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FOREWORD

The enclosed report is a technical summary of the R. F. Test Console Design and test
completed for the Jet Propulsion Laboratory on contract 951140. This report covers the work
performed in the pericd from July 1965 through January 1967. The objective of the Phase I
program was to design, fabricateand test the PM/AM Sub-System and the FM/AM Sub-System
as outlined in the Phase I final report (Jet Propulsion Laboratory Contract 950144). The work
has been completed and the results achieved meet the specifications outlined at the termination
of the Phase | program except the FM Transmitter/Receiver pair residual FM spec. and the
PM Modulator bandwidth spec.

Each portion of the work is documented in this report and Appendices A through D.
Appendix A B included in this volume. However, Appendices B, C and D are submitted as

separate documents.
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1.0 INTRODUCTION

The Radio Frequency Test Console is a precision Simulator whereby the characteristics
of a deep space communications system are realistically simulated. The unit is a laboratory
device designed to evaluate advanced telemetry and ranging systems.

The Simulator duplicates the characteristics of a spacecraft transmitter, the ground
receiver and the transmission media. The PM/AM Subsystem includes a PM/AM transmitter,
PM receiver and coherent AM receiver. The FM Subsystem consists of an FM transmitter,
Phase Lock FM receiver and conventional FM discriminator. The Signal-to-Noise Summer
establishes accurate signal-to-noise ratios over a dynamic range of 100 db. The Phase
Noise Instrumentation feature provides a means of measuring the phase noise of the PM re-
ceiver carrier tracking loop VCO at various signal-to-noise ratios. Auxiliary test instru-
ments provide a means of accurately measuring carrier suppression as a function of modula-
tion index. The RF Test Console also includes various commercial instruments required
to measure both baseband and RF signal parameters.

1.1 PROGRAM GOALS

The Phase II program goals are stated simply as follows: "Design, fabricate and
test an RF Test Console as outlined in Appendices A through K of the Phase | Final Report™".
The hardware that was designed and fabricated in Phase I correlates quite closely with the
design plans outlined in the Phase | Final Report.

1.2 SUMMARY AND CONCLUSIONS

The RF Test Console test results indicate that the specifications outlined in Appendix A
of the Phase I Final Report were met with the following exceptions:

1.2.1. pM MODULATOR

The PM Modulator response was specified to exhibit a transfer of output phase
deviation to input baseband within £0. 5 db from DC to 1L 5 Mc. The modulator
design achieved =0, 5db from DC to 1.0 Mc. The modulator was designed as
a wideband phase lock loop. The loop transport lag introduced peaking (as pre-
dicted in the Phase | study) near the loop cut frequency. The loop transport lag
was minimized but not sufficiently to meet the specifications as originally stated.

1.2.2. FM TRANSMITTER/RECEIVER PAIR RESIDUAL FM

The FM Subsystem Residual FM characteristic was specified to exhibit 15 cps
RMS residual FM with the transmitter operating in the AFC mode and 60 cps
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1.2.3

1.2.4

RMS residual FM in the NON/AFC mode or conventional receiver. The FM Sub-
system exhibited 170 cps residual FM with the transmitter in the Non AFC mode
measured with the phase lock receiver and 211 cps measured with the conventional
receiver. The Subsystem exhibited 165 cps residual FM with the transmitter in the
AFC mode measured with the phase lock receiver and 195 cps measured with the
conventional receiver. All measurements were made in a 500 Kc¢ bandwidth. The
transmitter AFC system reduced the residual FM considerably when the measure-
ments were made in a narrow bandwidth (100 Kc); however, as noted the system
residual FM is essentially the same (measured in 500 Kc¢) with the transmitter in
AFC or Non AFC.

During the course of the Phase II design effort it became evident that a trade off
existed between system linearity and residual FM. Initially, the system ex-
ceeded the linearity spec. and exhibited poor residual FM characteristics. Sub-
sequently, the residual FM was reduced at the expense of linearity; however, the
original residual FM specification was not met as noted. The conclusion reached
(after the design and test program was concluded) is that the original specification
is unrealistic. It is unrealistic in the sense that the residual FM is measured in
too wide a bandwidth.

MISCELLANEQOUS

The Phase Noise Instrumentation system was modified from that outlined in the
original design plan. The modification became evident with the availability of the
Hewlett Packard Vector Voltmeter Model 840A. This instrument reconstructs
repetitive waveforms in the 1Mc to 1 Gc band by a sampling technique. The wave-
forms are reconstructed at 20 Kc; however, the phase and amplitude information

is retained as dictated by the Nyquist sampling rate. This instrument is used in

the RF Test Console to reconstruct both the PM Receiver carrier tracking loop
VCO output and the loop reference. The resulting 20 K¢ waveforms are linearily
phase compared to yield a measure of the VCO jitter and cycle slippage at thres-
hold. The obvious advantage is that the 10 Mc phase measurement is made at 20 Ke.

PM SUBSYSTEM PHASE STABILITY

The PM Transmitter/Receiver Pair Phase Stability was specified as 1.0 degree
RMS measured in 2 BLo of 3.0 cps. The system yielded 0.25 degrees RMS in 2
BLo o 3.0 cps. Further, the phase stability spec. was exceeded with both a DC
amplifier and Non Linear Diode Function Generator (and associated 1/f noise)
inside the loop. The latter units were required to meet loop gain and linearity
specifications. However, the PM Subsystem phase stability can be decreased
from 0.25 degrees RMS at the expense o loop gain and linearity.



2.0 GENERAL DESCRIPTION AND DESIGN PLAN

The organization of this report s outlined as follows:

Section 2 includes the principal subw_/e_ra}/spgcnications and a brief review of the
design plan formulated in the Phase | program, Changes from the design plan are outlined
L I S
and the reasons for the deviations are listed.

Section 3 Is the main body of the report, In this section the design and test results are
correlated with the design plan and specification. Section 3 inclumm
module designs that are considered to be d interest.  Conventional module designs are not
included. AppendixA (Specification) Is included as the last portion df this volume. Appendix
A includes a correlation of the original specification and measured data.

2.1 SYSTEM

Figure 2.1.1 presents a block diagram of the R. F. Test Console. The system is
packaged in four Holloway Cabinets. One cabinet includes the P. M., F. M. Transmitter Test
Equipment and Transmitter Frequency Synthesizer. The Linear/Signal to Noise Summer IS
included in a second cabinet, The Commercial Test Equipment B packaged in a third cabinet

and the P. M. /F, M. Receivers and Receive Frequency Synthesizer are packaged in the fourth
cabinet.

The individual circuits are packaged in RF tight modules. All module signal connec-
tions are made with double shielded cables and TSM connectors. The power supply voltages
are connected to each module through line filters, The module enclosures are packaged in
drawers that can be extended from the cabinets on elides. The drawer cables are connected
to the cabinets through cable guides to prevent tangling when the drawers are extended.

The Operator's Manual is included in Appendices C and D (separate volumes) of this
report, Appendix B contains the system filter designs and test data. Appendix A includes
the revised performance specifications. Appendix A has been revised to reflect the measured
system performance. Test data has been correlated with the original specifications.

2.2 FREQUENCY SYNTHESIZERS

There are two frequency synthesizers in the RF Test Console. The transmitter syn-
the sizer provides outputs for the P. M. and F. M. transmitters, S/N Summer, Phase Noise
Instrumentation, Special Test Instrumentation and Commercial Test Instrumentation. The
receiver synthesizer provides frequencies for the P. M. receiver, Commercial Test Instru-
mentation, and Phase Noise Instrumentation.

2-1/2

v



|
be
N
H
i
¥
H
'l
1}
1
¥
L
"
'
i
it
|

rosg T L4 NOISE $ fwersc A ] coveran ~ 1
i rREASI | AR > ruren [ m—O | s g
2= Y sem l
s |
1 KC FRoM :
TRANSHITTER L
SysrrEsiZER prucr |
©=.va D8]
6o AT CN ‘
il | Sone- - i’ ] — !
o Bl Ko s
\ soe
m et By S » |
xS 310w covmiem
UER * ———C
{lwv‘! 508 o '
- oursyT
18 iy Sove- «>e . |
| ame el il e Rt ”
L '
Chdd 0.7 ou) MoniTeR,
AT EN. ‘
1 KC PRosy
TRANSMMTT ER = "
SYnTAESIZER wonen |
/N SUMMER
stoms ——vr sfe M CowmER § 23 28 o aa '
PSR Fewnann  UME  thewr 08 arGrom R nicad heddiadl
™ vr |
w? |
Bk,
£4
b — —— — — —t— ——— —— —— -t — —r — — i e — —— — —— r— — —— —— D — —r — —
_ Fesob 50~ Ta3 Torec ki cemaaarck ~ T~ T T 7 | —l
cose 3 =¥ Cang s T 3 e (2.8 HC ‘
290 | & 2 9 ¥ { -2 v i Era TN,
- - . o o - !
; : o ettt #1320 ORive ] 3 aroc ke !
32 1 i § {rorm 7!)
Sor r O tM¢ b am e a m  — ae e e D l
- i (To & mois€ sty
%
}_——- a3 ""'0""“"!"—' ‘_..._._.._.._.._---_’-...._‘...._.‘ '
\ ) conr 512 B5I MC STHERATOR
+5 1 . iJe l
foox ] f ,:2
[ e xa ' rurent— ame %, |
| LI | J aakis
: 15 — '..-.'-’-_'_._..J
L & B i
1}
I - —0 I8 i
 § . 1 ‘s ) .
- . i - ‘ 1 xE‘ rd-——-———-—— -- P it S et _1
5 wl 22 1 .—O‘.“....'.“ '¢0.l o0 PIALK . Laci PILTER {
i ' ,
) 1 ' 1 frmex T arm \ | )7
| = —) ke e ' —— o3¢ AM t- G SO MO X
't . i / . (re vTam a3t
+2a 3 b
' : 1 !
L . N oo 1 3
| —G e el g5
1 [ ' (To TET /05T
Y L e o= = -
_f; 1 -————— S| l L_§_ ‘
i »n ' et s s
| - ~0 YL 3 - L 2 §oMC
! [ ] (7o 3/ SOIRER) e e o - - — (Fo @& Nci-t s503T)
+s 3 } 2
. (ro /v Susrgk) TRANSPITTER | SYNTHESIZER

[T O s



[ T - -t T —_— T T -
' |<oot ey /‘ SSaMc |
7 i AMP i
. N@ MoDp O__ l i
-\_L !
J9 i
‘ wi roo () . AHP 400 MC DETECTony x Comss :
] veo [RTE143
| | !
\ i
I ' !
1 i
[ ! i
J1
i ruAse I +2 2 SQUARE L_._J—d aurrer PMorX
| P2 Q- DETLC B * AMP 1 ourPuUT
i
|
| Ja |
rSMe( > PM TX }
i e e e e~ — == U |
| ceoc 2 cosc 204} C'Foo: a4 oot 218 cont ren) [eraa 2034] fasc 217] I3
TRk Wi e GOy W B PHASE AMP ol
I LimTeR! 1TER Damp, Anlr | AMP D8.TT Toy 0 »
<ok o8
| Oo—t us [0 covE l00 10 pMC
AMP wi PHASE SWIFTERS
Arar T T i
| | 1 f—>o
.\“ ™ corg o cong 208 [<onk 108 F% ¢
our Om—rt i AGc ee
t AM HOO TS R PRASE w @ ——aO0
P IR snme ¥ 151 pg NS scrxcranl AM? i
1 / AGC I ¢
¥ Loop.
J\c _caq;‘ cong iop Copst soR!
“ro w8 wa e
s
I Ny Y Ame Lalaid
LowrRaL
| LEvEL
‘ W (2D fert 207 cos 201 ComE 4os <oor et Cop& Mok CopC i8] lcove 20T conrm
PMRX (ot PINER] raMc LT NS e PrASE Faras
mrur e Arap AMP AMP AMMP i3 i oy ConTRep
| APC Loum j
I r_._.___.,gunc P koo S84 jcass onal
no(ey LoOF 2ou X 2 F €9 XS
SMe vy
| oyl M g (a0
oS Corcam, t
' Coet e KUY N ro ¢ wosg
VLAT L) S AMEC p Yo
hJa L ACcan® Fo RtcompEw Moner
45 rec
| Froet PM RX
Ru zvNTH
| () skt |
45 MC [ ! i
¥ 2 PrASE 3
2, FRzre
| M/AH SUBSYS7TEM £ ApwTe seiFT, ) 0 b
I RX synThH 1 cove 54 1
|
»pasc Py ] J
Ll :_J——‘ SHIFT, Ame
| 5 Me rowen | . N o€ Sp2 rower | " \ . . ¢
S vas ” X2 DVIBER L R |
[ | |
PHASE fl NE ] "r
' sHiFT AN -
[ 1 ‘
oy
> ' 45 Me U cooe 54 b
' B 0 COPTI.: ) 1 ] ,
caot oot sos cont s~ | 392 4‘\ ~
[-— x3 4 M () 45HC e TR
I *3 AN P re vH RAY t !/' 1 P
J%
Y PR, |

2~ 471

(ro Peraay



COARD
sSuTPYT

10 M ypuPuTS
> FKop Rivm
SYNTHES I 2ER

T3 3.j J4 (*T)
| pap NARROWRAND
P ouTPUT

s & AR

YT D

Pf.gaa.

