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INTRODUCTION

The enclosed report is for supportive data and information for a
series of modules and designs that were produced as a result of a modem
partitioning study by AFAL. This study generated a requirement for a
series of modules. Each module was identified by the study as a basic
functional unit in a majority of modem applications. The modules were
translated into a hardware and documentation requirement. This report
represents the documentation requirement by providing technical support
for design work accomplished. Specific modem areas covered in this
report are synthesizers, r.f. amplifiers, multipliers, and demodulators.
In each case a piece of hardware was designed and delivered except for
the demodulator (Costas Loop) which was a paper study. The synthesizer
required ¢ reference generator and information on this module is in-
cluded in this report.

Each area of the report is written as a complete entity. The
specification called for consideration of general regquirements as
well as hardware items to meet specific requirements. Each major sec-
tion of the report is organized so that the general requirements are
discussed, followed by analysis of the specific regquirements. In
each case the general requirements examined items like the r.f. ampli-
fiers over a moderately broad range while the srecific requirements
dealt with one specific frequency, i.e. 70 MHz. The range of consider-

ation for each item in the general case was a function of the statement

xiii

44
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of work requirements.

Sufficient information is given in each section so that a

thorough understanding of circuit operation, problem areas, and

A

characteristics can be obtained. Also information is provided

to allow modification of the hardware for other requirements

-and frequencies of operation. The Costas study is tutorial in

approach to provide basic knowledge for understanding the over-

all approach.
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SECTION I
MULTIPLIER

1.1 GENERAL CASE

In many modem applications, it 1s necessary to perform

frequency multiplication from a stable reference source.
The desired multiplication ratio may vary from two to many
thousands. When this ratio is large, or a prime number, i
& or combinations thereof, conventional frequency multipliers
are unacceptable. The primary disadvantage of conventional

multipliers is the complexity required to preserve spectral

T st et L ey

purity, reducing the levels of spurious frequencies at the
output. Often crystal lattice filters are required to i
preserve purity. A more cost-effective solution in these

and other complex cases is the phase locked frequency multi-

r - T
e o ——— g
T RO

plier.

| The phase locked loop (PLL) performs frequency multiplication
when configured as shown in Figure 1. The frequency divider

(# N) is the multiplication ratio between the input and

output frequencies. A phase error (B,) exists between the
VCO and the reference signal. A control signal, generated
by the phase detector, proportional to the phase error, locks

the VCO to the proper frequency. The loop filter controls

the closed loop bandwidth of the PLL.




2
F N Phase 5| Loop > veo > p
r Detector Filter o
Reference 7
Input

Figure 1. Phase Locked Frequency Multiplier

Spectral Puritv (SSB in one Hz BW)

The specification defines the phase noise as associated

with the output signal. In any frequency multiplier signals

of (N-2), (N-1), (M+1l), (MN+2), etc., times the input fre-:

quency appear at the output. For example, the four MHz unit

has a factor of ﬂ-ﬁ%, or 40. Signals at 38, 39, 41,
100 x 10

and 42, etc., appear at the output. The attenuation to

these and all other undesired outputs is determined by the

bandpass filtering included in the signal path. This is

also true for the phase locked multiplier. The required

bandpass filtering takes the form of a lowpass filter at

baseband, translated to RF (4 MHz) as the bandpass

equivalent. The resultant selectivity is determined by the

PLL design. The most severe constraint in the PLL is the




tradeoff between reference sideband rejection (requiring
narrow loop BW) and low phase noise (requiring wide loop

BW) .

The problem becomes critical as the reference frequency is
lowered. The output of the PLL multiplier with a 10 to

50 KHz reference contains spurious sidebands within the
range specified for spectral purity. Attenuating these
sidebands 100 dB to 120 dB below the carrier is a formidable
task. Attenuation of phase noise, however, to these levels
is within the state-of-the-art. Therefore, ECI recommends
that AFAL give special consideration to the specification

of low reference frequencies within the range where phase

noise spectra is critical to the equipment usage.

Voltage Controlled Oscillator

The voltage controlled oscillator is a critical building
block in the phase locked multiplier. The VCO accepts the
error signal from the phase detector changing frequency
until the VCO becomes phase coherent with the reference
frequency. The spectral purity of the VCO attains that of
the reference standard (times the multiplication factor)
because of the tracking exhibited by the closed loop. As
tracking or "clean up" occurs within the loop bandwidth,

the VCO noise is reduced. Outside the loop bandwidth no

tracking occurs; the resulting noise spectrum is determined

e
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solely by the VCO.

