

5(s)
Vi(s)

K,Vi(s) K———QY1\P/ _ "0
1(5) ms ms (Vi * Ve)

Ro (v (s) - K, 4 (s)F(s)ms i d 61 (12)

which reduces to

m )—_— F(s |1 oe
(13)

The time varying component of the VCO output frequency, f,, is the derivative of

the output phase. Thus

fo(s) _ 6(s) _ sme (s)
Vis) Vis)  Vi(s) (14)

therefore

fo(s) _ s Ko

Vi(s) Ss +KoKd F(s)
m

(15)

These results cannot be carried further until F(s) is specified. Both the active and

passive version of the most widely used type of loop filter are shown in Figure 7.

) |



Use of these filters yields a second-order system which is amenable to analysis

and is always stable. The transfer function F(s) for the filters of Figure V-3 is

of the form

(Tos +1)
(8) = Ke Gos) 2)

Where K, is the dc gain of the filter and 7; and 7, are the filter time constants and

Ti T, always. A Bode Plot of the filter transfer function F(s) given by eq. 16 is

shown in Figure V-4.

'

Rj C

3

\.

oP.
AMP

"9

 -_— “
—spre—

ACTIVE FILTER PASSIVE FILTER

Figure V-3. Active and Passive Loop Filters
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[ Flic) (dB)

Ke20 logqq AS
+ 3dB

¥ed B/OCTAVE
 logqgw

20 logy ol Kf 2)1 '3d8B

Figure V-4. Bode Plot of F(s;

Simple analysis shows that, for the active filter

n= (1 + R,)C

To, = RoC 17)

Kt - 2

and for the passive RC filter,

1 = (R+R,)C

To = R,C (18)

Kf =1

hy



Substituting the general form of F(s) (eq. 16) into Equations 11, 13, and 15, and

rearranging the terms to get expressions analogous to standard control systems

equations gives the following final results:
1

s(s + —

Vi(s) _ ki
Vi(s) 82+ 20wp s + wp?

1
Ko (8 + —

ols) _ ott)
Vi(s) m(s® + 20wps + wy?)

1
K + =

fo(s) _ os (s 7,
Vi(s) s? +20 wps + wy?

9)

20)

21)

where

1/2

n mT (22)

13d

J
. wn (1
C2 K

_ Ko KgKs
m

K

|=
0 (23)

(24)

In this standard notation, w is the closed-loop natural frequency, 0 is the damping

ratio, and K is the open loop dc gain.

0 Tracking Behavior

The tracking behavior or frequency modulation characteristics of the loop

during locked operation can be easily examined with the help of Bode plots of

Equations 19 through 21. Normally § is optimized for § = 0. 707. In the following

Bode Plots, for convenience 6 =1. This does not change the results significantly.
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Figure V-5a plots the result of Equation 19, the VCO control voltage Vv. (8) versus

the input voltage V.(s). Notice that for w&gt;w,, the control voltage is equal to the

input voltage, and ideal VCO operation results. For w&lt;wnp (such is the case for the

drift component V{) the loop action greatly attenuates the control voltage V_. Dc

control voltage is removed completely.

The loop natural frequency wn is a design parameter always chosen to be less than

the required minimum modulation frequency.

Figure V-5¢ is very similar to Figure V-5a. It shows that the time varying VCO

output frequency f is directly proportional (proportionality constant = K)) to the

input voltage for WW. For WW the frequency response of the VCO is attenu-

ated by the feedback loop as shown by the curve.

Figure V-5b is very useful in analyzing the behavior of the phase lock stabilized

VCO. It indicates that for w&gt; Ww the output phase is proportional to the integral

of the input voltage. This again corresponds to ideal VCO operation. For w&lt; Ww.

the phase deviation is attenuated and for w&lt; y it is approximately proportional to

the input voltage, as shown by the Bode plot. It is precisely this attenuation that

1llows the loop to maintain lock for low modulation frequencies. The loop action

helps maintain the peak phase deviation within the limits of the unambiguous range

of the phase detector. However, for sufficiently large 9,, which is caused by

sufficiently large V., the limits of the phase detector operation can be exceeded.

[he loop must be designed to provide sufficient attenuation to handle the maximum

$/



expected input voltage Vv, —— The loop will then maintain lock under worst-case

conditions. Loop limitations will be discussed further in a following section.

D. Hold-In and Acquisition With a Sawtooth Phase Comparator

The above discussion of tracking behavior or modulation responses assumes

that the loop is "in lock". This section defines what is meant by "in lock". An

expression describing the limits of locked operation is given. Acquisition of lock

is also discussed.

Several typical phase detector characteristics are shown in Figure V-6. The

characteristics shown are sinusoidal, triangular, and sawtooth, in that order. A

ohase-controlled loop is said to be "in lock" if the phase difference Ag between

its two inputs 9; and §, is maintained within the unambiguous range of the phase

detector. For the sinusoidal phase detector this requires that

2g max| &lt;3 ..5)

and for a typical triangular or sawtooth phase comparator

86 max] &lt;7 (26)

Referring to the expression for a frequency modulated waveform, Equation 4, it

becomes clear that the peak phase deviation at the output of the VCO is given by the

modulation index20 This phase deviation is divided by m before it reaches the
m

input of the loop phase detector. Expressed in terms of the modulation index and

the division ratio Equation 26 thus becomes
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AWmax) &lt;Tro 27)

for “m(min) ~ “n

Many authors 2-5 have derived approximate or exact expression for the hold-in

range, the lock-in range, and the pull-in range of the standard phase-locked loop.