IHFI
J)v:o
ConiToL
Vo TReE

=3

R 1Y

— — - —

| r G l:ﬂ‘-: ____________________
5 I 5 \
WS PA D resans Amr Ay 50 MC L
| i ‘:;“" / veo Apme
1 !csq-
I UL
! P opin
. v Ve
I ] <Cove goa f LIS Wl LOUTER
N TonR
' | -
| ke e e 2] T _ T T __
| r-t-——-~"-=-==-==-== ==
3 I [ renze
I Ateane, D N LT +i128 +4
{
| | ComE 6o
rr! o——————1
| FlaTx
»  ®
I . To FALAETE AT 050 PRLGE T ES T rON
ERd e KEcomn MAYBACK ~—-—
FTER v 5 1
| __j’ M P
i
Jio S Pt | .
| eoie™ao7
J2 net. 405 vr so0 T ,,g' oae Dive PHALE
e 1meuT MITER nTER sl rovorw perecta] T <
| NPIT Flares H porFL e, -
(O I Fea
P PO, S l
| s
i
| '
FH/AM SUSSYSTEHM ..-
| fdeok sod ~— ~ T °
]
] BUErER Ve
I AMP
1
I e = - ——
J M
' AT
' Conl «
T
' L]
| FM
. o e e e —— —— — ——— —— —in e e e
23 18 8¢ < rY** r CobE !
PUASE o ] i
SHIFT b3 AMP
£ 08 £08
Jo R L
yECTOR ‘ LWEAR
oL T+ PHASE b=
| recrER | [ e
‘o 3 ANCE e —_J-.g—— ]l
- .
MIAER AHP i
42 1
SoM¢ 1
Icovg 30 ~ ~ =7 7 A
e cour 300 i [.,.,,.. | pbt--—--- -
m G | ne S BvrrEn -C ouT
Crmp sume nHe 1 l‘ AmP ) CRRR. SUPP
| WY ]
HASE (XY
b ol so e : Cout 3oy A NoisE
O___.§'—., HAST rd N INSTRUMENTATION
smeT > 1 ame

2~4-1



45 Me

! I 1008 A ve] !"l"l:':
e N =1 ==
o b e ]
— |
_l | ‘ l _Ea DAL
1 l CovreR )
‘ -t | sAL Ac ro sPLcTRusM 2 eaesi Apeson,
| J | G | MeD AMP O ANALYZER
' -
—_— - — = | PowER sPEeTRYN
-— METER pumay
REER
T ‘ I eFrsLr FREQ :fsll :S":,‘.
yas { 530, 52.08 , 5OI% ) h .
—— | ) l 3.1, ,50.3 F&S MO
-1 | L_TEST INSTRUMENT AT 10N scerc e
\ - - - - - - - -7 = 7 Geesd | Faecen
-, TT T T T T T T Tl — — — =
=1 4 | m
.‘-}-_:__Jc‘runu: saRon - _ _ 1I |
|
1 u I
-~ | — |
’435—-"_::’————” !
Loow 3] 1 |
>'—_“ Furan | AN 2> |
i
Ll |
] ] |
! |
t te s m - 1
. coox 401 \ I
) oy | Ly
‘ \3—.‘-.“'.‘ —[},——omx |
: . |
l ' r— - e - . e - J l
P ' '
] '
r-- | I
| e |
{
L ! |
R
e e e e —_——— - — |
o T T T T oo T T T
» AL DLTECTOR b ——
DiGiT !I ' [— ‘I
e} 2 '8, N e B =
FiLTER Atar 1 no‘a,a.n
' |1 I
coreen i e '
] . | | [ rex :
[] e
8
- L——‘::,-r—:-——cm. | |
! 1 | | | camss |
L ' | |
] CoONSoLE A“:H.L’I
|| _EquensaT |

Figure 2.2.

1. Functional Blodk Diagram R. F. Test Console

2713



2.2.1 Transmitter Frequency Synthesizer

Figure 2.2.1.1 indicates a simplified block diagram of the transmitter frequency
synthesizer. The following system specifications are applicable to the transmitter fre-
quency synthesizer:

Frequency Stability. The frequency stability of both the transmitter frequency source
and the receiver reference oscillator shall be as follows:

a. Each dwall h7ave a short-term stability, measured over a one-minute period, of
1partin 10 .

b. Each shall have a long-term stability, measured over a four_hour period of 5
parts B 10’

Phase Stability. The phase stability of the unmodulated transmitter-receiver pair

shall be such as to cause no more than a one degree RMS phase error in a noise-free phase-
coherent receiver with a2BLo of 3.0 cps.

Frequency. The transmitter center frequency shall be exactly 50 Mc and shall be
continuously tunable £500 cps about this frequency by manual control.

3 (2.5 MC

Imc 5 - |2sme| _-
ime. xs | eme | xs 2

Q766 Kc

T128 |y

X2 [Some | v | 35omc

JoK¢E
NNl __gokc o
SOKE o ‘PHASELOCK ’_so.otmr.
Jooke FILTéR , So.02
‘ gooxc 9 So.08
s0.¢

$0. 2

$0.8
Figure 2.2.1.1. Block Diagram, Transmitter Frequency Synthesizer
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The design plan formulated during the Phase I effort to fulfill the frequency and phase
stability specifications, is summarized as follows: The one minute and four hour frequency
stability specifications dictated that the transmitter master oscillator be proportionally temp-
erature controlled. The oscillator was designed and packaged in two Dewar flasks. The
inner oven is temperature controlled. The outer oven is not heated, but serves to decouple
the inner oven from cabinet drafts, etc.

The phase stability specification requires that the system exceed the one minute
frequency stability specification by at least an order of magnitude. Preliminary tests during
the course of the Phase | effort indicated that in order to meet the phase stability specification,
the double oven system and an extremely low noise oscillator would be required. However,
the specification also requires manual tuning of the master oscillator of +500 cps at 50 Mc.
Therefore, ahighQ (Q = 2.5.10+6) fundamental, 1 Mc crystal oscillator was planned as the
transmitter reference.

State-of-the-art commercial oscillators exhibit adequate phase stability: however,
these units utilize overtone crystals that cannot be tuned over the specific range.

The design plan was followed during the Phase II design effort with the following modifi-
cations: a field effect transistor was used to achieve active gain in the first oscillator stage
in place of a low noise transistor. The proportional control oven reference (10 Ke¢) produced
sidebands on the oscillator output (-90 db) with respect to the 1 Mc output. The sideband level
was not acceptable, as revealed by residual F. M. tests. Attempts to reduce the sideband
level by reorganizing the oscillator package (shielding, etc.) was not successful. Ultimately,
the oscillator output was filtered (after multiplication to 5 Mc) with a narrow band crystal
filter centered on 5Mc. This brute force technique reduced the sidebands (multiples of 10 Kc)
to a level -135 db with respect to the 5 Mc multipler output. Aside from these changes in de-
sign plan, the transmitter frequency synthesizer performed within specification as described
in Section 3 o this report.

2.2.2 Receiver Frequency Synthesizer Design Plan

Figure 2.2.2.1 presents the Receiver Frequency Synthesizer block diagram. The
Receiver Frequency Synthesizer specifications are essentially the same as those of the trans-
mitter synthesizer and are as follows:

Frequency Stability. The frequency stability of both the transmitter frequency source
and the receiver reference oscillator shall be as follows:

a. Each shall have a short-term stability, measured over a one-minute period, o

1partin 10,

b. Each shall have a long-term stability, measured over a four hour period, of
5partin 107,
2-6
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Figure 2.2.2. 1. Block Diagram, Receiver Frequency Synthesizer

Phase Stability. The phase stability of the unmodulated transmitter-receiver pair,

shall be such as to cause no more than a one degree RMS phase error in a noise-free, phase-
coherent receiver with a 2 BLo of 30 cps.

Reference Oscillator. The P. M. Receiver Reference Oscillator shall have a fixed-

frequency output tunable to exactly 10 Mc. 1 Mc multiplier to 10 Mc.

The frequency and phase stability of the receiver synthesizer oscillator are essentially
the same as for the transmitter synthesizer. However, the specified tuning range Is con-
siderably less for the receiver synthesizer. Therefore, a General Radio oscillator was
purchased. The advertised short-term stability of this unit was equal to or better than the
two principal competitors; namely, Hewlett Packard and Frequency Electronics. However,
all vendors specified their oscillator's phase stability in terms of the dimensionless ratio,
(-%1), change in frequency normalized to center frequency referenced to an integration timeT .
This parameter Is a comparative guide, but the specification Is written in terms of the system
phase noise in the frequency domain.

For the reasons noted, the General Radio Oscillator was purchased for the receiver
reference oscillator. The unit's basic frequency is 5 Mc. AS outlined in the design plan, the
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oscillator output was multiplied to 10 Mc and to 45 Mc to provide receiver 10 Mc references
and the 45 Mc conversion frequency for predetection record and playback.

The Phase I design plan included transistor frequency multipliers applicable to
both the transmitter and receiver frequency synthesizers. The basic multiplier included a
harmonic generator consisting of an over-driven linear amplifier and subsequent linear
narrow band amplifiers tuned to the desired harmonic. The multipliers were fabricated ac-
cording to the original design plan with the exception that hot carrier diodes were used as
the harmonic generators. The 50 to 350 Mc multiplier used in the transmitter synthesizer,
utilized a step recovery, or snap diode, harmonic generator.

The individual multiplier test data indicatedthat all harmonics o the input and out-
put frequencies were a minimum of -60 db with respect to the desired output frequency. The
frequency multiplier phase noise contribution to the overall system phase noise was suf-
ficiently small that the system phase stability was within specification. Frequency multiplier
design and test data is included in Section 3.

2.3 P.M. SUBSYSTEM

The P. M. Subsystem is outlined in detail as a portion of figure 2. 3. 1L The P. M. Sub-
system consists of the P. M. Modulator and P. M. Receiver. Each of these units was fabri-
cated to its own specification; however, several specifications pertain to the performance of
the transmitter/receiver pair. This section deals with the P. M, Transmitter/Receiver pair
specification and the design plan utilized to meet specified parameters. Table 2. 3. 1presents
the principal P. M. Subsystem specifications. The frequency and phase stability specifications
pertain to not only the P. M Transmitter Receiver pair but also the Transmitter and Receiver
frequency synthesizer. The sections of this report that include the frequency synthesizer dis-
cuss these same two specifications; however, the P. M. Subsystem's influence on the overall
system frequency and phase stability is included here.

The P. M. Subsystem short and long term frequency stability parameters, as defined by
the specifications, are determined by the Transmitter Reference Oscillator, located in the
Transmitter Frequency Synthesizer, and the P. M. Receiver Reference oscillator, in the Re-
ceiver Frequency Synthesizer. The design plan derived in Phase | and implemented in Phase
Tindicated that the Transmitter/Receiver frequency stability specification required propor-
tional temperature control of the oscillator's crystal. Further, the regulation of the oscil-
lator power supplies must absorb variations in both primary line voltage and load currents.
The test results listed in Section 3.0 of this report indicate that the precautions taken were
more than adequate to meet the subsystem frequency specification. However, one cannot
assume that ""over design®* was involved, for an overlap exists between the one minute fre-
quency stability and phase stability specifications. To meet the latter specification, the sys-
tem's one minute frequency stability had to be overdesigned.