The noise characteristics for this family of multipliers

are specified as: (SSB C/N per Hz)

£ dB/Hz

200 Hz ~-20 &B
2.0 KHz -80 dB
50 KHz -120 @B

Oscillation Criterig

The simple feedback system shown in Figure 2 provides the
necessary criteria for self-sustained oscillations. That is,
at £, the signal fed back to the input is sufficient in
magnitude and proper phase to act in an additive nature with
the signal initially present. Build up occurs (starting
with thermal noise) until amplitude limiting stabilizes the
output signal. The frequency selective network (such as an
L-C resonant circuit or crystal device) determines the
frequency of oscillation by providing a varying phase shift
in the loop. Frequency is automatically adjusted until the

exact phase angle is attained.




Feedback Frequency
Element | Selective [® ._
Network ‘iJ
18
\m Amplifier ~> Output
I Signal
Noise

Figure 2. Simple Oscillator Feedback System

Noise Criteria

All oscillators develop incidental frequency modulation (IFM)
because noise is injected into the loop. Although noise
sources are distributed in location, a single injection

point may be assumed at the amplifier input. The dominant

effect is that the noise is interpreted by the loop as a
phase error, i.e., a departure from zero degrees phase shift
around the loop. To re-establish zero degrees, frequency of

oscillation shifts enough for the resonator to develop a

voltage equal but opposite to the injected noise. Thus, the

injected noise is nulled out, but the oscillator has been ‘
frequency modulated by the noise. The amount of frequency

shift is inversely proportional to the locaded Q of the reson-

ant circuit and directly proportional to the magnitude of




the injected noise (noise factor of the active device).

A useful method of specifying oscillator performance is !
"single sided phase noise spectra." This data illustrates 1l
the phase noise power per one Hz bandwidth existing at a

particular offset from carrier and is often specified in

dB below the carrier. A general performance curve is shown
in Figure 3. Three curves (A, B, and €) form the total
phase noise characteristic. At frequencies below £1. flicker
noise becomes dominant (Curve A) as expected because of the
associated 1/f power spectra. At frequencies greater than
f,, thermal noise floor dominates the spectra (Curve C).

Frequency f; is determined by the bandwidth of the resonant

circuit in the feedback path. Curve B is the phase modula-
tion spectrum resulting from constant fm deviation (by noise)

within the resonator bandwidth. 1

NOISE POV/ER
PER
He

-30dB PLR DECADE

=20 dR PER DECADE

=P FAZOUENCY OFFSET FROM CARRICR (LOG Hr}

Figure 3. Single Sided Phase Noise Spectra (General Curve)




An equation is proposed without derivation here that
characterizes this noise spectra. Exact correlation
between the theoretical and results achieved is somewhat
difficult because of the inaccuracies in the prediction
of oscillator parameters (such as flicker noise, noise

figure, and loaded Q), once oscillation occurs.

£fo

2Pin

Where:

L = Single sided phase noise per one Hz BW measured

in power relative to the carrier

5
1]

Thermal noise power at room temperature (-174 4dBm)

Pin = Power feedback appearing at the input port of the

oscillator
F = Noise factor of the active device while oscillating
£ = Frequency of interest, Hz removed from the carrier
£, = Frequency of oscillation

Q = Loaded Q factor of the resonator
The term 2%?Q

at three KHz. The term fg accounts for frequency deviation

within the resonator bandwidth, division by 2f accounts for

accounts for flicker noise, assured to dominate

single sided, and phase modulation conversions.

XIE

The modifier, BT
n

, controls noise performance of the
oscillator as expected. This term relates the signal to

noise factor at which the oscillator is operating. It is
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t appropriate now to analyze an L-C oscillator design with
iq this format and compare the results with the multiplier
specifications listed previously. The following parameters

are analyzed:

Lo

£, = 120 MHz

Pjp = 1 milliwatt

then,
KIE_ _ -168 dB/Carrier
2 Pin

and at £ = 50 KHz

., o KIE 28 e, ) 2
2 Py, 4 QF

L —> -144 dB/Carrier

These points and others are shown graphically in Figure 4.

The noise spectrum calculated exceeds AFAL's requirements.
In practice, the L-C oscillator performance is deteriorated
because it must be voltage tuned, possibly with varactors
which lower the available Q and, more important, transfer
noise from the phase detector and control circuits directly
into incidental frequency modulation. The 20 dB8 of noise

margin illustrated in the L-C oscillator quickly diminishes.