Even though they did not analyze a loop exactly like that of Figure V-1, their results

are still applicable here. The non-linear mathematics involved is most effectively

solved by using phase-plane techniques and an analog computer?9,

The expressions given below apply only to a loop with a sawtooth phase comparator

A sawtooth comparator was chosen for several reasons. It is easily realizable in a

digital system. It also has the obvious advantages of improved linearity and a wider

hold-in range over the sinusoidal comparator.

The first topic of consideration is the input dc voltage range over which the loop

will maintain lock. This is naturally determined by the maximum output voltage

capability of the phase detector, and the dc gain of the loop filter. It should be

obvious that

Avg =max | V = (Filter Gain) (max P.D. Output)

foAV=KiKgq mT (28)

for the sawtooth phase comparator. This can be converted to an equivalent hold-in

frequency Awy which is given by the hold-in voltage times the VCO gain:

Awl = KoAVy = KoKgKs 7 (29)

35



This is equivalent to the lock-in frequency as defined by Goldstein®* and Protonotarios®

Awy, =KoKgKf 7m '30)

Suppose that the loop of the phase-lock system were initially open. Then the pull-

in frequency Awyp is defined as the maximum frequency difference from which the

loop will eventually lock in (after the loop is closed) after slipping through one or

more cycles, Goldstein derived the pull-in frequency Aw, in terms of Vp? which is

the ratio of the pull-in frequency to the lock-in frequency.

- 5%7p (31)

For the case of a simple RC filter (R, = 0 in the passive filter of Figure V-3)

Goldstein and Protonotarios agree that
1

T 1.2
tan h (KoR{C 7

rn=
1

for KoR;C&gt; s
1

for KR;C&lt; 1

ay2)

For the more general filter (R, # 0) a transcendental equation results which must be

solved by numerical approximation methods. Goldstein plotted the contours of con-

stant yp on the 7; - 7, plane and his results are reproduced in Figure V-7.

As yet, nobody has derived an accurate expression for the time required for the

loop to pull into lock from some initial offset for a sawtooth comparator. Viterbi's®

approximate expression for a loop with a sinusoidal comparator is

T ~ Bw)’
P 20w,3 (33)

where Aw is the initial offset frequency. This expression is not accurate if Aw is

either very large or very small.
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vi. CIRCUIT DESIGN AND CONSIDERATIONS

A The Frequency Modulated Oscillator

Circuit Design

The wideband 70 MHz varactor-controlled frequency modulated oscillator for

this project was initially designed and breadboarded by W. Maco. The oscillator is

a modified version of a Colpitts type oscillator. The basic circuit consists of a 70

MHz amplifier designed around a Motorola 2N4959 low noise figure RF transistor,

coupled to a tank circuit. The LC resonant tank circuit consists of a very stable

inductor coil and two Motorola 1N5147 varactor diodes. The output frequency of

the circuit is controlled by applying the input modulation voltage to vary the bias

across the varactor diodes. A JFD LF3P008 80-nh coil was chosen for its good

temperature characteristics. The oscillator circuit is followed by a common base

amplifier stage to provide isolation and signal gain.

The Linvill Analysis design of the 70 MHz common base amplifier and the feedback

calculations are not given here. The complete original FMO circuit diagram is

given as a portion of Figure VI-13. The common base buffer amplifier has since

been redesigned by S. Knight, to provide the necessary 20 dB of gain. The re-

designed buffer amplifier is included in the circuit diagram of Figure VI-14.

The 600K resistor across the varactors and the 5K thermistor are not a part of the

original circuit. They were added as part of a temperature compensation technique

to be described later.
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J Distortion and Linearity Analysis

The major cause of distortion in varactor controlled phase and frequency

modulators is the nonlinearity of the varactor control elements. Harmonic and

intermodulation distortion has been analyzed in phase and frequency modulated

oscillators using both graded and abrupt junction varactors by W. Maco’. Another

analysis with interesting but less useful results has been performed by Pelchat?,

Maco's analysis and a brief description of his results will be presented here.

The distortion was calculated by first selecting a particular circuit type and cir-

cuit element values, including varactor capacitance at center frequency and zero

deviation. The phase or frequency transfer function of the circuit as a function of

varactor capacitance was derived, and by substituting the varactor capacitance-

voltage characteristic, the transfer.function as a function of modulation voltage

was obtained. The 2 order distortion was then calculated by computing the de-

viation at n+l modulation voltage points and converting to a power series equation

of deviation as a function of modulation voltage using Larange's Interpolation

Formula’, The distortion as a function of deviation was then calculated from the

power series coefficients. The deviation sensitivity and amplitude modulation as

a function of deviation were also obtained. The above steps were carried out with

the aid of a Telecomp time-shared computer.