2-8
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Figure 2.3.1 P.M. Subsystem:

The P. M. Subsystem Phase Stability (specification listed in table 2.3.1) is a function
of the phase stability of the transmitter frequency standard, the P. M. Receiver Reference
oscillator, the carrier tracking loop VCO, the system frequency multipliers, amplifiers,
and receiver noise figure. The Phase I Design plan included a lengthy description of oscil-
latar and frequency multiplier design plus experimental evidence that the system could be
built to achieve one degree RMS phase noise in 2 BLO 3.0 cps. The Phase I design cor-
related very closely with the Phase | design plan. The measured system phase noise was 0.25
degrees RMS in 2 Blo of 3.0 cps. Further, it is our opinion that a phase noise of 0.1 degrees
(or less) RMS in 2 Blo of 3.1 cps s achievable. However, it was necessary to include a loop
D ¢, amplifier and a diode function generator to achieve loop gain linearity. The I/f noise
of these units contributes a large share of the 0.25 degree phase noise measured. The P. M.
Subsystem Fidelity Specification (shown in table 2.3.1) is a function of the P. M. Modulator
Linearity, the phase linearity & the receiver input amplifier, mixer, and wide band 10 mc
i-f amplifier. The Phase I design plan included an analysis relating the P. M. Modulator in-
termodulation to the modulator phase detector, loop amplifier and VCO. The modulator phase
detector was designed as a high speed set-reset flip flop. The linearity of the transfer of out-
put voltage to input phase Is included in Section 3 of this report. The nonlinearity of the
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Table 2.3.1. P.M. Subsystem Principal Specifications

L Frequency Stability

The frequency stability of both the trans-
mitter frequency scource and the receiver
reference oscillator shall be as follows:

a. Each shall have a short term
stability measured over a one-
minute period of 1 part in 107

b. Each shall have a long-term
stability measured over a four hour
hO'L7JI‘ period of five (5)parts in
10

2. Phase Stability The phase stability of the unmodulated
Tx/Rx pair shall be such as to cause
no more than one degree rms phase
error in 2 BL of 3.0 cps.

3. Fidelity The fidelity of the Tx/Rx pair shall be
such that all spurious sidebands with-
in the modulation passband are 30 db
(40db design goal) below the modu-
lated carrier or 40 db (50 db design
goal) below unmodulated power when
the transmitter is modulated with
two pure sinusoids of any frequency
and at modulation indices within the
phase modulator design limits.

modulator VCO was minimized by designing the VCO as a UHF oscillator (400 Mc) to mini-
mize the ratio of peak-to-peak frequency deviation to center frequency).

The receiver Input amplifierand Wideband 1-F amplifier were designed to exhibit maxi-
mally flat group delay or linear phase response. The receiver mixer and limiters were de-
signed as broad band units that exhibit a linear phase response over the band of interest.
These precautions summarize the steps outlined in the Phase I design plan and implemented
in the Phase II fabrication to meet the P. M. Subsystem fidelity specification. The receiver
demodulation channel phase detector is anon-linear sinusoidal unit (as required by DSIF
simulation) and the phase detector output filter exhibits a Butterworth amplitude response
with an inherent non-linear phase response. Therefore, the subsystem fidelity was mea-
sured from the modulator baseband input to receiver phase detector input. A linear phase
detector was used to demodulate the two-tone baseband.
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2.3.1 P.M. Modulator Design Plan

Figure 2.3. 11 is the simplified P. M. Modulator block diagram. The P. M. Trans-

mitter specifications are listed below:
Table 2.3.1.1 P.M. Modulator Principal Specifications

Carrier Frequency tSL?n';/kl)(ie £500 cps

Phase Modulator

. L6, (5)

a. Frequency Response £0. 1DB, to 500 Kc
£0. 5 db 500 Ke to
1.0 Mc
b. Phase Deviation +3, 0 radians DC to 500 Kc
£1,0 radian DC to 1.5 Mc
c. Deviation Linearity See P. M. Tx/Rx pair spec.
d. Incidental A.M. See P. M. Tx/Rx pair spec.
Vn(i)
. Looe :
'2{_@_('.. S Loc® Fioren
Ano - \CO
Rer. Osc.| Der N F(s)
O,(s)
N

DeviaTio s
Comranesion

Figure 2.3.1.1.  Block Diagram, P. M. Modulator
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The Phase Modulator Design Plan is detailed in Appendices D and E of the Phase I
Final Report. These reports outline two principal techniques. One includes the locked oscil-
lator phase modulator and the other the limited phase deviation frequency multiplier phase
modulator. Of the two, the latter was judged the more difficult to implement due to the wide
bandwidths involved. The frequency multiplier, phase modulator was used as a back up ap-
proach in the event the locked oscillator phase modulator could not be realized.

The locked oscillator phase modulator was chosen as the first approach. Although
this technique was untried, it is based on control theory and network synthesis, both of which
are well defined in today's technology. The distinct advantage of being able to reduce the en-
tire modulator to a single transfer function makes this form of phase modulator verydesirable.
A multiple pole baseband response reduces to a root locus analysis and a network synthesis
problem.

The Phase I study selected the criteria for a locked oscillator phase modulator
to be the minimization of modulation error and intermodulation by use of a *"maximally** flat
delay response. The loop gain and bandwidth must be consistent with the modulation spectrum
and have adequate rejection of spurious harmonics generated by the loop multiplier.

Several loop designs were investigated in Phase I. The designs were primarily 3
and 4 pole Butterworth and Bessel low pass baseband transfer functions.

The details of the modulator design are included in Section 3 of this report. During
the Phase 1I fabrication, it became evident that the inherent loop transport lag dictated a
minimum closed loop bandwidth compatible with the specified amplitude response. As a
result, the 4 pole Butterworth response was fabricated.

As noted before, the Butterworth synthesis yields a maximally flat amplitude re-
sponse an4as such,was implemented to meet the amplitude response specification. However,
the phase response of the Butterworth synthesis is quite non-linear in the region of loop cut
off frequency. As aresult, the transient response and intermodulation (as a function of
phase non-linearity) characteristics are inferior to a linear phase synthesis.

2.3.2 P.M. Receiver Design Plan

A simplified block diagram of the P. M. Receiver is shown in figure 2.3.2. L The
principal P. M. Receiver Specificationsare shown in Table 2.3.2.1. A brief review of the
Phase I design plan and deviations from the design plan are included in this section. The
receiver tests and test results are listed in Section 3. 2, 2.

The design plan formulated in Phase I proved to be extremely useful during the Phase
11 design and fabrication phase. Although deviations from the Phase | Design Plan resulted
during the course of the design, the basic plan was implemented.
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Table 2.3.2.1.

Carrier Frequency

Input Amplifier

a. Bandwidth

b. Phase Linearity

c. AGC Range

Narrow Band IF

a. Center Frequency
b. Bandwidth

c. Phase Symmetry

Wideband IF
a. Center Frequency

b. Bandwidth

c. Phase Symmetry

. Wideband Phase Detector

a. Video 3 db Bandwidth
h. Dynamic Range
c. Fidelity

Carrier Tracking Loop

a. No Noise Loop Gain

b. Loop Bandwidths 2 BLo

c. Loop Filter

d. Loop Gain Stability

P. M. Receiver Principal Specifications

50 Mcs

3db B.W. 10 Mcs min. flat within
+0. 25 db within £2 mc of 50 Mcs

Compatible with P. M. Subsystem
Linearity Spec.

30 db

10 Mcs
2 Kz ( 3db)
+5° for frequencies

+1 Ke of center frequency
(6 Kc Design Goal)

10 Mcs

6 Mcs (3 ab)

+0. 5 db within 1.5 mcs
of center frequency

+5 degrees over 6 mc passhand

5mc
40 db

Compatible with P. M. Subsystem
Linearity Spec.

Constrain Static Phase Error 1Degree,
Transmitter Detuning 500 cps

3.0, 12.0, 20.0 and 48.0 cps, variable
1.0cps = 1Kc

Active and passive, 1% resistors,
3% capacitors

+3% over transmitter tuning range



Table 2.3.2.1. P. M. Receiver Principal Specifications (Continued)

7. AGC Loop
a. Min. Loop Gain 20
b. Loop Noise Bandwidths .01, 0.1, 1.0 and 10 cps
c. Loop Filter Passive, 1% resistors

2% capacitors

8. Predetection Record and Playback

a. Record P. M. Spectrum down converted
to 50 Mc

b. Playback Recorder spectrum up converted
to 50 Mc

The P. M. Receiver and, indeed, the RF Test Console system consists of a group of
basic circuits or modules that were designed to module specifications. The basic modules
are interconnected to form the various subsystems. By necessity, some modules are used
only once but many are used inseveralplaces in the system. Several simple basic precautions
were taken that later proved valuable. In general,30 DB maximum gain was alloted per
module. Each module was packaged in an RF tight enclosure. All module power lines were
filtered at each module enclosure and double shielded 50 ohm cables with threaded RF con-
nectors were used in all signal paths. Each transistor within a module circuit was both RC
and LC decoupled from the plus and minus power supplies. Nearly all the system amplifiers
were designed as feedback amplifiers with a large ratio of open to closed loop gain. The pre-
cautions listed were quite expensive and wasteful of power; however, in system test the usual
RF problems of leakage, extraneous coupling and oscillation were practically non-existant.

The P. M. Receiver processes and demodulates an angle modulated carrier. Con-
siderable design effort was expendedto assure that all RF amplifiers, limiters, and mixers
exhibited a linear phase response in the band of interest. We were fortunate to secure an
early model of the Hewlett Packard 8405A Vector Voltmeter which enabled us to measure
module phase responses and group delay. The Weinschel Dual channel Insertion LOSS Test

Set was used to measure amplitude responses in instances where extreme accuracy was re-
quired.

The receiver block diagram, showninfigure2.3.2.1, includes a 50 Mc input amplifier,
10 Mc wide band amplifier, and 10 Mc narrow band amplifier. In accordance with the design
plan, the actual devices used in these units are broadband feedback amplifiers that exhibit
linear phase response and flatamplitude response in the frequency band of interest. The
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specified amplitude and phase responses are achieved with plug-in passive filters. The filter
source and load impedances were designed to achieve fifty ohms resistive over the filter band-
width; therefore, the amplifier phase and amplitude response may be easily changed by sub-
stituting passive filters.

The Phase | design plan outlined a VVCO design approach whereby the VCO frequency
was established at 1 Mc and subsequently multiplied to 60 Mc. The VCO crystal was selected
for maximum Q 5 x 10+6) and packaged in a proportionally temperature controlled oven. A
fundamental crystal was selected because the oscillator's center frequency must be changed
plus or minus ten cycles with a reasonable scale factor (1cycle/volt sec). A low noise oscil-
lator circuit was designed utilizing a field effect transistor. Admittedly, the oscillator's
phase noise is multiplied by 60; however, as discussed earlier in the report, the system easily
meets the phase stability specification. It is of interest to note that the oscillator crystal
and circuit must be proportionally temperature controlled to meet the system phase stability
specification when 2 Blo is 3.0 cps. For example, the oscillator cover may be removed and
cabinet drafts allowed to circulate about the oven and low frequency phase errors in excess of
one degree will result due to temperature variations.

As shown in figure 2.3.2. 1, the system utilizes three power phase detectors. A
universal phase detector was designed; however, the demodulation channel unit was modified
to provide a larger dynamic range. A universal wideband power amplifier with a linear 2
watt capacity was designed to serve as a phase detector driver. Neither the carrier tracking
loop nor the coherent AGC phase detectors require the inherent phase detector or drive band-
width capabilities. The receiver output amplifiers are low power broadband operational
amplifiers capable & driving a 600 ohm load.