The PLL will attenuate the low frequency portion of the noise

curve; the trend is to force the VCO to attain the very low

noise characteristics of the reference signal. This is




illustrated in Figure 4. A wide loop bandwidth is desired

1 so that the output signal will more closely attain the low )i |

. ’ |
noise performance of the reference. ;

i
A tradeoff must be made here. The PLL bandwidth is limited 1
because it is a sampled data system. Excessive phase shift ?
occurs as the PLL bandwidth approaches one-half the sample ﬁ
frequency. fs. Further, signals at the reference frequency

appear in the form of spurious sidebands. These require-

ments generally limit the loop bandwidth to fr/lo. For

3 this equipment, the lowest frequency reference is 10 KHz.

This implies loop maximum bandwidths in the order of 500
to 1000 Hz. A lowpass L-C filter is included in the control

path to attenuate the 10 KHz components.

The PLL bandwidth is large enough so that vibrational and
other microphonic perturbations are reduced to a negligible
level. Further, spurious phase jitter is reduced to less
than two degrees rms. This parameter is most important

in systems containing phase modulation, such as PSK and

QPSK.
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Returning to the phase lock loop block diagram (Figure 1)

it can be seen that the key implement to achieving phase
coherence is the phase detector for its output is the actual
controlled variable. The VCO output is related to it through
the loop filter and VCO circuitry. Typically, the phase
detector operates at the frequency of the input signal.
Multiplier output frequency is divided by a modulo N counter
whose output is at the phase detector frequency. This
scheme assumes that the phase detector will operate at any
input frequency and the modulo N counter will operate at any
multiplier output frequency. This, however, is not always

the case.

Building the appropriate phase detector at any radio frequency
is a problem but the modulo N counter is more of a problem.
With increasing frequency, the type of counter changes and
each type has its particular tradeoff. We may have to trade
any combination of programmability, modulus N value, power
consumption, complexity and cost for counting speed. The
most serious tradeoff is the value of modulus N available
since it tends to challenge the very design feasibility.
There are ways around this, however, such as prescaling the
output frequency before dividing by N and also prescaling
the input frequency. Doing this, however, also has its

tradeoffs.

g R i e L s e e s e i i
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12

Multiplying any frequency in the 10KHz to 1MHz range to
any integral multiple in the 20KHz to 120MHz range is
the most general statement of the task at hand. A single
piece of equipment, which would accomplish that, would,
indeed, be complex and expensive, It is thus understood
that constraining certain parameters would be a more
realistic app;pacﬁ;

Advantages and Limitations

Since the output frequency places a burden upon the N
counter, it is convenient to partition into ranges of
output frequency. Important also are the limitations
on counting modules, N, within each output frequency
range, In addition, the frequency of the phase detector
must be included as this has an effect upon the overall

input to output multiplication ratio.

The phase detector presents a problem when an input fre-
quency range is specified rather than a single value, If
the phase detector operates at the input frequency then

it has to be capable of operating either over a large
range (l10KHz - 1MHz) or of being mode switched to accommo-

date much smaller ranges of input frequency.

Another option is for the phase detector to operate over a
large frequency range but at some subdivision of the input

frequency to compensate for prescaling the VCO output

frequency.

O il e b g )
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A third option would be to operate the phase detector over
a small range (say 10 KHz to 20 KHz) irrespective of what
the input frequency is. Although this simplifies the phase
detector design it is awkward when the input frequency is

very high and thus presents its own problems.

The schemes presented shall then be partitioned into frequency
ranges as follows: Output Frequency, fo5 £ 10 MHz; 10 MHz £

fo < 40 MHz; 40 MHz £ fo < 80 MHz; and 80 MHz < £, < 120 MHz.

Block Diagrams

Except where otherwise indicated, the following cases assume
that:
(a) The phase detector will operate at whatever the input

frequency is.
(b) The VCO will operate at the indicated output range.

(c) The counter's modulus, N, can be changed through switch-

ing or simple rewiring.

CASE I - fo £ 10 MHz, Fiqure 5

If the output frequency is less than 10 MHz the counting can
be done by a standard TTL programmable counter. To accommo-
date the largest division ratio, N = 1000, three decade

counters must be used. Propagation and setup delays are not

yet a large part of the period of the input signal and thus

do not hinder counter operation. The phase detector operates

1

PO SRR, IR JR PP AT




If f, = 10 MHz:

14

Phase
Detector
and
Filters

vCo
fo =10 MHz

Y

Figure 5.