The phase modulation circuit selected for analysis is shown in Figure VI-1. The

basic modulator circuit is a symmetrical capacitive-coupled two-section bandpass
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filter. The shunt capacitive elements are varactors used for phase control. The

center frequency, bandwidth, source and load conductances and the varactor para-

meters are selected and the distortion terms calculated.

Figure VI-1 shows the 2nd and 3rd order harmonic distortion as a function of phase

deviation for various bandwidths using a modulator with a Butterworth response and

abrupt junction varactors. The distortion is slightly degraded for graded junction

varactors. The curves show that 2nd order distortion in strongly dependent on

modulator bandwidth while the 3rd order products are essentially independent. A

47 MHz 6 percent bandwidth phase modulator was built and tested to confirm the

computed curves. The measured distortion products were in good agreement with

those plotted in Figure VI-1.

Phase modulation is a desirable method of obtaining phase or frequency modulation

where the modulation index (phase deviation) is compatible with the distortion re-

quirements since a fixed frequency stable oscillator can be used to drive the mod-

ulator and no frequency pulling is involved. This modulation technique is flexible

in that deviation capability can be improved by narrowing the modulator bandwidth

and /or increasing the number of filter sections.

The frequency modulator circuit selected is an oscillator which is capable of being

pulled in frequency by a varactor-controlled tank circuit as shown in Figure VI-2,

Second and third order harmonic distortion are plotted as a function of normalized

peak frequency deviation for graded and abrupt junction diodes in Figure VI-2,

clearly showing the advantage of abrupt junctions.
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A 70 MHz VCO was built and the intermodulation products measured as a function

of deviation. In all cases the measured distortion was between that predicted for

graded and abrupt junction diodes.

Unlike the phase modulator, the distortion in a frequency modulator is determined

strictly by the varactor used and cannot be improved by changing circuit bandwidth

or adding tank sections. Also, since modulation is achieved by pulling the oscilla-

tor, good frequency stability is difficult to achieve unless temperature compensa-

tion or locking circuits are used.

One method of extending the frequency deviation capability of a VCO is through the

use of a video amplifier with a non-linear transfer function which approximates the

compliment of the varactor voltage-capacitance curve so that the linearity of the

resulting frequency-voltage transfer function is improved. A video amplifier with

two adjustable diode break points was built and evaluated in conjunction with the

70 MHz VCO. The two tone 2nd (f; + f,) and 3rd (2f; + f,) order intermodulation

products with and without video predistortion are plotted in Figure VI-3 as a func-

tion of deviation. As the deviation is varied, the improvement is not constant, as

should be expected because of the addition of two non-linear transfer functions. In

applications where modulation levels are kept fairly constant, video predistortion

should be practical.

3 Temperature Compensation

A wideband VCO is necessarily designed with a high sensitivity and a wide

deviation capability. This inherent high sensitivity usually results in poor VCO
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temperature characteristics. It is extremely difficult and time consuming to re-

peatedly and reliably compensate a wideband VCO to an absolute stability of 0.002

percent or 0.001 percent over the flight temperature range of -20° to +40°C.

Some type of AFC technique such as those mentioned in Section III or IV must ulti-

mately be used to achieve high stability.

However, moderate or improved open loop VCO stability can be easily obtained by

relatively simple temperature compensation techniques. These techniques involve

the use or matching of temperature sensitive circuit components. Preliminary

temperature compensation by these techniques is desirable because it reduces

the stress placed on the feedback control loop.
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Worst-case analysis becomes much less critical, the loop requirements are less

stringent, and the loop is thereby easier to design.

Figure VI-4 contains the plots of various temperature characteristics of the 70 MHz

VCO discussed and designed previously (Figure VI-13). Curve A of Figure VI-4

shows the measured temperature drift of the uncompensated VCO. On the graph,

Af denotes the relative frequency difference from the nominal frequency defined at

20°C. Note that the uncompensated VCO drifts approximately 0.24 MHz over the

temperature range -10 to +40°C. This is a relatively poor total temperature

stability of 0. 34 percent.

The oscillation frequency of the VCO is linearly dependent upon the varactor bias

voltage, within certain limits of bias voltage values. Thus it seems reasonable

that a scheme of varying the varactor bias voltage can be used to counteract the

uncompensated VCO drift. Such a scheme has been successfully applied, using a

thermistor as the temperature sensitive element.

The compensation circuit is shown in Figure VI-5a. In Figure VI-5b, the varac-

tors have been replaced by their backward biased series equivalent. For E_ near

14 volts, R is small (&lt;5 ohms) and C, is about 20pf.

For larger values of R; and for Rp &gt;300 ohms, the circuit is essentially a voltage

divider between R, and Rp As Rp increases, |E | will decrease if Eq and Ry

are held constant. The measured VCO sensitivity to the varactor bias voltage E_

was +340 kHz /volt. To offset curve A of Figure VI-4, R,. must have a negative

temperature coefficient. By choosing R, = 600K and selecting R_, with a -4.4% /°C

+0
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temperature coefficient and a nominal 5K resistance value at 25°C, the calculated

compensation cure, curve B in Figure VI-4, results.