The P. M. Receiver play-back and record system was modified from the Phase |
design plan. As shown by figure 2.3.2. 1, an auxiliary output is provided from the 50 Mc
input amplifier which is down-converted to 5 Mc for recording. The recorded spectrum re-
tains the influence of the input amplifier AGC system. Inturn, the predetection play-back
5 Mc spectrum is up-converted to 50 Mc and is patched into the receiver behind the input
amplifier to avoid traversing the AGC system twice. Both the record and play-back modules
include linear phase filters and buffer amplifiers in addition to the mixers.

The receiver gain distribution was modified from that outlined in the Phase I design
plan. The principal change involved increasing the gain in the input amplifier. This choice
was made to avoid excessive degradation of the receiver noise figure, a function of AGC. This
change resulted in a receiver AGC threshold of -85 DBM carrier power. A disadvantage
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of this design approach is the presence ofrelatively high noise levels in the receiver output at
minimum carrier power. The receiver output signal to receiver self noise ratio at AGC thres-
hold is as follows:

KTB, cps

-174 DBM

Demod channel predetection

KTB, Mc) = -108 DBM noise bandwidth = 4 Mc

KTB(4 Mc) plus Receiver noise Figure = = 105DBM

minimum carrier = —85DBM
Receiver S/N at AGC Threshold = +20 DB

Obviously, if the receiver AGC threshold is increased 10 DB the output 8/N is increased

10 DB provided the noise figure remains 3.0 DB. However, this logic is not without compro-
mises. If the AGC threshold is increased, thereceiver front endgain mustbedecreasedtoavoid
overload on S/N Summer Noise. This results in a higher receiver noise figure at maximum
AGC. However, the noise viewed at the receiver output will be decreased provided the signal
increases (with AGC threshold increase) faster than the noise figure. The low noise figure
design was selected, although the latter option is easily implemented by simply decreasing
gain in the receiver input amplifier. In eithercase, the error contribution of the receiver
self noise summed with the /N Summer Noise is negligible. For example, if the Summer
Noise is maintained 20 DB above receiver self noise referenced to the receiver input, a

0.01 DB error inthe Summer S/N ratio results.

2.4 F.M. SUBSYSTEM
The following specifications pertain to the F. M. Subsystem:

Table 2.4.1. F. M. Subsystem Principal Specifications

1 Frequency Stability The frequency stability of the Tx/Rx pair shall be
such as to cause less than 15 cps RMS residual
F.M. with the Tx operating in the AFC Mode and
60 cps RMS residual F. M. in non/AFC Mode mea-
sured in either conventional or phase lock receiver
in @ 500 K¢ bandwidth.

2. Static Linearity The Tx/Rx pair shall exhibit a static linearity of
+0. 5 percent over the full-scale frequency deviation
with the non/AGC Transmitter and either receiver,
above and beyond the inherent sinusoidal phase
detection non-linearity.
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Table 2.4.1. F.M. Subsystem Principal Specifications (Continued)

3. Dynamic Linearity The Tx/Rx pair shall exhibit a dynamic linearity of
+1.0 percent over all combinations of modulating
frequency and frequency deviation in both AFC and
non/AFC transmitter modes and with either receiver,
above and beyond inherent sinusoidal phase de-
tector non-linearity.

The design plan formulated during the course of the Phase | effort outlined a basic
"YCO™ to be used in both the F. M. Modulator and Phase Lock F. M. Receiver. The VCO
was intended to improve the specified parameters exhibited by the usual open loop voltage
controlled oscillator. Briefly, the VCO analyzed is a closed loop system, consisting
of a VCO, discriminator, loop amplifier and loop filter as shown in figure 2.4.1. It is well
known that a VCO exhibits the transfer emf (s). The system shown in figure 2.4.1 dupli-
cates the transfer function; however, several other advantages are evident. All the ad-
vantages are based on the assumption that, in a practical sense, it is simpler to build a more
linear and less noisy discriminator and loop amplifier thana VVCO. I this is a valid statement,
then it becomes a simple matter to transfer the static and dynamic linearity and noise charac-
teristics of the discriminator and loop amplifier to the VCO. This basic assumption formed
the basis for meeting the F.M. Subsystem specifications. The results of this effort are out-

lined in detail in Section 3 of this report.

Leop Lo ——
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Figure 2.4.1. Block Diagram, Basic F. M. Subsystem VCO
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The basic idea proved to be a valid improvement; however, the design was not without
problems. For example, a more linear discriminator inherently exhibits a lower slope
sensitivity (\%t_s and a lower loop gain resulting in an extremely linear but noisy modulator.
Therefore, a compromise between dynamic linearity and residual F. M. proved necessary.
Further, the bandwidth of the system is ultimately limited by the loop transport lag. There-
fore, (asin the case of the Phase Lock F. M. Receiver ""VCO") interaction between the VCO
minor loop and the wideband APC major loop was a problem. However, for the modulation
indices and loop bandwidths specified the problems were solved and the system proved
superior to a simple open loop VCO.

24.1 F.M. Transmitter Design Plan
Figure 2.4.1.1 presents a block diagram of the F. M. Transmitter. A brief outline
of the principal F.M. Transmitter specifications are listed in Table 24. 1 L
Table 2.4.1.1. FM Transmitter Principal Specifications

CARRIER FREQUENCY 50 Mc
Tunable £500 cps

a. Frequency Response The frequency response of the frequency modulator
shall be constant with £0. 1 db from 50 cps to 100 Kc

and 0. 5 db from 3 cps to 50 cps and 100 K¢ to 500 Ke.

b. Frequency Deviation The modulator shall be capable of deviating the
carrier £500 Kc about its center frequency with a
maximum modulation index of 512 in the AFC mode.

c. Deviation Linearity Refer to F. M. Subsystem Specifications.

AFC Operation The F. M. Transmitter shall be capable of operat-
ing either with or without automatic frequency con-
trol. In the AFC mode its modulation response
shall be from 3 cps to 500 Kc and in non/AFC from
DC to 500 Ke,

RESIDUAL F. M. 15 cps AFC Mode
60 cps Non-AFC Mode.

The transmitter design plan formulated in Phase | to meet the specifications included
the closed loop VCO described earlier and a minor APC loop to stabilize the carrier. The
closed loop VCO was synthesized to exhibit a closed loop transfer function, mathematically
equivalent to a two pole Butterworth passive filter. The cut off frequency was selected such
that the transfer ~& frns) was maximally flat within £0. 5 db at 500 Kec,

A minor, narrow band APC loop was included to serve as a means d stabilizing the
carrier center frequency and reducing the residual F. M.
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This feature of the design plan was implemented; however, the closed loop transfer

function of the minor loop was modified to simplify the pre-emphasis network required in the
AFC mode.

The carrier stabilization loop proved successful in the sense that it diminished the
carrier drift as monitored on a frequency counter (absolute carrier frequency measured over
an integration time). However, the reduction in residual F. M. measured in a 500 K¢ band-
width proved insignificant. These results are not surprising if one considers that the carrier
stabilization loop is narrow band (50 cps) and that noise reduction results only within the
stabilizer loop bandwidth, Aside from this characteristic, the stabilizer loop dictates that
the modulation index cannot exceed 512. This latter characteristic limits the peak frequency
deviation for low frequency baseband components. Therefore, the "APC'" mode IS most
useful when a reduction in residual F. M. close to the carrier is required and the baseband
frequencies do not extend below 50 cps. The latter characteristic allows the operator to use
a larger peak frequency deviation without exceeding a modulation index of 512.

2.4.2 F.M. Receiver Design Plan

Table 2.4.2.1 lists the principal F. M. Receiver specifications.

Table 2.4.2.1. F.M. Receiver Principal Specifications

1. Input Band Pass Filters The input filters shall have half power bandwidths
within £2 percent of 1 Mc, 200 Ke and 10 Ke, (Center
frequency, 50 Mc).

a. Phase Response The filter's phase response shall be linear as
established by a Bessel response.

b. Amplitude Response The amplitude response shall be established by the
3 db bandwidth and the phase characteristic.

2. Limiter

a. TheDual F.M. Rx shall
contain a hard limiter
following the input band-
pass filter with the fol-
lowing characteristics : The limiter shall have a dynamic range of 60 db.

3. Conventional F. M. Detector Thedual F. M. Rx shall include a conventional
F. M. detector with performance characteristics
consistent with the F. M. Subsystem frequency
stability and static and dynamic linearity require-
ments.
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Table 2.4.2.1. F. M. Receiver Principal Specifications (Continued)

4. Phase Lock F. M. Detector
a. VCO

b. Phase Detector

c. Loop Gain

d. Loop Filter

e. Compensation Filter

5. Output Low Pass Filter

Thedual F. M. Rx shall
include a single low-pass
output filter with the fol-
lowing characteristics:

6. Predetection Record and Playback

a. Record

b. Playback

The VCO shall have a center frequency of 50 Mc.

The deviation capability shall be consistent with
the transmitter modulator characteristics. The
static and dynamic linearity and stability shall be
consistent with the F. M. Subsystem Specifications.

The phase detector bandwidth shall be consistent
with the Tx modulator frequency response. It shall
be of sufficient fidelity to meet the subsystem
dynamic linearity requirements.

Sufficient to constrain static phase error to 10
degrees when Tx deviation is maximum (500 Kc).

Three standard loop information bandwidths of 3,
30, and 300 Kc shall be supplied.

A single pole R. C. low pass filter shall be employed
at the loop filter output such that the overall phase-
lock F. M. detector transfer function is that of a
pure loop.

The output filter shall have more than three poles
and shall have either maximally flat amplitude or

maximally flat phase response. Filter bandwidths
of 1, 10 and 100 Kc shall be supplied.

F.M. Spectrum down converted to 5 Mc

Recorder Spectrum up converted to 50 Mc.

Figure 2.4.2.1 indicates a simplified block diagram of the F. M. Receiver. A brief review

of the design plan formulated in Phase I,
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Figure 2.4.2.1. Block Diagram F.M. Receiver

The F. M. Receiver input amplitude and phase response was planned to be established
by passive filters, with the active gain to be contributed by low noise broadband amplifiers.
The 1 Mc (3 db bandwidth) filter was fabricated as a helical structure and the 10 Ke unit util-
ized a 4 crystal lattice arrangement. The original specification also called for a 100 Ke,

3 db bandwidth filter, centered on 50 Mc. This unit proved to exist in no man's land. The
bandwidth required resonators with Q's too high to be achieved with a helical structure and
the bandwidth (combined with the 50 Mc center frequency) made a crystal design impractical.

The problems attendant with the crystal filter design are summarized as follows:
The crystals used in a crystal filter must be ground in the fundamental mode to avoid filter
harmonic response. However, a fundamental crystal ground to exhibit a fundamental center
frequency of 50 Mc IS physically small in diameter and the wafer is fragile and the yield
of a batch of crystals islow. This problem is not insurmountable (athigh cost); however it
is nearly impossible to fabricate such a crystal which does not exhibit spurious modes (on the
high side of center frequency) less than 30 Ke from center frequency. Thus, the 100 Ke filter
utilizing a crystal structure, would exhibit an unacceptable passband amplitude and phase
response in a region 30-100 Kc from center frequency. For these reasons, itwas practical
to build the 10 Kec filter with crystals, but not the 100 Kc filter.
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Therefore, a compromise was reached with the cognizant engineer and the original 100 Kc
filter 3 db bandwidth was increased to 200 Ke and the unit was designed in a helical
structure.

Aside from the input filter problem, the original design plan was utilized for the most
part. However, the receiver input amplifier noise figure was minimized in an effort to mini-
mize noise figure contribution to the F_M. Subsystem residual FM. The limiter design included
sufficient dynamic range in the interstage amplifiers to minimize carrier phase shift (A. M.
to F. M. conversion) as a function of carrier level. The phase lock discriminator VCO was
designed as a closed loop system, as described earlier. The Phase I design plan outlined a
linear delay line discriminator for use inthe closed loop VCO. This unit exhibited the re-
quired linearity; however, the slope sensitivity and resulting noise proved unsatisfactory.
Subsequent modifications, consisting of a multiple quarter wavelength delay line design,
improved the slope sensitivity at little sacrifice of linearity; however, the increased time
delay introduced by the longer line, ruined the loop phase margin. The resulting peaking
wes intolerable. Therefore, a more conventional discriminator was used in the phase
lock discriminator and the delay line design was used as the conventional discriminator.