2 < N = 1000
TTL

Programmable

Case I, Block Diagram
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over the given input frequency range (some other frequency
determined by an appropriate choice of M, an input divider,
could be used for input frequencies near 1 MHz. Note that
to compensate for the input divider, M, modulus N would have

to be multiplied by M.)

When the output frequency is in the kilohertz range diffi-
culties are encountered in building the VCO. The values of
inductance and capacitance required become very large from

an RF standpoint. The inductor in particular, becomes
physically large and mounting becomes a problem especially
where vibration is present. Capacitance is a problem because
of the need for voltage tuning. Tuning varactors above 100 pf
in value are relatively rare. Moreover, as the capacitance
increases the value of Q decreases. This is in direct con-
flict with low noise requirements. AsS a result, to obtain

an output frequency up to 3 MHz, the VCO should be built at

a frequency above 3 MHz and divided down with digital counters.
Where a sinewave is required tuned circuits will have to be

used.

CASE =1 2. £ £ 40 2 re

When the multiplier's output frequency exceeds 10 MHz propa-
gation and setup delays prevent reliable counting. The
counter must recognize that it has performed N counts, reset

itself to zero, and be setup to count to N again in one




If 10 MHz = f, = 40 MHz
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Phase vCO
Detector
Fi ———n S ————>1 10 MHz = fo =
10 KHz - 1 MHz Filters 40 MHz
N
4 = N = 4000 |g
TTL With
Logk-l\head
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Figure 6. Case II, Block Diagram
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counter input signal period minus the propagation and setup . 4
delays. When the counter input period shrinks sufficiently @
it becomes impossible to perform the required operations
before the next counter input pulse occurs. To permit i
counting under these conditions a scheme can be used which
allows the counter a few input periods in which to reset.

While the counter is resetting an auxiliary’ fixed modulus

counter completes the N count by counting the periods allotted

to the reset process. The process by which the reset mech-

RN DN

anism anticipates the completed count is called "Look-ahead".

This type of counter can operate reliably to 40 MHz using

TTL-S logic. It, of course, is more complex, more expensive
and larger than the standard programmable counter. However,
it does permit counting by any number up to 4000 in this

case., (NOTE: Very small numbers such as 2, 3, 4 which fall

into the domain of the auxiliary counter cannot be counted.)

CASE IITI - 40 MHz £ fo £ 80 MHz - Fiqure 7

Tc count up to 80 MHz a pulse swallowing counter is used.
Pulse swallowing has two fixed dividers at the counter input
with a difference in count base of one. Typically, these
bases are 10 and 11. The selection of 10 or 11 is achieved
by control circuitry programmed by lower speed logic. This
technique extends the counter capability by a factcr of 10

in speed, that is, 8 MHz counters are controlling 80 MHz

circuitry. The operation is that of counting by eleven until
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If 40 MHz = £, = 80 MHz:

fi ——>

“10 KHz - 1 MHz
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Phase
Detector
and
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vCo
fo = 80 Mz

f

Figure 7.

< N, Pulse-

Swallow
TTL-S Logic

(40) *<« N=< 8000

Case III, Block Diagram
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the remainder has a zero units digit. The remainder count

can then be completed by counting by ten. A consequence

of this technique is that numbers below 99 which are not
multiples of eleven cannot be counted. In frequency synthe- 4
sis this is seldom a problem since large moduli are normally A
encountered. But, in a phase locked multiplier requiring a
relatively low modulus it would be restrictive. The multi-
plier input and output signals whose frequencies fall into
this range and are related by such a low multiplication
factor could be phase locked only by modifying this basic

scheme. At a frequency of about 80 MHz the usual delays

inhibit counting in this scheme.

CASE IV - 80 MHz £ fo S 120 MHz - Fiqure 8

Above 80 MHz the scheme is the same as the previous one but

is treated separately because of the type of logic needed.