The effects of the two curves A and B add linearly, and the resulting calculated net

drift is shown as Curve C. The actual measured compensated drift is plotted as

Curve D. The resulting stability is now 0. 07 percent or +0, 035 percent. This is

a significant improvement, although a much better compensation could have been

achieved with unavailable thermistors.

The VCO can also be temperature compensated by careful selection of all critical

temperature sensitive circuit components. Critical components, after they are

identified, can be chosen to be as stable as possible, and/or pairs of components
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can be chosen such that the combined effects of their temperature characteristics

cancel each other.

This is a very effective and desirable means of temperature compensation. How-

ever, identification of the critical circuit elements and calculating the effect of

each on the overall temperature stability usually requires a detailed exact circuit

analysis. This involves many man-hours and a computer aided analysis. Fortu-

nately, if the cheap labor of a co-op student is readily available, the cost of such a

task is feasible.

An oscillator is basically an amplifier with a resonant tank feedback circuit, as

depicted in Figure VI-6. The amplifier usually inverts the input signal in the

process of amplification. If the feedback loop gain is greater than unity when the

tank circuit provides exactly 180° of phase shift oscillation will result.

AMP

TANK

Figure VI-6. Basic Oscillator Representation
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A detailed incremental analysis of the complete oscillator circuit, calculating the

temperature effect of every component in the circuit, is both cost prohibitive and

unnecessary. Rather, it is sufficient to isolate the most critical circuit compo-

nents by using the computer to carefully find the tank circuit. The tank circuit is

found by intelligent guessing and using the computer to verify the guess: if the

proper tank circuit is "guessed" the computer's network analysis program will

indicate that the tank has a very sharp phase slope passing through 180° at exactly

the resonant frequency, and the tank's input admittance is zero at the resonant

frequency.

The NATS (Network Analysis Time-Shared) program was used to analyze the cir-

cuit. The resulting tank circuit, consisting of the appropriate circuit components

of Figure VI-13 is shown in Figure VI-7. The resistor R represents the equiva-

lent series resistance of the coil at 70 MHz.

1 Cy
r76pf

«2
-3-5pf

Figure VI-T7.

1 C3
——100pf

Cs 2100 SR
" pf~33pf Te

7 sv L

30nk

1

1c
— 7pf

Resonant Tank Circuit of 70 MHz

VCO of Figure VI-12

fin
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At resonance, Yjp = 0. Solving the circuit of Figure VI-7 for the zeros of it's ad-

mittance results in the quadratic equation

rR 123 + —8§ + =~——=0
&gt; L CL

4)

where

~ _ (Cy + C,C3) (C4+Cs) + Cy Cy (C3+Cy+Cy)
7 C;C3 + C4C3 + C;C,

Solution of equation 34 for the zeros of Yi, gives /1/2

Ss = T+ i -2. RHJw="355 = |22 C.L

15)

(36)

The above equation directly indicates the effect of a low Q coil (R # 0). The tank

resonant frequency is given by

Ww ==[ar ' ir 2L C.L
This result can now be used to calculate the effect of varying values of L and Cy

through C; and C;. By taking the partial derivative of the resonant frequency ex-

pression (eq 37) one obtains

2 -1/
wr _, 1 |R 1 -R® 1
aL 2 [2L C,L 21° CI?

oop, 1[R2 170]
3C., 2 |2L  C,L C/L

—

(38)

(39)

Substituting the nominal element values (R = 0.350, L = 80nh, C, = 40 pf) gives the

following sensitivity values

OWr 8 ery 051 (3.5 x 10°)
radians/sec

~h J)

30



9 Wr s. Tradians/sec
—== (6.95 x 10°) ——m—

5C, (6.95 ) of
Since C; analytic function of the circuit capacitors C; through Cs, the sensitivity of

the resonant frequency to each of these capacitors can be calculated by applying the

chain-rule of differentiation. That is.

dwr _ wr ~~ 9Cy
Cn 0Cy 9Cqp

6.95 x 10%) . aC, rad/sec
Cn pf

forn=1, 2, 2, 4, 3

9) Ly

The partial derivativesofC;aredimensionless constants (very nearly constants)

calculated by computer to be

3C, aC——— —~ -~1 —_—
So. = 0.0046 Tr

+3)
C1 = 0.74
5C,

oC;
5C- = 1.0

5C
—1 = 0,037

8C,q

Thus the final sensitivity results are:

Dwr _ ¢ Trad/sec
51. 3.5 x 10 Th

Wr _ 3 95 108 rad/sec
0Cy ’ pf

dr _ 515x108 T2d/sec
0C, ’ pf

owr _ 2.6 x 10° rad/sec
9Cs ’ pf

dwry rad/sec—L = 6,95 x 108 ==
5C, 6,95 X pr

dw 6—_—= =, x105C, 6.95

(44)
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These sensitivity constants can be applied to the manufacturer's component

temperature data to calculate the temperature drift effect of each critical

component,

3. Digital Design

High Frequency Techniques

High frequency division at toggle frequencies of 30 to 400 MHz has recently

been made feasible through the use of non-saturating emitter-coupled logic (ECL)

elements. Preliminary investigation of techniques led to the choice of the Motorola