The F. M. Subsystem dynamic linearity was interpreted interms of a series ex-

pansion in which the relationship between receiver output and transmitter baseband input is
defined by several terms of a Taylor series.

The voltage e ut is the output of the F. M. Receiver while e is the modulation input

to the F. M. transmitter. Thus 2eOut =f (e-m). Using a Taylor's Series expansion for this
function, eout = % T a8 & & T A, einn' The 1percent linearity is interpreted from the
Taylor's Series to mean that an/al.é -1—%(—,— for all n >l.  Thus, if a single pure sine wave
is used to modulate the transmitter, each harmonic appearing at the receiver output should
be a minimum of 40 db below the fundamental. If two pure sinusoids are summed and used

as the modulation input (two tone test), a more complex relationship exists between the
fundamental component and the cross-modulation products in terms of the a The harmonics
of each of the two tones should, however, still be 40 db below their respective fundamentals
to meet the 19dinearity requirement. Therefore, the two tone test resultsoutlined in Section 3 of

thisreport, relate the 1percentdynamiclinearity and intermodulation componentsas described.

Aside from the design plan deviations listed, the F. M. Receiver playback and record
system was modified to utilize the predetection playback and record down-converter and up-
converter provided in the P. M. Receiver. This arrangement avoided duplication of hardware.
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2.5 LINEAR S/N SUMMER

The Linear S/N Summer was fabricated and tested during Phase | of the RF Test Con-
sole project. Results of the Phase | tests were reported in the Phase | Final Report, Ap-
pendices B and C, ""LinearSignal/Noise Summer' and ""Linear Signal/Noise Spectral Density
Test". The Signal/Noise Summer specifications and test results are repeated in this report.

The S/N Summer Specifications are listed in Table 2.5.1 and a block diagram is shown
in figure 2.5.1.

The Phase | test results indicated that the unit's noise amplifier response is sensitive
to ambient temperature variations. Therefore, in Phase 11, the noise amplifier and noise
filter were packaged in anoven. Further, the other Summer components were mounted in
one of the Test Console cabinets.

The Phase II activityincluded retuning the noise amplifier at the oven temperature and
measurement Of the amplifier response as a function of AGC control current at rated oven
temperatures. The wideband and narrow band noise filter 3 db bandwidths were accurately
measured. Further, the maximum Summer carrier and noise power output levels were
measured as a function of carrier input from the transmitters. The results of the Phase 11
test activity are included in Section 3.4 of this report.

Table 2.5.1. Linear Signal/Noise Summer Specifications

1. S/N Dynamic Range 0 to 100 db (+30 db to -70 db)

2. Absolute Accuracy +. 3 dbover 4 Hour Period

3. S/N Ratio Repeatability +.05 db over 4 Hour Period

4. Precision Noise and Signal Attenuators Resolution of 0. 1db with 0. 1db
uncertainty

5. Power Monitor Resolution better than .05 db with +. 1db
uncertainty

6. Noise Power Stability Resolution of 0.1 db with 0.1 db
uncertainty

7. Noise Bandwidth 46 to 54 Mc .05 db

8. Noise Amplitude Linear up to 5 @VRMS

9. Noise Power Spectral Density Constant within £. 05 db from 48 Mc to
52 Mc
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2.6 PHASE NOISE AND TEST INSTRUMENTATION

Figure 2.6.1 is a simplified block diagram of the Phase Noise and Test instrumentation.
The narrow band I-F amplifier is specified to exhibit the same amplitude and phase charac-
teristics as the P, M. Receiver narrow band I-F amplifier. The Phase Shifter is specified

to operate at 10 Mc and to provide a continuously variable phase shift from 0 to 360 degrees
with a calibrated dial accurate to within £1 degree over this range.

The original specification and block diagram described in detail the hardware required
to limit and linearily phase compare the 10 Mc reference and the 10 Mc carrier contaminated
with VCO phase noise. However, as shown in figure 2.6.1, the system was considerably
improved and simplified by substituting the Hewlett Packard Vector Voltmeter for most of
the hardware originally planned. Briefly, this device samples both the 10 Mc reference and
10 Mc spectrum and provides audio (20 Kc ) outputs that retain the original 10 Mc¢ phase and
amplitude information well beyond the 2 Kc bandwidth of the narrow band I-F amplifier. The
obvious advantage of this technique is that the 10 Mc signals are linearily phased detected at

20 Kc rather than 10 Mc. Further, the 20 Kc linear phase detector (set, reset, flip flop)
exhibits a linear transfer of output voltage to input phase over a range that extends from

nearly -7 to +m.  The latter advantage precludes the binary dividers (before the phase
detector) originally planned.

In summary, the portion of the original specification that is pertinent includes the

linearity and range of the 20 Kc linear phase detector. This characteristic is outlined in
Section 3.5 of this report.

In addition to comniercial test equipment, a means of measuring the P.M. Transmitter
carrier suppression is provided and is outlined in figure 2, 6.1. This system includes a 50 Mc
precision phase shifter with the same characteristics as the 10 Mc unit outlined earlier. The
carrier component is converted to a D. C. voltage and the polarity of the carrier is retained
by the coherent detector enabling the system operator to accurately compare the D. C. output
to the normalized Bessel carrier coefficient.
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3.0 TECHNICAL DESCRIPTION AND CORRELATION OF
DESIGN PLAN AND PERFORMANCE

Section two of this report included a brief review of each Subsystem design plan out-
lined in Phase I. Deviations from the design plan were summarized and the contractual

specifications listed. This section of the report includes detailed deviations from the design
plan, design data and test results.

3.1 FREQUENCY SYNTHESIZERS

The basic synthesizer modules are common to both the transmitter and receiver

frequency synthesizers. For example, the basic transistor multiplier is used in both sub-
systems. Hence, the design details are listed once; however, all test data is included.

3.1.1 Transmitter Frequency Synthesizer

Figure 3.2.1.1 presents a block diagram of the Transmitter Frequency Synthesizer.
The logic of the synthesizer has been modified from the Phase | design plan as follows:

1 The65 and 55 Mc references for predetection record and playback have been

deleted. The reference frequency was changed to 45 Mc and is generated in the
receiver synthesizer.

2. The F. M. Transmitter reference frequency was changed from 12.5 Mc to 97.66
Ke.

3.  The P.M. Transmitter 350 Mc reference was added, This reference is mixed
with the 400 Mc VCO output to form the 50 Mc transmitter carrier. This change

was gveptgsu ilize a 400 Mc VCO which permitted greater linearity and larger
gain Tm to be realized.

4. Originally seven phase lock filters were planned, However, one unit proved

adequate by simultaneously switching both the crystals and the reference fre-
guency .

5.  The Phase Noise Instrumentation reference was changed from 1Xc to 1 Mc.

This modification was necessary in order to use an improved bi-phase-modulator,

6. The P. M. Transmitter 12.5 Mc reference is generated by dividing 25 Mc by two.
This technique avoids the mixing problems of the original system included in the
design plan.

3-1
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3.1.1.1 Transmitter Frequency Synthesizer Module Design.

This section includes module design considerations applicable to the transmitter
synthesizer. One df the more important frequency standard parameters IS the resonator Q.
This must be of sufficient magnitude to yield a stability of 2.8 parts in 10" referenced to a
1sec, integration time. The short term frequency stability is determined by noise gener-

ated in the oscillator.

There are two principal sources df crystal oscillator phase noise or short term
instability: the crystal and the sustaining circuit. The equivalent circuit of a crystal is either
a series resonant circuit or parallel resonant circuit depending on the crystal load. For
either case, the circuitresistance can be represented by a series resistance which consti-
tutes the crystal's equivalent noise resistance. The short term instability attributed to the
resultant noise is expressed by equation 1.

Af = 21 E (1)
T N
Ti,Es
Ey = Noise voltage
Eg = Signal voltage developed across the crystal terminals
f = Oscillator frequency

)
T = Averaging time

2

Pyose = Eny 7 AKTB 2)
Req
Ey - \J4xTBR
or N = \J4KTBRy, (3)
Bs = \Psignai Req 4
Af = 27 4 KTB (5)
f 71, P
B = L1 % (6)
Q

Af 27 \l 4 KT (7
i T PQt
[¢]
P signal = Signal power dissipated in crystal equivalent series resistance

B crystal bandwidth
K = Boltzman's constant
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T = absolute temperature

Req = crystal equivalent series resistance

Q = crystal storage factor

From equation 7, the short term instability is inversely proportional to the averaging time.
Further, ashortterm stable oscillator must have a large Q and signal drive power. However,

higher frequency crystals have a lower Q, therefore the produce off0 Q is more meaningful.
A Bliley BG93A fundamental 1 Mc crystal with the following characteristics was used:

Af
f

+6

Q =03 10 (8)

(= (1)10% ©)

P = (10)10°® (10)

T = 350°K oven temperature (11)

- 21 \/4- 1.38. 102, 350 = 1.6x 10713 (12)
T 10 3. 10°. 10° T

Figure 3.1.1.1.1 indicates aplot of A f as afunction of the averaging time,T . This IS

the theoretical

limit of short term stability o the oscillator as established by the crystal.

The oscillator sustaining circuit degrades the theoretical performance & the
crystal. The major sources of sustaining circuit noise are as follows:

(1)
@)
®)
(4)
(6)
(6)

The
term stability

1/f noise of the transistors

power supply ripple

stray magnetic fields

vibration

loading effects

temperature regulation of the crystal and associated oscillator circuitry.

latter fault is not usually a problem in dealing with short term stability (long
Is another matter); however, as outlined earlier, an averaging time beyond

10 seconds is meaningful for 2 Bp,o0r3.0cps. Therefore, temperature variations over a
10 second period within the proportionally temperature controlled oven are important.

The

figure 3.1.1.1.

reference oscillator sustaining circuit designed is of the form indicated in
2.

E, =12, +(1+1y) 2, (13)

provided Z1<< ry the transistor input impedance. The transistor emitter base voltage is

12, the base

current | Zl/rb, and the emitter current becomes:

B12
l
Ly =

ry (14)
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Z, T 11+Ie

Figure 3 1L L 1.2. Simplified Clapp Oscillator
Substituting equation (14) in (13)

E, =12 +12, t Blz, z, (15)
r
b
The input impedance becomes:
, .1 =32, t3z, +B 277, (16)
IN° T T,

If Z, and Z, are capacitors, equation (16)becomes:

Zoy =3X, -3 X+ RB.O(44X X 17)
N °1 ¢ T (1 %ep) ()
Iy =iRe, R TEX X (18)
1 2 T 1 2
b
Typical circuit values are: B =50, r, =500, X, = -j10, X ==§100. The latter term

of equation (18)represents the negative reswtancle generated by the sustaining circuit. A
crystal (inthis case almost series resonant) connected across the input terminals of the
sustaining circuit is shown in the equivalent circuit of figure 3 1L 1 1.3.

3-5



Rs L

T —JAe,
L — -.Xeq
- -R
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Figure 3.1. 1 1.3. Equivalent Circuit of Crystal and Sustaining Circuit

If the negative resitance of the sustaining circuit s greater than the series resistance of the
crystal, the circuit is oscillatory at the crystal's resonant frequency modified by X, and
X, + An inductance whose susceptance cancels the susceptance of X and X, is 1
cuitnected in series with the crystal to cancel the detuning of X, ¢y a"dlxcz' 2
The sustaining circuit of a precision oscillator is gain controlled such that the
forward gain is linear over the complete cycle of the sinusoid. This is essential as changes
in the active devices of the sustaining circuit are never completely decoupled from the
crystal. Further, the loop gain control accurately establishes the crystal drive power. A

simplified diagram of this system is shown in figure 8. 1. 1. 1. 4.

The system is organized such that a portionof the RF output is rectified, filtered
and compared against a reference. The resulting D. C. error controls the crystal drive level
by modifying the bias point of the sustaining circuit. Unfortunately, transistor input and output
admittances are a function of bias (base current). Further the oscillator stability is slightly
modified by changes in the sustaining circuit admittances. The system is improved if the
AGC system changes the AC loop gain without changing transistor bias levels. A simplified
schematic of the reference oscillator isgiven in figure 3. 1L 1 1.5.