The few nanosecond delays needed to operate in this frequency
range can be provided only by using emitter-coupled logic
(ECL) . Besides the expense, there are other reasons ECL
should be used only when necessary. For example, not all ECL
is available in the full =55 to +125°C military temperature

range. Also, whereas a standard TTL gate might consume 10mW

of power an ECL gate might consume 70mW. High speed toggling,
in general, uses a lot of power. Moreover, ECL does not

interface directly with TTL. Separate interface circuitry

must be included when mixing ECL and TTL. Some ECL, however,
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If 80 MHz = fo = 120 MHz:

fi e—————2

10 KHz - 1 MHz

Phase © veo
Detector
and ~>1 80 MHz = f5 =
ilter
gt b 120 MHz
3
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Swallow
ECL Logic [*
(80) *= N= 12000
Figure 8. Case IV, Block Diagram
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is available with the interface circuitry included in the
ECL package. Finally, delivery of ECL logic is not very
dependable. It thus behooves one to reconsider a scheme 3
which is dependent for its feasibility upon ECL. Never- ]
theless, a phase locked multiplier requiring multiplication
of the 10 KHz to 1 MHz range by N = 99 to N = 12000 can be

realized using emitter coupled logic. As in the previous

scheme numbers below 99 cannot be accommodated. A different
scheme'having concomitant tradeoffs would have to be

employed.
Recommendations

The four preceding cases demonstrate the general capabilities
and limitations of programmable counters as intewrated into
a phase lock multiplier scheme. As mentioned, there are

many ways to configure such a circuit to take best advantage

of a capability and to control the effects of a limitation.
Since the input and output frequencies are controlling varia-
bles a degree of freedom still exists in the selection of the

phase detector frequency.

The phase detector does not have to operate at the multiplier
input frequencf. Consider a multiplier unit in which the
phase detector and the VCO frequencies are prescaled by the
same factor and the unit can adapt to various input/output
frequency requirements by programming counters and through

switching within the phase detector. Let the prescaling
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factor be 16. (See Figure 9).

The highest VCO frequency is 120 MHz so the programmable
counter never receives more than 7.5 MHz in which case a
standard TTL programmable counter suffices. Thus, all
moduli from 2 to 12000 are available. The modification,
however, has an impact upon the attainable level of
incidental FM. Lowering of the phase detector frequency,
in this case as low as 1 KHz, tends to increase the VCO
sideband level at the phase detector fredquency. Actually,
low phase detector frequency contributes doubly to high

sideband levels as will now be shown.

First, the FM sideband levels, relative to a unity carrier,
are equal to % the modulation index, % ﬁg, which equals
kOf/fm). (Af is the perturbation of the VCO due to the
phase detector). Therefore, for a given Af the sidebands
will increase with decreasing rate, fm; where fm is equal

to the phase detector fredquency.

Second, a filter (other than the loop compensation filter)
is always placed between the phase detector and the VCO to
attenuate phase detector energy at the VCO. 1In order to not
interfere with the loop tracking characteristic, this filter
must begin its roll-off a few octaves above the loop band-

width. The phase detector frequency should be at least a

few octaves above the filter's roll-off of the filter to
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have an adequate effect. If the phase detector frequency
is low it will not be far enough above the filter's roll-

off to be sufficiently attenuated.

When the input frequency is high (1 MHz) no problem exists
since prescaling by ten (10) yields a fairly high phase
detector frequency of 100 KHz. The worst case exists when
a 10 KHz input signal is prescaled by ten (10) down to a

1 KHz phase detector frequency.

It should also be noted that phase detector frequencies
below 50 KHz wouid cause sidebands that fall into the range
for which phase noise has been specified. The presence of
such sidebands could easily nullify the effect of having

low phase noise.

Thus, we see, the high speed counter problem can be obviated

provided a trade-off is accepted.

Because the sideband levels depend upon the scheme used and
also upon the output frequency (VCO deviation per uV per-
turbation increases with frequency) the treatment of trade-
offs is not simple. An attempt has been made, however, to
convey a general feel for what to expect. Figure 10 has
been prepared to tie together some of the concepts and
hardware which have been discussed. Since multiplier input

and output frequencies are the basic specified parameters
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they appear as axes. The chart shows what kind of scheme
would be used for a given input/output frequency combination
using no prescaling (top row) and using a ¢ 16 prescaler
(bottom row). To indicate the sideband levels associated
with each selection, sideband quality ranges have been
indicated as A, B, C, or D, "A" being the best. Sideband
levels are related to output frequency, therefore Figure 12
has been included which roughly relates sideband level in

dBc (dB below carrier) and multiplier output frequency for
each quality range. Neither of these charts should be rigidly
interpreted with respect to a specific design as they are
intended only to show, quickly, what are the inter-relationships
between various goals and to provide a rough quantitative

estimate of expected performance.