MECL family of ECL to accomplish the high frequency division. MECL is the

only currently available commercial IC family capable of toggling at sufficiently

high frequencies. Low power dissipation and minimum size are major require-

ments of the divider chain. The circuit must also be guaranteed to operate over

the required temperature range. A high speed digital circuit generally requires

considerably more power than a slower rated circuit. It is thus desirable to use

high-speed circuitry only where absolutely necessary. Thus, to minimize power

consumption, the divider chain has been designed as in the general scheme shown

in Figure VI-8. High-frequency MECL flip-flops are used to reduce the input

frequency until it is slow enough to be handled by conventional TTL. After the

signal has been reduced to about 3 MHz, low-power TTL IC's can be used to

complete the divider chain. The actual IC circuitry used will be detailed in the

next section.
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Several discrete-component high-frequency division techniques were also con-

sidered, but recent investigations performed in IR&amp;D programs at Camden on

digital frequency synthesizer techniques!®™12 have shown the use of MECL integra-

ted circuits to be far superior. Among the techniques investigated by the engineers

at CSD Camden include a tunnel diode circuit and a combination transistor and

zener diode circuit. Use of these techniques has since been abandoned since MECL

is much more compact, consumes less power (transistor high-speed + 3 required

2.1 watts!), is much less sensitive to bias voltage and temperature drifts, and

offers greater versatility.

Logic Design and Implementation

Three separate divider chains were designed and implemented in the course

of this project. The IR&amp;D version of the digital phase-locked FM loop required a

7/0 MHz divided-by-m (m = 10,240) and a 17 MHz divide-by-n (n = 2,560). These
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two divider circuits are included in Figure VI-13. The division ratio m was cal

culated by requiring the maximum effective modulation index at the input to the

phase detector to be less than 7/2 radians. The division ratio n is simply one-

fourth of m, since the XTAL reference frequency is approximately one-fourth of

the average VCO frequency.

The narrowband version of the digital phase-locked FM loop did not have as stren-

uous deviation and modulation index requirements as the IR&amp;D specifications

called for, and thus required relatively small dividers. A 70 MHz divide-by-8 and

a 17 MHz divide-by-2 were designed and used for the narrowband breadboard. The

70 MHz divide-by-8 circuit used is shown in Figure VI-14,

The phase detector circuits, although they can be incorporated into the divider

circuits, are not shown in the divider diagrams. The phase detectors are discussed

below.

3 The +7 Digital Phase Detectors

There are three widely used types of phase detectors. The common output

characteristics of the three phase detectors are sinusoidal, triangular, and saw-

tooth. The usual unambiguous range of a sinusoidal phase detector is +7 /2 radians,

but this range can readily be extended to multiples of +nm/2 for certain kinds of

triangular and sawtooth phase detectors.

In addition to a wide unambiguous range and excellent linearity, the sawtooth phase

detector will also yield improved tracking, hold-in, and pull-in characteristics

when used in a phase-locked loop.
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Such phase comparators are also extremely convenient to incorporate into the loop

circuit if square wave inputs are already available, as they are when dividers are

used. A sawtooth phase-detector can thus simply be a set-reset flip-flop followed

by an integrator. For such a detector the XTAL reference signal sets the flip-flop

once in each cycle, and the VCO signal resets (or changes) the flip-flop once in each

cycle. The phase difference between the two signals is the average of the flip-flop

output. This operation is shown in Figure VI-9.
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figure VI-9. Ideal Sawtooth Phase Detector Operation
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Since TTL input levels were readily available in the IR&amp;D loop version, a TTL

realization of a sawtooth phase detector shown in Figure VI-13 was used in the cir-

cuit. This phase detector was designed around available components, but other

designs using other flip-flops could be much simpler. The zener diode is used to

achieve a constant bias level shift. This phase detector has a unambiguous range

of +7 radians.

The phase detector circuit used in the narrowband breadboard is shown in Figure

VI-14. The inputs do not have to be sent through pulse generators, since MECL

the MC307 is edge-triggered at the J and K inputs. The flip-flop is immediately

followed by a loop amplifier with a de gain of 5.

1 Quick Pull-In Technique

The problem of acquisition with a conventional phase detector can be easily

overcome by modifying the digital phase detector.

The acquisition properties of a sawtooth phase comparator are discussed in Section

V-D of this report, and the acquisition properties of other phase detectors are

discussed in Gardner?. Viterbi's phase plane analysis® also yields some insight

to acquisition problems. Most expressions for the pull-in range (the largest ini-

tial frequency difference from which the loop can pull itself into lock) and the time

required to achieve lock are approximate, but it is clear that for certain applica-

tions requiring narrowband loop bandwidths, the pull-in range is unacceptably
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small and the lock-in range is unacceptably long. In extreme cases where the

initial frequency offset is near the limit of the pull-in range, the pull-in time re-

quired to lock can be on the order of hours.