3-6

1/



ovTPvT
BuFFER

Fe&) _—®‘+— R

Figure 3. 1.1, 1.4. Simplified Diagram df Oscillator and AGC System
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Figure 8.1, 1, 1,5, Simplified Reference Oscillator
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This arrangement is essentially the same as outlined in figure 3.1.1.1.2 and
described by equations (13) through (18). The following modifications are noted: (1) three
emitter followers provide increased forward gain (B1B2B3) and high input impedance, (2)the
crystal is operated slightly off series resonance and its equivalent circuit is a large inductance
in series with a small resistor. A thermistor (RT) regulates the AC loop gain and crystal
drive without modifying transistor bias levels. Low noise high frequency transistors minimize
sustaining circuit noise. The emitter followers are inherently gain stabilized and resistant
to power supply ripple.

The voltage developed across the crystal (ES) is relatively large, 2 volts p to p.
As shown by equation (1), AE is inversely proportional to Eg. Further, the crystal heating
is acceptable as the principfall part of Eg is developed across Leq, figure 3.1.1. 1.5.

The sustaining circuit provides low output impedance; however, three additional
output buffers are provided to further isolate the load from the oscillator. The crystal and
sustaining circuit are packaged in a proportionally temperature controlled oven whose
temperature is regulated at the crystal turning point. This oven in turn is housed in a
larger oven although the outer oven is not heated. Since the long term stability requirement
is not particularly stringent, it can be met without proportional heat applied to the outer oven.

The referenceforthe servo system controlling the temperature of the inner oven
is obtained from a 10 Ke oscillator. This oscillator couples energy into the 1 Mc output
from the frequency standard. The result is that some mixing between the 1 Mc and 10 Kc
takes place in the oscillator buffer amplifiers producing 10 Ke sidebands about 1 Mc. These
sidebands are on the order of 80 db. below the desired 1 Mc output. A crystal filter
with a 3 Ke bandwidth was used to further attenuate these sidebands. The filter was inserted
in code 505 although it could have been placed anywhere in the multiplier chain. The code
505 module input was selected for the filter location because a XTAL filter was readily
available.

Standard frequency multipliers (codes 505, 508, and 509) employ standard transistor
amplifiers that are overdriven. The collector current is rich in harmonics of the input fre-
quency. The collector circuit is tuned to the desired harmonic.

The heart of such a frequency multiplier is the collector tuned circuit or coupling
circuit. Each multiplier includes two coupling circuits. The coupling circuit used is shown
in figure 3 1L 1 16.
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Figure 3.1. 1.1.6. Frequency Multiplier Coupling Circuit

The frequency response of this coupling network Is given by equation 191

‘2= —y : (a9
1 o \ )
(KQ+1)t 2 + 2 6 1 ) o 1
— KQ+ / JKQ+ £,
Q T

In this expresslon,f_ 1s the center frequency of the tuned circuit, Q iISthe loaded Q of the
inductors, K is the coefficient of coupling (K :cl/cz), and f is frequency. K 27 (f=f°) IS
replaced by S, and 27 £ IS replaced by W, then,

_8_2_(8) = 9 1 ) )
e s + 2 Cmm § +1 Thiswill be (20)

(KQ+1)W YKQ+1 W,
4Q 2Q
recognized as the reeponse of a 2 pole Butterworth,F(S) = 1 where
s+ 268 41
W w
n n

1 Reference Data for Radio Engineers (page 242, Fourth Edition)
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_ and & = 1// KQ+1 the response is maximally flat for
W _I ZKQ+1) w,

2Q
KQ = 1 With this value of KQ the 3 db bandwidth is given by BW3db =ﬂ'fo/Q. For the
standard multipliers the loaded Q of the inductors is about 25. Thus it will be seen that the
ratio of the capacitors is K = °1/°2 = 1/20. The bandwidth then Is given by BW3db=‘r2'
f0/25. For the 1to 5 Mc multiplier the bandwidth of each coupling network is: BW3db=(V'2')
(5 x 106)/25 = 282 Ke, Each frequency multiplier includes two cascaded coupling networks
plus an output matching network. The resultant rejection of multiples of the input frequency
for each multiplier s listed in section 3 1 1.2 of this report.

The 50 Mc to 350 Mc multiplier (code 512) utilizes a step recovery diode as a harmonic
generator. The diode is driven from a Class A amplifier and loaded with a 350 Mc bandpass

filter. The step recovery diode (see figure 3.1.1.1.7) has been analyzed by Krakaner 2,
portions of his analysis are listed as follows:

R
'V\;\ Dll 4% Filter
Eo sin w,t
, 3 RFL R,
- - Sel€ Riag + Eoc =
Boomut W emeeer

igfe
GENEAATOR Esctto D\6DE /\
VOLTAGE o 7 2 CURRENT

4 © ' \ £
e - fe— ¢—>t : ¢-———e4

Figure 3.1.1.1.7.  Step Recovery Diode Frequency Multiplier Waveforms

2 Harmonic Generation, Rectification and Lifetime Evaluation with the Step Recovery Diode.
Proceedings of the IEEE, pp. 1665-1676, July 1962.
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The diode current is given by

iy = E 00 ¢ Vol
P Z n
R
[ n=-a

For large n (n=7 in this case),

_8in(@+0)-sing

- . ; sin(o-ﬂ)-sin(ﬂ
n n The quantity IE{Q [

c

is the magnitude of the peak current conduction in the reverse direction. The advantage of
using such a diode can be seen upon examining C For the step recovery diode, C, decreases
as I/n while for other types of harmonic generators <, decreases as I/n . The onIy known
exception is the varactor diode. However, multlpllcatlon by seven with a varactor diode re-
quires extremely complicated circuitry. Also, varactor multipliers are subject to instabilities
resulting from non-linear resonance phenomena. Divider modules (codes 501 and 510) utilize
available integrated circuit flip-flopswith the exception of the high frequency divider (= 2) in
code 510. The fastest integrated circuit flip flops available were used to minimize time jitter.

3.11.2 TestResults

The principal transmitter frequency synthesizer test results include the frequency
standard's long, medium and short term stability and the frequency multipliers relative
spurious outputs. The test results of the former parameters are summarized in Table
3.1.1.2. 1 The data includes the behavior of both the transmitter frequency standard and the
P. M. Receiver Reference oscillator. The test system utilized to measure the data listed is
discussed in Section 3.2 of this report.

Table 3. 1.1, 2,1, Transmitter/Receiver Oscillator
Stability Test Data.

O£ (1 minute) 2.3 partsin 1910
f

o
£-f (4 hours) 4.5 parts in 10°

0
RMS o )
Phase Noise 0.25 (ZBLo'3 cps)

The transmitter oscillator is tunable = 13cps at 1 Mc. When multiplied to 50 Mc
the frequency variation IS #650 cps.  The specification requires 500 cps variation at
50 Mc.

Table 3.1.1.2.2  lists the spurious outputs of the transmitter frequency synthesizer
multipliers relative to the desired outputs.

3

3-11



Table 3 1 122  Transmitter Frequency Synthesizer Multipliers'
Relative Spurious Levels

Code 505 (5-25 Mc) Code 508 (1-5 Mc)
Frequency (Mc)  Attenuation (db) Frequency (Mc)  Attenuation (Db)
5 68 1 87
10 70 2 90
15 60 3 90
20 68 4 90
25 0 5 0]
30 84 6 90
35 100 7 90
40 100 8 90
45 100 9 90
50 74 10 63
75 93 15 20
100 100 20 90
25 90
Code 509 (25-50Mc) Code 512 (50-350Mc)
Frequency (Mc)  Attenuation (Db) Frequency (Mc)  Attenuation (Db)

25 55 50 60
50 0 100 70
75 94 150 70
100 86 200 70
125 100 250 70
150 100 300 70
175 100 350 0
200 100 400 70

3 1.2 Receiver Frequency Synthesizer

Figure 22.2.1 presents the Receiver Frequency Synthesizer block diagram. The
following changes were made as contrasted with the Phase | Design Plan. The frequency o
the reference oscillator was changed from 1 Mc to 5 Mc. This change deleted a 1to 5 Mc
frequency multiplier. Further, acommercial 5 Mc oscillator (General Radio Type 115-B)
with suitable short and long term stability was available. The center frequency of this
oscillator can be varied approximately one half cps; however, there is no practical
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reason for a larger variation since the transmitter standard and P, M. Receiver xtal VCO are
variable at least +500 cps (at the carrier frequency). In addition to this change, the 40 Mc

output originally planned (for predetection record and playback) was changed to 45 Mc. The
latter change simplified the predetection up and down conversion.

3.1.2.1 Receiver Frequency Synthesizer Module Design.

The receiver synthesizer design makes use of the basic frequency multiplier dis-
cussed earlier. The input and output frequencies differ slightly; however, the harmonic gen-
eration and interstage filtering is identical to the system described in Section 3. L 1 The
distribution amplifiers utilized in the receiver synthesizer are simple feedback pairs in which
the narrow band output networks match the 50 ohm coaxial lines with the 150 ohm amplifier
source impedance.

3.1.2.2 Test Results

The principal receiver synthesizer test results include the frequency multiplier
spurious levels relative to the proper output frequency. This data is listed in Table 3. 1.2.2. 1
The short and long term behavior df the synthesizer oscillator contribute to the P- M
Subsystem data discussed in Section 3.2.

Table 3. 1.2.2. 1 Receiver Frequency Synthesizer Multipliers'
Relative Spurious Levels

Code 502 (5-10 Mc) Code 503 (5-15 Mc)
Frequency (Mc)  Attenuation (Db) Frequency (Mc)  Attenuation (Db)
5 55 5 78
10 0 10 85
15 94 15 0
20 86 20 80
25 100 25 100
30 100 30 65
35 100 35 100
40 100 40 100
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Table 3.1.2.2. 1. Receiver Frequency Synthesizer Multipliers?
Relative Spurious Levels (Continued)

Code 506 (15-45 Mc)

Frequency (Mc)  Attenuation (Db)

15 57
30 120
45 0
60 130
75 102
90 78
105 113

3.2 P.M. SUBSYSTEM

The P. M. Subsystem description and design plan were reviewed in Section 2.3. The
following section correlates the P. M. Subsystem specifications and test results. Figure 3.2.1,
3.2.2, and 3.2.3 indicate the P. M, Subsystem frequency stability test set and test results.

As shown, the frequency stability was determined by measuring the phase drift between the
transmitter and receiver reference oscillators. Although the specification pertains to each
individual oscillator, one may argue that if the two oscillators are compared and the result-
ing frequency stability is within the specification, each unit will meet the specification.
Further, the oscillators are tested as used in the system and the combined error is more
meaningful than a comparison of each individual oscillator with a third standard.

Figure 3. 2, 3A indicates the phase drift of the two oscillators taken over athree hour
period. The test was made during the evening when the transients on the primary power
lines were minimum. Figure 3. 2, 3B shows the oscillators? relative phase drift over afive
hour period during a typical working day. Figure 3. 2. 2A indicates the oscillator's relative
phase drift referenced to 1 minute time periods. The data was taken during the evening
while figure 3. 2, 2B shows data taken during a typical working period. As shown, the two
oscillators exhibit a one minute stability of 2.3 parts in 10710

4.5 parts in 1072,

and a four hour stability of

The P. M Transmitter Receiver pair phase stability specification is listed in table 2.3.1
as one degree RMS in 2 Blo of 3.0 cps. Initially,verification of 2 Blo of 3.0 cps was
necessary. The verification was accomplished as shown in figure 3.2.4. Initially, the
limiter suppression was simulated by attenuating the carrier tracking loop phase detector
signal input. The loop bandwidth was measured by frequency modulating the Hewlett Packard
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Frequency Synthesizer whose output provided the receiver carrier. The phase of the loop
error response (1-H (s)) was examined by driving the horizonal and vertical scope inputs
with the loop error, e{s), and the modulating frequency t o Ithas been shown® that the
phase relationship between fm and fo is 180° when fo equals fm. After verification of f, the
P. M. modulator was connected to the receiver and the carrier tracking loop unlocked. The
resulting beat note was measured with atrue RMS Voltmeter. The loop was locked and the
resulting noise measured. The data shown by figure 3.2.5 indicates that the system residual
phase jitter 15 0.25 degrees measured in 2Blo ofs3, 0 cps.