For example, suppose 100 KHz is to be multiplied up to 50 MHz.
Figure 10 shows that if no prescaler is used, a TTL-S pulse
swallow counter could be used and the sideband level could
be estimated to be level B. Figure 12 shows that at 50 MHz
output, level B corresponds to -69 to -82 dBc sideband level.
If a prescaler is used, Figure 10 shows that a standard TTL
counter can be used but the expected sideband range is =53

to ~-69 dBc.

A prescale of 16 was chosen for convenience. The prescale can

be any easily implemented division ratio preferably a 20




9 2anbtg =98 s ( wlww
MmoTTemsg esTnd 703 3:s-d 1 I91eOs3axg
MOTTRMS 9STNd ‘LI AY3I0YDS :5-d’S-ILL | X2IUN0d ou x0 xa7eds9d1g 91 + ‘Aousnbaxy
peayy YooT'TLLL :VI-LLL N 3nding ‘Aousnbaryg 3ndur ‘sa sobuey
1LL paepue3s $LLL OTNpPONW pueqapys pue adAg xsjunoy g1 axnb13
ZHW 2ZHW ZHW ZHW ZHW ZHW 2HY  2HY Z2HY 2HY
Mokt K| 0Z1 66 08 oY 01 T 00s 00T 0S5 O
Inarno - i G ] -
ZHW
66 g-85 ‘1L _ 4 arecsard 97
<|mm.mum.qomﬁ _ V-85 ‘WI-1LL _cnmmﬂ J = ‘oTedsaidoN| I
ILL
g-95 ‘7ILL — ~ 9120S3ad 91 by
VY-85 's-d "od _cumm.mumdug_ V-85 "WI-T1LT ?mega& aTed891d ONPOS
~ zIm1
O-89S ILL _ ., . ooz _91e0s92d 9T JzHy
g-8s ’'s-d ‘71od _ mumm.mum.mu.ﬁi g-85 ‘'VI-TLL _ g-95 ‘ILL _ oTeds81d N oot
O-9S 1LY _ . 91 0s91d 97 |2HA
g-45 'S-d 104 _mummimum.muﬁ.s_ o-€gs .§|§a~ g-95 ‘11 _ z ITeOEAIIN | 0g
a-gs  ILL ~ v 5 , 3T1e0s91d 9T zHN
o-98 "s-d 1049 ?ammﬂmu%muﬁh o-g8 .5-95._ . 0-8S ILL IresIdN| 0T
ZHW ZHW ZHW 2ZHW ZHW 2HM 2HM 2HY 2zHM
0zt 08 ov (1) ¢ T 00S 001 0s 02 %
*0a¥3

LNJINI




27

80 < fo < 120 MHz ,

1 4
4

i Does N contain a

2P factor by which 1
to prescale? U
IF YES IF NO
= ]
|
i
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prescaling. £, by 2n ECL 10/11
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Figure 11. Flow Chart for VCO in the 80 to 120 MHz
Range with Options to Prescale by 2R
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number. Prescaling is particularly important when dealing
with output frequencies above 80 MHz which could require
ECL counters. A closer look at the options available is
presented in Figure 11l. A key factor is whether the
specified multiplication ratio contains a o7 factor. 1If

it does, then this factor can be considered a preliminary
divider which then drives a lower speed divider which
divides by N/2n. Thus, the combined dividers comprise an
actual divide by N, above 80 MHz, without the disadvantages
of using ECL. 1If there is no 2" factor in N then ECL pulse
swallow counters must be used or prescaling of output and
input frequencies must be performed. Figure 10 can be used

after an option from Figure 11l is selected.

Thus far, an attempt has been made to distill from the
general requirement certain cases and certain specific input/
output combinations. In this way a rough performance esti-
mate has been presented which is not necessarily the optimum.
Only by knowing the particular specifications of a proposed

multiplier unit can an optimum scheme be devised.

Also, the hypothetical unit discussed had an implicit level
of flexibility, that is, range, of input/output frequencies
it could accommodate without redesign. This concept of
flexibility has been carried through because the original

specification implied a somewhat universal unit having very
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large input/output frequency ranges. This kind of unit
would be complex and costly and in some ways beyond the
cgpabilities of even the laboratory test synthesizer;
for that could not accept input fredquencies which are

low or which are not specific multiples of 1MHz.

It is felt that a unit which would be most effective
would be one which operates between two specified input/
output frequencies and with specified phase noise and
phase detector sideband levels. The 4MHz phase lock
multiplier described later in this report is an example

of such a unit.