The state diagram of a four-state digital machine which eliminates the problem of

acquisition is shown in Figure VI-10, where A denotes a pulse from the VCO and B

denotes a pulse from the crystal reference oscillator, both pulses being taken at

the output of the divider chains. The digital phase detector discussed in the pre-

vious section is simply the averaged output of a set-reset flip-flop that is set by

A and reset by B. The acquisition technique shown in Figure VI-10 operates on

the basis that if A is faster than B, or vice-versa, there will initially be at least

two consecutive A pulses or B pulses. A circuit designed from the stage diagram

of Figure VI-10 detects an out-of-lock condition and immediately sets its output

voltage to a dc value of the correct polarity, and the output can then be integrated

and applied as a ramp correction voltage to pull the VCO into lock. The pull-in

range of this scheme is limited only by the saturation voltage of the integrator or

loop amplifier. After the VCO has been pulled into lock, the four state machine

starts oscillating between its two middle states, and effectively serves as a con-

ventional set-reset flip-flop phase detector. There are many equivalent imple-

mentations of the state diagram of Figure VI-10, and it is left to the reader to

design the machine using available digital logic.
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Figure VI-10, State Diagram of Quick Acquisition Scheme

 J Loop Filter and Bias Schemes

The loop filters were designed using the equations of Section V-B, and the

values given in Table VI-1 to calculate 7; and 7,. The resulting filters, loop ampli-

fiers and bias networks are indicated in the circuit diagrams of Figures VI-13 and

VI-14

TABLE VI-1. PARAMETER VALUES USED IN
DESIGN CALCULATIONS

Parameter

A)

Ko

Kg

K¢

I

Wideband
TIR&amp;D

2x 102

27% 250% 103

0.48

L. ]

10, 240

Narrowband

70D

2mx 2% 103

21x 250% 103

J.127

J

Units

rad /sec

rad/sec
volt

volts
rad
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) The Crystal Reference Oscillator

A 17.1 MHz crystal oscillator originally designed for the TIROS APT Trans-

mitter was used as a fixed frequency reference source for breadboard testing pur-

poses. The stability of the crystal oscillator was better than 20 ppm over the en-

tire temperature range 0 to 60°C. The circuit is not given here. The 17.1 MHz

oscillator was chosen merely because it was already built and readily available.

Future modulator systems will be controlled by a crystal source custom designed

to meet the specific frequency requirements of the system.

If MECL logic is used in the divider chain or loop phase detector it is con-

venient to use a MECL Integrated Circuit crystal controlled oscillator, using a

MECL II MC1023 OR/NOR logic gate. An IC crystal oscillator offers the advan-

tages of simplicity and small size. It also has several other advantages over con-

ventional circuitry. When a second gate is used as a buffer for the oscillator,

frequency does not change with loading. The high input impedance and 0. 9 volt

logic swing prevents the possibility of overdrawing the crystal. Results have shown

the circuits to be frequency insensitive to +20 percent power supply variations, and

that the frequency versus temperature characteristics closely follow the crystal

characteristics.

Figure VI-11 shows the basic MECL oscillator circuit for fundamental frequency

crystals. This circuit has a maximum operating frequency of 20 MHz and a mini-

mum frequency of approximately 1 MHz. Higher frequency operation at a desired

crystal overtone can be achieved with the circuit of Figure VI-12. C; and IL, form
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figure VI-12., MECL Crystal Oscillator 50 MHz to
100 MHz Overtone Operation

the resonant tank circuit, which with the values specified has a resonant frequency

adjustable from approximately 50 MHz to 100 MHz. Overtone operation is obtained

by adjusting the tank circuit frequency at or near the desired circuit frequency. A

complete description of the operation of these IC crystal controlled oscillators can

be obtained from the Motorola Application Note AN-417
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5 Complete Phase-Locked Oscillator Circuit Diagrams

The complete circuit diagrams for both phase-locked oscillators are included

here for reference. The circuit diagrams are given in Figures VI-13 and VI-14,

and are reasonably detailed and self-explanatory. Each subsection of the circuits

has been discussed in other sections of this report.

Photographs of the laboratory breadboards of the two phase-locked oscillators are

included in Figures VI-15 and VI-16. A preliminary miniaturized version of the

narrowband modulator circuit using miniature components mounted on thin ceramic

substrates is photographed in Figure VI-17. Notice that the circuit could be much

more densly packaged if desired by machining a custom-designed box for the circuit.

The box shown in the photograph was used only because it was readily available.

All layout design work for the miniaturized version was performed by S. Knight.
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Figure VI-15. IR&amp;D Wideband Modulator Breadboard
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Figure VI-16. Narrowband Modulator Breadboard
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VII. DC RESPONSE SCHEMES

A major problem or disadvantage of the use of phase-locked AFC techniques

to control the long-range and overall stability of a voltage controlled oscillator is

that the AFC system does not allow dc modulation of the VCO. The phase-locked

loop shown previously in Figure IV-1 locks the average carrier frequency of the

VCO to : times the crystal reference frequency. All low frequency modulation is

removed from the VCO, as can be seen in Figure V-5.