The P. M Subsystem Fidelity specification listed in table2.3.1 canbe interpreted to
refer to the transmitter spectrum and the relationship between spurious sidebands and the
modulated carrier. It was considered more meaningful to apply the specification to the
transmitter/receiver pair by comparing in-band intermodulation products relative to either
of two equal tones measured at the receiver output, as the two tones are applied to the
P. M. modulator. This technique provides a measure of the transmitter/receiver pair fidelity.
In normal operation, the receiver phase demodulator Is a non-linear sinusoidal phase detector.
The non linearity of this unit masks the system non-linearities; therefore, a linear flip flop
phase detector was used as the demodulator as shown in figure 3.2.6. The worst case
intermodulation products are listed in figure 3.2.6 for various modulation indices and tone
frequencies. Figure 3.2.7 shows the harmonic content of the tone generators used. No
doubt the tone generators' spurious contributes to the measured system intermodulation.

The data indicates that the intermodulation is worst at higher baseband frequencies. This Is
expected for two reasons. The non-linearity of the P. M, Modulator phase detector Is
corrected by loop feedback. However, the correction Is a function of frequency; hence

the correction I8 minimum at the loop cut off frequency. Secondly, the P. M. Modulator closed
loop transfer function o output phase to input baseband was synthesized to approximate a

four pole Butterworth response. The Butterworth response exhibits a non-linear phase
response near the loop cut off frequency.

3,2.1 P.M, Modulator

The pertinent P. M, Modulator specifications have been listed earlier in this report.
A principal specification dictates the amplitude response of the mgdulator's transfer function
of output phase deviation as a function of baseband input [%o_o_(s)] , Therefore, a Butter-
worth response was utilized yielding a maximally flat a.mput»ﬂe response (although a maximally

flat group delay constitutes a reasonable choice under different circumstances). However,

3, Reference: JPL TECHNICAL MEMO TM3341-64-2, 220ct. 1964. By F.J. Charles
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in a practical sense the overall modulator bandwidth (compatible with the amplitude response
spec. ) was minimized to lessen the influence of loop transport lag. The latter tactic dictates
a higher order Butterworth Synthesis.

3.2.1.1  Theoretical Considerations

The simplified block diagram of the locked oscillator phase modulator & shown
in figure 3.2.1.1.  The linear phase model of the loop ISpresented in figure 3.2.1.2, As
shown in the diagrams the baseband input IS injected into the loop in summation with the
error voltage. The second loop input 9, 5 a phase stable reference derived from the trans-
mitter frequency synthesizer. The behavior of the VCO output phase, & @, s afunction of
the baseband input, v _,

Agg_(s) _ K, choEﬁsJ. @1)
vm 1+Ka Km Kvco F(s)
s
Let Kv = Ka Kd Kvco (22)
N

N 1 (23)

where  N_ can be consldsred a constant, independent of frequency.

BASTRAND -
INPUT
L < &6¢s)
PHASE Leo | Loep veo — >
Orts) vereeror|” Ll A FILTER '

+N
N———

DEVIATION
COMPRESSIEN

Figure 3.2.1.1.  Simplified Block Diagram, Lod<ed Oscillator
Phase Modulator
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Figure 3.2,1,2, Linear Phase Model, Locked Oscillator
Phase Modulator
Therefore, the closed loop transferfunction,A_gg_(s) Is determined by the loop gain and loop
filter. The loop gain and loop filter can be deé{&ed such ttet the relationshlp ,_\_9_9—(8)
exhibits either a Butterworth or Bessel response. The order o the response is eStablished
by the proper choice of Kv and F(s), The technique is illustrated by the following 3 pole

Butterworth synthesis:

The three pole Butterworth response i characterized in the S plane by 3 poles
equally spaced on asemicircle. The intersection of the semicircle and the jW axis
is the cut off (3DB) frequency. However, the open loop pole distribution exhibits a pole at
the origin plus a complex pole pair contributed by the loop filter. The synthesis technique
provides the proper loop gain such that the open loop poles terminate on the semicircle when

the loop is closed. The root locus diagram illustrated in figure 3.2.1.3 displays this important
feature.

Mathematically, the closed loop response shown in figure 3.2.1.3 s described
by equation ().

Fc(s) = (24)

1
2
8 s . 2f
= +1 -3 +=7 8+1
(;”n )(;v v%x )

n
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S PLANE

Figure 3.2. 1.3 Root Locus Diagram 3 Pole Butterworth Synthesis
The loop filter's transfer function Is (assuggested by Figure 8, 2, 1, 8):
F,(s) = — 1 (25)
8 + 2€o S+1)
no no

Substituting equation (25) in equation (28), it becomes a simple matter to write the
clored loop transgfer function in terms of open loop parametera. The exprearion indicated
by equation (26) rerultr:

D@ - N 1 (26)
v KD WT? + 2{051 + 8 +1
Y %o W, K

Equating equations (24) and (26) (recalling that hxl; ts a simple constant) results

in the following:

3 3

8 %2 €+1) 2  (2€+1) S 260 2 S
— 8% + S+1 = ——W + —W—S + +1 (27)
n3 n n K\/ no K\/ no Kv
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Equating the coefficients of like powers of S and solving for the open loop parameters
in terms of the closed loop resonant frequency and damping:

Kv = _‘:"n = _‘39_ (28)
€+ 2
_ - 29
W =W 26+ 2w (29)
_ = 30
Eo = Wno 1 (30)
2w—‘n' 'E)

The values of Wn (and the order of the synthesized closed loop response) uniquely
determine the open loop parameters. The cut off frequency Wn is selected such that the
amplitude response at the upper bound of the baseband spectrum is within the specification.
However, the upper bound of the baseband frequency must be much less than the loop
reference frequency, fr, to permit the loop filter to discriminate between the baseband and

the reference frequency. The latter consideration influences the choice of the loop order and
compression factor N,

The previous explanation is intended to clearly outline the synthesis technique. In

a practical sense, the modulator built and tested was synthesized to exhibit a fourth order
Butterworth response. This precaution was required to minimize the value of W and
diminish the influence of loop transport lag and still meet the passband specification. The

fourth order Butterworth synthesis is a simple extension of the technique outlined earlier
and is listed as follows:

The Root Locus Diagram of the fourth order Butterworth is shown in figure 3.2.1.4.

Mathematically, the closed loop response shown in figure 3.2. 1.4 is described by
equation 31.

FC(S) = 1 2 (31)
——
8% L 28 ga) (S 4 265 50
w 2 WF an W—_
n n n
The damping coefficients are defined as follows:
£, =cos8; =0.924 (32)
= = 33
92 cos 02 0.383 (33)
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Figure 3,2, 1,4, Root Locus Diagram 4 Pole Butterworth Synthesis

Substituting equation (32) and (38) in (31) and expanding,the desired closed loop
transfer function becomes:

Fc(ﬂ) = 1 1 (34)
8 + 2, 914 s3+%}_422_ 82+2' 61484—1

w1

n n n n

The loop filter's transfer function is suggested by figure 3, 2, 1, 4 as:

1 -

7 %

(-?w +1> (3,—2 +v27838+1)
1 no n

Substituting equation (36) in equation (23) the closed loop transfer function is
expressed in terms d the open loop parameters. The following expression results:

A..%o__.(g) = 1 V (36)

m 2
_RF_S (W-sl +1) (ms + W—ZEO s+1> +1
‘ v

Fy(s) = (35)

no no
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Expanding equation (36) and equating to equatlon (34) the following results:

4
__EL_______ KIVV IVV ? S +-——— [j vé;é};g +i§r~+1 =
Kv W1 Wnoz v ncL

4

s* L2814 3 3.42.2 2614
w4 ws‘s *W3 e bt (37)

Equating the coefficients of like powers of S, the open loop parameters are solved

in terms of the closed loop cut off frequency and damping coefficients as follows:

32112

W, = 1,53W (38)
1 n
W= 132 W (39)
no n
K, = W (40)
3,814
Fo = 0422 (41)

Loop Transport Lag

The loop time delay or transport lag limits the achievable loop bandwidth. The

larger the value of W (cut off frequency) the greater the influence of transport lag. Its
effect, as a function ofwn, is observed as increased closed loop peaking and in the limit

instability. The influence of time lag in the loop forward and feedback paths is examined
in the following paragraphs.
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The transfer function is developed in detail as follows:

The nodel equation at the second summing point is:

V" Vg=E (42)

and E-= 9 (48)
§§°—°G ~Ts F(s) K Q

Therefore v -Vp = 09 (44)

EIECNEN

Also VR =_9§_ e _‘,’23 KD (45)
Substituting this in equation (44) gives

V.- 99 . g‘? e-‘rzs K ~ (48)

e 3
Kvscoe 5 Flg) KA)

Solving for 09 (8)

Vm

m 1 . e-mb
N
Kvsco -'TiF( ) K,

Fora 4-pole response

F(s) = 1 (48)

;S—+1-> -—S-z- +2E° +1)
W1 wn02 Wno

Substituting F(s) into equation (48) and rearranging to the standard format gives

Tos

8o () o N e (49)
Vi *p 1+eﬁ1+n)s_s_(g +1) (sz 2Eo° +1)
: K \W 2w
where: K, = K, Ky K, (50)
veo D A
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From the above equation it can be seen that it is the total delay (’f"l+ T’z) that affects
the loop stability and the amplitude response. The feedback del&y";’z in the numerator pro-
duces a frequency varying phase shift from input to output but does not change the amplitude d
of the transfer function. Since it Is the denominator ob the transfer function that determines
the stability and amplitude response, the denominator was evaluated on a computer to determine
the effects ob various time delays (‘f‘1+“r‘2) for a 4 pole Butterworth response with a cut off
frequency of 2.0 Mc. Results o this study are shown in figure 3. 2. 1. 6.

A similar analysis was made for a 3 pole Butterworth response with a cut df
frequency of 2.5 Me, The results of that exercise are shown in figure 3. 2. 1. 7.

It should be noted that the 3 pole case requires a 3 db bandwidth of 2.5 Mc and the
4 pole case requires a 3 db bandwidth of 2,0 Mc to achieve the specified amplitude response.
Since delay s a linear function of frequency, the wider bandwidth closed loop must have a
smaller delay in order to achieve the necessary characteristics. It Is estimated that the
4 pole Butterworth synthesis can tolerate 15 nsec. delay and the 3 pole system, 10 nsec. before
the resulting peaking forces the amplitude response out of spec. For this reason, the Phase
Modulator was designed to exhibit the 4 pole Butterworth response.

I it L
finl TTFTFF T T T : 0 S L filﬁ
- fillbi

“4G NENEN I
T e i’

ettt 4 i i Tk
|| = [l SR C 8 il

il i i 4 EERRRAS I
I-# - : ! - KRN A " . ?i%i {ii
sl ol

H 1]
I il

Figure 3.2.1.6. 4 Pole Response With Time Delay (T'y+T5)
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Figure 3.2.1.7. 3 Pole Response With Time Delay T+ 73)
Nomenclature
PARAMETER DIMENSION DEFINITION
wn Radian/Sec Closed Loop
Cutoff Frequency
L/ Radian/Sec Complex Pair
Open Loop
Cutoff Frequency
f'o Damping factor
of complex pole
pair.
K, 1/Sec Loop Gain Constant
K, volts/volts Amplifier Gain
K\Voo Radians/volt VCO Gain
K, Volts/Radian Phase Detector
Gain
N Counter Division
Ratio
Vo Volts Baseband input
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Nomenclature (Continued)

PARAMETER DIMENSION
00 Radians
Qr Radians
W1 Radians/Sec

3.2.1.2  Modulator Design and Test Results

DEFINITION

Phase Output
Deviation

Reference Phase
Real pole

During the Phase I effort the Phase Locked Phase Modulator was analyzed and
limited experimental effort was expended. However, the modulator was essentially a new
device and the fabrication was performed in a conservative, logical sequence. Initially a 3
pole Butterworth response was built, with a cut off frequency (fn) of 200 Ke. This initial de-
sign minimized the influence of transport lag and allowed the designer to **separate the
variables. " Further, the initial design proved the analysis to be valid and provided a basis

for the final modulator.