Within a given system it might be necessary to phase lock
two signals whose frequencies are already fixed. 1In this
case, we have no choice of input and output frequencies
and the multiplier must be optimized with respect to the
available frequencies. The configuration being described
now is not intended to have a sizeable degree of frequency
flexibility. As a result another degree of control is
available; that of using a crystal oscillator instead of
an IC oscillator. The basic advantage lies in being able
to make the loop bandwidth very small so that adequate

filtering of the phase detector frequency is possible. A

.




crystal controlled phase lock multiplier can work around
the difficulties of having a low multiplier input frequency

and yet delivering a spectrally clean signal.

Where the choice of input frequency is still open it is
important that it be no lower than 100KHz. The output
frequency should be less than 80MHz, where possible, to

avoid the use of ECL counters.

It has been shown, thus far, that any of the specified
input/output frequency combinations can be accommodated
quite efficiently through the use of fixed frequency multi-

pliers requiring no unreasonable degree of complexity.

SPECIFIC CASE

The unit that was specified for delivery is a phase iock
multiplier whose output frequency is 4 MHz at a power level
of +12 dBm (15.8 mW) into 50 ohms. The input frequency is
100 KHz £ 100 Hz or 1000 KHz * 1000 Hz. The settling time,
measured from the time the input frequency is applied, is
specified as ts £ 10 ms. The phase noise is to be down

60 dBc at 200 Hz offset and down 100 dBc at 1.2 KHz offset,
per Hz bandwidth, Static dividers capable of dividing by

4 and by 40 were to be included.
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Block Diagram

The multiplier in Figure 13 uses an FET LC oscillator for
low phase noise and to permit retuning. The phase detector,
at 100 KHz, is a sampled sawtooth (ramp) type whereby the
ramp is started by the 100 KHz reference signal and is
sampled by the 100 KHz output of the programmable divider.
This divider, which is a TTL, + 40, divides the 4 MHz VCO
signal down to 100 KHz. The loop filter controls the magni-
tude of the loop bandwidth (1000 Hz) and the phase detector
filter attenuates 100 KHz phase detector components which
reach the VCO. A phase lock indicator monitors the two 100

KHz phase detector signals.

Discussion of Schematic, Circuitry, and Hardware

The VCO is an IC type in a Colpitts configquration. Voltage
control is accomplished by means of a varicap CRl. The
quiescent voltage on the varicap, when phase locked, is set
by adjusting L1 and should not be readjusted. Transistors
Q2, Q3, Q4 and Q5 provide isolation and power output capa-
bilities. Transistor Q5 provides the drive to the programmable
counter, Ul, U2, U3, and U4, Integrated circuits Ul and U2
are counters and U3 and U4 are count recognize gates which
generate the pulse which resets Ul and U2. These are binary
counters and thus have a maximum of sixteen counts each.

The four IC's are presently programmed to count to 40. The

100 KHz output pulse appears at pin 8 of U3.
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The phase detector is the sampled sawtooth type. Current
from Q2 charges capacitor C5 in a linear voltage ramp of
about 9 volts maximum. A .100 KHz input frequency pulse
into Ql causes Ql to short C5 to ground thereby resetting
the ramp. The ramp is current amplified by Q3 through Q6
and appears at the input, pin 9, of the analog switch, U4.
The programmable counter output pulse samples the ramp and
charges C6 to its appropriate value. Transistor, Q7, is a
source follower and provides the tuning voltage which
appears at CRl of the VCO. Components, R13, on the phase
detector board Rl and Cl on the VCO board comprise the loop
filter. Components R13 and C8 (phase detector board) and
Cl19, L8, C20, and Rl (VCO board) comprise the phase detector

rejection filter. U6 is a % 10 circuit and U7 a < 4.

The lock indicator operates as follows (Figure 14). U5-9
receives a toggling ramp generating pulse. If no such tog-
gling is present pin 5, HI lock, goes low, i.e., no lock

condition.,

U5-10 & 11 need "highs" from U5-13 which occurs when the
counters sample pulse is toggling at U5-1 and when U5-3 is

simultaneously high.

U5~3 is high only if U3-4 is low (sinking current). U3-4
cannot be low if U3-2 is receiving a high (i.e., the ramp is

resetting to zero volts) and U3-1l is receiving a low (i.e.,
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a sample pulse). Thus, U3~4 will go low and inhibit U5~3
if a (negative going) sample pulse over arrives when the
ramp is being reset, which can happen only in an out-of-lock

condition.