Two schemes have been proposed to obtain dec modulation capability. The technique

proposed by Don Shipley replaces the fixed crystal reference by a voltage controlled

crystal oscillator, as shown in Figure VII-1. The input modulation is applied si-

LPF - | { VCXO

heaton

MOD. IN

(+) WIDEBAND
VCO

| PF

-m

£7

 Nn

_FM
OUTPUT

PHASE
DETECTOR

Figure VII-1. DC Response Using VCXO

0



multaneously to both the VCO and the VCXO. If the deviation sensitivities of the two

oscillators are suitably matched, the two inputs to the phase detector are exactly

equal for low modulation frequencies, and thus no unwanted correction voltage is

produced. DC modulation thus passes unremoved.

There are several difficulties encountered with this technique. The deviation sen-

sitivities of the two oscillators must be precisely matched to an exact ratio, and

this becomes a critical design and adjustment task. Also, perfect crossover be-

tween the low frequency VCXO response and the high frequency phase-locked loop

response is most critical and perhaps difficult to achieve. Phase differences might

also pose a problem in the crossover region.

The overall stability of the phase-locked loop is now as good as that obtainable from

a VCXO, not a fixed reference crystal. This slight decrease in stability is usually

acceptable. The major limitation of this technique is that it only works for

fairly small dc modulation. The deviation capability of a VCXO is typically

0.1 percent, and it can be shown that this is the limit to which the technique can

be applied.

Another dc response scheme, shown in Figure VII-2, allows much wider low fre-

quency deviations. The portion of the loop enclosed within the dashed box allows

the VCO to maintain constant oscillation at a frequency other than the nominal

multiple of the fixed crystal reference frequency. Deviation of 10 percent or

greater should be obtainable with the technique. The circuit enclosed in the
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DC Response Using Variable
Division Scheme

XTAL
OSC

dashed box effectively eliminates the effect of a continuous offset of the VCO out-

put frequency at the top input to the phase detector. This is done by inhibiting or

adding pulses at the input of the divider at a rate proportional to the dc or low fre-

quency modulation input. DC modulation does not pass through the variable divider

and thus is not subtracted or removed by the feedback loop.

The integrating threshold reset circuit (ITRC) denoted in Figure VII-2 simply in-

tegrates the dc input voltage and resets itself when its output reaches a fixed pre-

determined threshold voltage Vp. This input-output relation is shown in Figure

VII-3. K, is the integrator gain, the reset rate f, is given by

i _KjVp
fr = “NT
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‘igure VII-3. ITRC Operation

which is directly proportional to the input voltage level Vg.

For a large division ratio m, there are many (exactly m) input cycles or pulses

during the interval of one output cycle. A logic control box can be inserted near

the input of the divider chain to inhibit or speed up the counting process. The

falling edge of the sawtooth output of the ITRC can be used to inhibit one (or more)

of the input pulses. This operation is displayed in Figure VII-4.

By proper selection of the threshold voltage Vr and the integration gain Kj it should

be possible to counteract an increase Af in the VCO frequency by periodically in-

hibiting the correct number of input pulses. The output of the divider chain should

f
remain fixed at = . An analogous technique is used to allow negative input voltages
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Figure VII-4. Variable Counter Operation

and a resulting decrease in the VCO output frequency. A negative threshold -V

must be detected, and the control logic box is designed to "add" pulses at the in-

put of the divider chain whenever the negative threshold is reached. A simplified

logic control design is given in Figure VII-5, using NOR gates and JK flip-flops.

Assume that the reset circuit of the ITRC can be used to generate two control

levels C; and C,, corresponding to the occurrence of positive or a negative

threshold level from the integrator. C; =1 will inhibit the input pulse, and C, =1

will effectively add a pulse to the count. C, = C, = 0 will allow each input pulse to

clock the divider once.

There are three apparent problems with the variable counter dc response technique:

the discreteness of the variable division, problems in the crossover region, and

phase delay in the divider. The first two of these problems are easily overcome.
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Figure VII-5. Control Circuit Example Design

Since only discrete integer division can be obtained with the variable counter, it

would appear that only discrete levels of modulation will result, or that the feed-

back loop will cause significant modulation jitter in the VCO output. In actuality,

neither of the above fears is true, because the output of the variable divider is

smoothed or averaged twice by the feedback loop; once by the phase detector inte-

grator and once by the loop low pass filter. Jitter will occur at the phase detector

comparison frequency, which is doubly attenuated before being fed back to the VCO.

The smoothing effect of the integrator and loop filter allows smooth continuous

modulation of the VCO, within the limits of the VCO deviation capability.

Problems in the crossover region between the low frequency response of the vari-

able divider and the high frequency response of the feedback loop can easily be

avoided by choosing the loop natural frequency to be significantly lower than the

variable divider cutoff. An approximate Bode plot of the correction voltage rela-

tive to the modulation voltage is given in Figure VII-6. V.' is the correction
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voltage at the phase detector output, V, is the correction voltage applied to the

input of the VCO, V,, is the input modulation, wy, is the loop natural frequency and

wy is the cutoff of operation of the variable divider and ITRC. If wp is two orders

of magnitude smaller than wy (easy to achieve) then the peak value of e is about
m

-40 dB,

Phase delay due to propagation delay in the divider chain is unavoidable, but is

usually small. It is only of concern for modulation frequencies near or less than

the loop natural frequency. The phase delay is a function of the divider length m,

the average VCO frequency w,, and the modulation frequency wm, and is given by

2Tmw .

Ap =- hi radians.
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VIII. RESULTS

A digital phase-locked AFC loop has been successfully used to achieve ex-

treme temperature stability in a wideband 68 MHz voltage-controlled oscillator.

The initial open loop wideband deviation and high frequency modulation characteris-

tics have been retained. Two similar versions of the modulator and AFC loop were

designed and breadboarded. The first loop version was designed to allow a devia-

tion of greater than 20 MHz at S-Band at deviation rates of 100 Hz to 20 MHz. The

second loop, a narrowband version, only required a peak deviation of 100 kHz at

S-Band at a minimum deviation rate of 5.5 kHz.

The carrier stability of both was precisely locked to a crystal reference over a

temperature range of -32°C to more than +85°C. The modulation sensitivity of the

VCO was measured to be 213 kHz per volt rms. Measured results of the wideband

loop have shown that the 3 dB baseband response ranges from approximately 11 Hz

to 11 MHz.

Excellent modulation linearity and intermodulation distortion results were obtained.

Some of the measured characteristics and results are presented in tabular form.

Table VII-1 lists the characteristics of the wideband modulator developed for the

[R&amp;D program, while Table VIII-2 gives the same data for the narrowband modu-

lator. Table VIII-3 shows some typical two tone intermodulation distortion meas-

urements for the modulator. As expected, the loop did not adversively affect the

modulation characteristics of the open loop VCO. Figure VII-1 shows the measured

baseband response of the wideband modulator. The response peak at the low end is

due to an underdamped loop filter design.
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TABLE VIII-1. WIDEBAND IR&amp;D MODULATOR
CHARACTERISTICS

Parameter

Modulation Sensitivity Kg

Max. Deviation Af. at (f,)min

Max. Mod Index f3 -£)
m/ max

Temperature Stability!

Temperature Range?

Modulation Linearity

Modulation Baseband

Intermodulation Distortion

At fy = 70 MHz At fo = 2.1 gHz

213 kHz/ vrms 6.4 MHz/vrms

20 MHz667 kHz

100 Hz 100 Hz

2x10°0.67x10°

+0, 001% +0,001%

-32 to +85°C -32 to +85°C

1% @ Af = 250 kHz 1% @Af =17.5 MHz

11 Hz to 11 MHz (11 Hz to 11 MHz

See Table VIII-3

! Crystal oscillator located outside of the temperature chamber.

2 Temperature range over which loop remained in phase lock.

TABLE VIII-2. NARROWBAND MODULATOR CHARACTERISTICS

Parameter At f, = 70 MHz

213 kHz /vrms

3.3 kHz

5.5 kHz

0.6

+0.001%

-30 to +80°C

At fy =2.1 gHz

Modulation Sensitivity Kg

Max. Deviation Afmax at (fi) min

Min. Deviation Rate (f,) min

Max. Mod. Index S =)fm/max
Temperature Stability!
Temperature Range?

Modulation Linearity

6.4 MHz/vrms

100 kHz

5.5 kHz

18

+0, 001%

-30 to +80°C

1%@Af = 7. 5MHz

2kHz to 11 MHz 2kHz to 11MHz

lL Crystal oscillator located outside of temperature chamber.

2 Temperature range over which looo remained in phase loc

Modulation Baseband
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TABLE VIII-3. TWO-TONE INTERMODULATION PRODUCTS

Tone f(kHz)
Af = 250 kHz

Level (dB)
Af = 400 kHz

Level (dB)

5300

Es

2f,

21,

f, +f,

Fy - f,

2f, +1,

2f; - 1,

2f, +f;

of, - f,

Uf

31%

200

1000

4100

700

300

1200

800

00

: 00

1500

510

)

*Q

-37

-31.5

39

55

-66

63

3

)

35

-33

-28

28

-58

28

56

5

50

-62
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Figure VIII-1. Baseband Response of Wideband Modulator
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IX. CONCLUSIONS AND RECOMMENDATIONS

The feasibility of stabilizing a wideband frequency modulated oscillator with

a digital phase-locked loop has been demonstrated with successful results.

All of the original objectives of this work have been achieved, but several areas

worth further development have been discovered. Design requirements for future

space transmitter systems increasingly call for dc modulation response.. To this

end, the dc response scheme described previously should be further analyzed, de-

signed and tested for feasibility and performance. Incorporation of the quick

pull-in technique described in Section VI-B.4 could prove useful in some applica-

tions. Finally, if a higher baseband response is required, the FMO should be

redesigned with a center frequency of 350 or 400 MHz.
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