Therefore, the lock indicator, in order to present a lock
indication must have S VDC present, an operating counter
output, an operating phase detector reference (ramp) input,
and an in-lock phase relationship between these two signals.
This fail-safe scheme precludes having a false lock indica-
tion caused by the absence of one or more of the necessary

signals, or voltages,

Results

Figures 15 through 18 present the results of the design
effort. These figures show the goals set forth in the work
statement and the degree to which they were met and/or

exceeded.

Operating Instructions

Power: Solder terminals are available for all voltages and
ground. The $12 voltages draw about 45 mA and the +5 voltage

draws about 220 mA.

Lock Indicator: As presently wired, a TTL high between the
lock terminal and the ground terminal indicates an in-lock

condition. 1If used to light an LED directly, no more than
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3 mA should be drawn. A resistor should be placed in
series with the LED to accomplish this. To drive an
incandescent indicator, drawing perhaps 40 mA, an external
lamp driver circuit must be used. (Note that a terminal
has been provided for US-12 so a low logic level may be

used as an indicatioh of lock if necessary.)

Input connections: The input to the unit consists of the
application of 1 MHz to the 1 MHz IN jack or 0.1l MHz to

the .1 MHz IN jack. As the input selection is performed
automatically only one input should be applied at any one
time. The input signal may come from the driver with a TTL
totem pole output or with a sinewave a.c. coupled output.
If the latter, the sinewave must be at least one volt rms.

The input connector is BNC.

Qutput connections: The output connector is BNC and will

deliver a 12 dBm (minimum) sinewave into a 50 ohm resistive
load. Non-resistive or non=-linear loads which are not ade-
quately isolated will, of course, distort the output wave-

form.

Fixed dividers: The fixed ¢ 4 and 10 dividers can be
driven by a TTL totem pole driver or a lV rms sinewave.

Their outputs are TTL totem pole outputs. Either of the

inputs can be driven by the 4 MHz output connector which is

also driving a 50 ohm resistive load. If an isolation

e e e e
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amplifier is used no degradation of any of the multiplier's
output specifications results. If no isolation amplifier is
used then, of course, some of the divider's output frequency
also appears at the multiplier output jack at more than

50 dB below the 4 MHz signal. To effect division by 40 a
jumper of coaxial cable should connect the ¥ 4 output to

the ¢ 10 input.

Cover removal: To remove cover marked 6656 simply remove
the eleven screws on the cover. The other cover, marked 6655,
removes by removing only the two unepoxyed screws and by

removing the opposite 6656 cover,

Reprogramming and Modifjication Instructions
(a) ¥co
The amplifiers following the VCO were deliberately made
broadband so that the VCO frequency could be changed if
desired. This most properly should be considered an engineer-
ing design function and should be done by personnel who
are knowledgeable in the areas of RF circuit and phase lock
loop design. 1In general, however, to change the VCO frequency
the reactances, represented by L1, C4, C5, and CR1l, should be
maintained at the new frequency. Even then, some optimiza-
tion might be needed. 1In this unit the highest frequency
the VCO should be adjusted to is 10 MHz due to the limita-

tions of the programmable counter it drives.
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(b) Module N Counters

The programmable counter can be reprogrammed to count from

2 to 255. Figure 19 shows a photographic detail of the VvCo/
counter PCB. Shown are counters Ul and U2 along with their
respective programming terminal posts. Within each terminal
post array are two posts labeled "0", and are logic zeroes,
in this case ground. Two more posts are labeled "1" and

are logic ones, in this case 4 VDC. 1Included also are

posts labeled A, B, C, D where A is the 2° bit, B the 2' bit,
C the 22 bit, and D the 23 bit of the preset load to the
counter IC. When U4, the end of count recognize gate, gen-
erates a reset pulse the binary coded decimal (BCD) number
on lines A, B, C, and D is loaded into the counter thus
presetting it to that count before the count sequence begins.
Each counter, Ul and U2, has an ABCD array on the board.
Modulo 16 up counters have been used which start at zero

and count to 15. Therefore, to get the counter to count
twice before resetting to zero one must preset it to 13;
that is, the 15's complement of 2. The accompanying chart,
Figure 20, contains all the division ratios up to 255 and
indicates the programs of Ul and U2 which will enable the
counter to perform the necessary count. Data lines, A, B,

C, and D are to be hand wired to the nearest logic "0" or

"1l" terminal posts on the PCB.
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