The 3 pole Butterworth synthesis for a cut off frequency d 200 Kc is listed as

follows:
W
_ 0 . +5
WV— > = 6,28 10" 1/sec
_ +6
wno =\2 Wn =1.78 - 10 = rad/sec

E,=1 _0707
2

The loop filter is dof the form:

G, = 1
(s) .
s* 4 264
2w s+ 1
no no
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The loop filter diagram normalized to one ohm and one radian is listed as follows:

Ro=1 L= R
O AAA——Y G >

L L -
1 it I

Figure 32121 Normalized Loop Filter, 3 Pole Butterworth Synthesis

Figure 3.2.1.2.2 presents the experimental data achieved for the 3 Pole Butter-
worth synthesis.

The loop bandwidth was extended to 500 K¢ to experimentally examine the influence
of transport By and the loop amplifier pole. The latter unavoidable pole was initially
established at @ much higher frequency than the loop cut off frequency and its influence wes
negligible, However, for a wider bandloop, the loop amplifier gain must be larger and
practical limitations on the amplifier gain bandwidth produet force the amplifier pole to a
lower frequency such that its influence is no longer negligible, Therefore, two loop
amplifiers were cascaded to reduce the gain contribution of each and maximize each
amplifier's bandwidth. The 800 Ke, 3 Pole Synthesis Was mechanized whereby the two loop
amplifiers contributed a double pole at 6 Mc. Figure 3.2.1.2.3 indicates the resulting
response whereby the amplifiers® poles introduce peaking.

At this point in the Modulator development the tactics were modified. Rather than
attempting to make the loop amplifier bandwidth much larger than the loop cut off frequency,
it was decided to allow the loop amplifier to contribute a real pole in the synthesis and
accept the corresponding gain. The Burr Brown Model 1510 operational amplifier was
selected as the loop amplifier for the following regsons, It exhibits a well behaved 6 db/
octave roll off closed loop transfer function, g%il) ~with stated-the-art gain bandwidth
product and suitable power capability, Further, the amplifier's drift and noise characteristics
are as good as, or better than, comparable units.
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The loop synthesis was changed to a 4 Pole Butterworth to accommodate the loop
amplifier's real pole and reduce the effects of transport lag as outlined previously.

The modified loop amplifier application resulted in afixed amplifier gain and,
unfortunately, insufficient loop gain to satisfy the 4 Pole Butterworth synthesis. The phase
detector loop gain contribution was maximum; therefore, the VCO gain constituted the
remaining variable available to the designer. Initially, the VCO center frequency was
designed at the 50 Mc carrier frequency. However, the unit's gain constant and linearity
were marginal. Therefore, the VCO was redesigned at 400 Mc and its output mixed with
350 Mc (derived from the transmitter frequency synthesizer) to achieve the 50 Mc carrier.
This modification resulted in a larger VCO gain constant and improved linearity. The
latter characteristic is self evident if one considers that the ratio of peak frequency deviation
to center frequency is less at 400 Mc than at 50 Mc. Admittedly, the short term stability of
the system described is degraded by the larger frequency multiplication factor (350 Mc
reference); however, this disadvantage was accepted in view of the advantages. The 400 Mc
VCO exhibits a gain constant of 1.8 Mc/volt.

The 4 Pole Butterworth loop with a 2.0 Mc cut off frequency was fabricated,
whereby the loop amplifier and VCO were organized as described. The influence of trans-
port lag was evident as displayed by peaking in the modulator amplitude response. The
transport lag was minimized by minimizing the physical length of the loop (short cables, etc.)
and clocking the feedback dividers with the 50 Mc output from the 50 Mc shaping circuit.
These effortsyielded a total loop time delay of approximately 30 nanosec. The resulting
peaking was minimized by reducing the loop gain slightly from the value dictated by the
synthesis resulting in a cut off frequency less than synthesized. The response of the final
P. M. Modulator design is shown in figure 3.2.1.24.  Aside from the difficulties discussed
the mixer required to down-convert the 400 Mc to the final 50 Mc carrier contributed its
problems. Themixer is, of course, inside the loop and its upper sideband output (750 Mc)
produced variations in the zero crossings of the feedback divider resulting in distortion in
the recovered baseband. This problem was solved by including a low pass filter after the
loop mixer. The filter was designed to exhibit a linear phase response and flat amplitude
response in the region 45-55 Mc while contributing 35 nanosec. of time lag and at least 40
db attenuation to the 750 Mec spectrum. These requirements dictated a 3 Pole Butterworth low
pass filter with a 100 Mc cut off frequency.

Aside from the frequency response and deviation linearity, the P. M, Modulator
specifications include a phase deviation capability of 13.0 radians from D. C. to 500 Kc and
+1, O radian from D. C. to 1.5 Mc. The modulator design includes a feedback divider which
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compresses the output phase deviation by afactor of fourwhich allows the APC loop to retain
lock as the output phase traverses x4 radians. However, a simple test system which relates
the baseband input voltage to the output phase deviation s outlined in figure 3.2.1.2.5. AS
shown, atone frequency provides both the transmitter baseband input and the scope horizontal
sweep. The scope's vertical input isthe P, M. Receiver's demodulated output. This simple
system results in a scope display that traces out the receiver's phase detector S curve as

a function of the magnitude of the tone generator output.

In turn the operator can easily relate baseband input voltage to output phase
deviation. The test system outlined in figure 3.2.1.2.5 indicated that the modulator is
capable of a peak-to-peak phase modulation of 10 radians.

PM P DEMoD
X T 2 kX CHANNEL
v\/\./l
| y ] L
e — TEKTRoMIX
W &85 ScoPE.
HP si6,
GEN.
651 A

Figure 3.2.1.2.5. P.M. Transmitter Phase Deviation Test System

The R. F. Test Console includes the capability of verifying the modulation index
by two additional test systems. The firstand second carrier nulls are observed as a function
of baseband input. The second includes the carrier suppression test system whereby the
carrier component is displayed as a D. C. voltage (with the polarity of the carrier retained).
The latter two systems are dependent on the normalized Bessel coefficients as a function of
the modulation index.

3.2.1.3 Module Design

The following section includes a design description of the various P-M. Modulator
circuits.

3-38

VA



3213. 1 VCO

As outlined earlier, the initial modulator VCO was designed & 50 Mc; however,
since the unit was not included in the final system, the design is not included. The 400 Mc

VCO design was based on the following considerations.

The transistor model IS written interms o its Y paramsters ina linear two
port device 28 shown i figure3.2.1.3.1.

3.2.1.3.1
¢ ¢
e. Y ' ea_
- Ot $ereenmO
Figure 3,2,1,3, 1, Two Rort Network
i =711% Y12% (55)
(56)

1y _ V3181 *Va28

A transistor connected in common base and its equivalent two port model is
shown in figure 3.2. 1.3. 2.

0
v

A R iadi % Q) - Y‘QD Yaa Y.

SV

Figure 3.2.1.3.2.  Transistor Common Base Two Rort Model
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The input admittance Y‘m is:

Yin =11~ Y12 V21 , 6T
—=2 2 _G. 4B
Yooy, m7im
It is obvious that if Y12¥Y21 Zy,, Such tet G, (real partof Y, ) is negative the
o _ y22+Y M
device is potentially unstable. Bahrs(4) has shown that G. = gl_ll [gugzz-_hzd_ (1+cosc)] where

M/6 =Y19Y91: Consider the case where the two port operates between a load and generator
such that GA= gn+GS, GB=g22+GL' The condition for potential instability is G,G_ = M/2

A™B
(L +cos 8), Inapractical manner this means that if the source and load conductance, G

and G, are large, one condition for instability is fulfilled. Further, if the sum of the anSgIes
of (y11 typ) exceed the angle of Y19 Y91 the second condition exists for instability; namely,
the proper phase relationship between output and input. Therefore, if the transistor source
and load have large conductances and proper susceptances the device is unstable. The

connection in figure 322 1 3. 3 fulfills these requirements.

N/

Nl
™

T

s

Figure 3.2. 1L 3 3 Basic Oscillator Circuit

A transistor oscillator was designed based on these considerations. The
collector tuned circuit is a quarter wave shorted line enclosed in a cavity. The line length
was made variable by an adjustable shorting bar. The oscillator is tunable over the band
300-500Mc. The oscillator was made electronically tunable (VCO), aside from the mechan-
ical tuning, by connecting a varicap across the quarter wave line. The outputs are taken
from the cavity by adjustable capacitive probes. The output power is a function & emitter
current. A coaxial detector was arranged to measure the oscillator power and an AGC system
used to level the output power. Figures 3.2.1. 3.4 and 3.2.1. 3.5 are the schematic
diagram and Af. transfer.

v
m

@ "Amplifiers Employing Potentially Unstable Units™, By George Bahrs, Doctors Thesis,
Stanford University, 1956
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32133 High Speed Dividers, Linear Phase Detector, and Loop Amplifier

As outlined earlier, the Modulator carrier frequency is specified as 50 M¢ and
the peak-to-peak phase deviation s+ 4 radians. Further, aphase deviation compression
factor of 4 is included in the feedback path. The latter precaution constrains the phase
detector dynamic range to a maximum of + 1 radian, thus allowing operation over the unit's
most linear region. Aside from this feature,the feedback dividers are required to maintain
lock at large modulation indices.

A basic,high speed flip-flop was developed to serve as both the dividers and
linear phase detector, The units toggle reliably at 50 Mc with sufficiently fast rise and fall
times and dwell level timestoexhibit a linear sawtooth transfer of output voltage to input
pulse position. Initially, anon-saturated current mode switching arrangement Was con-
sidered. However, this device exhibits a small voltage swing and the resulting phase detector
gain constant would be inadequate. Therefore, a more conventional saturated, voltage
switching flip-flop was designed. The fastest transistors available (2N3960,ft = 1.6 Gc) and
hot carrier diodes were used to enhance the speed. Each flip-flop (and phase detector)
exhibited 6 nanosec. propagation delay and the squaring circuit, 10 nanosec. for a total feed-
back path delay of 28 nanoseconds. However, the squaring circuit and two dividers were
clocked to avoid the delay of the two dividers (at the expense of adding 2 nanosec. gate delay,
The logic diagram and truth table o this arrangement is shown in figure 3,2, 1,3, 2, 1,

This arrangement yielded 18 nanoseconds time delay. Note from the truth table
that the delay thru the two counters IS used to advantage. Namely, when both counters are
in the ""one’ state the next clock pulse Is propogated thru the gate before the counters can
respond.

The digital circuity was packaged compactly whereby a solid copper clad ground
plane served as the mounting surface. This subtle precaution was an absolute necessity to
achieve the switching speeds referenced. The flip-flop phase detector transfer is shown in
figure 32 132 2

The loop amplifier was discussed earlier. Figure 32.1.32. 3indicates the
open loop Bode Diagram d the Burr Brown Model 1510. Although some deviation from a
6 db/octave roll off s evident (attributed to feed forward compensation) the unit exhibited a
single pole transfer in closed loop operation. Its closed loop response formed the single
real pole in the 4 Pole Butterworth synthesis.
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Figure 3.2. 1.3.2. 1. P. M. Modulator Counter Logic
3.2.2 P.M. Receiver

The P, M Receiver block diagram is shownin figure 3.2.2.1 and the principal

specifica}ion are listed in Table 2, 3,2, 1, This section of the report correlates the test

results with the specification. The principal design considerations are included.

3.2.2.1 Input Amplifier (Code 207)

The input amplifier 3DB bandwidth, amplitude response, phase response and AGC
range are specified. Aside from the specified parameters, system responsibility was
assumed for the unit's noise figure, phase shift, and amplitude response variation as a

function of AGC. The input amplifier's active gain is achieved with two low noise stages and

a medium power broadband amplifier. The gain control is contributed by passive pin diode

attenuatorsstaggered between stages. The amplitude and phase response is established by a

passive linear phase filter. The AGC system described yields minimum carrier phase shift

and variations in amplitude response as a function df AGC. The input amplifier noise figure
consideration determines the maximum input signal tat can be accomodated without overload.

As shown in figure 3. 2. 2. 1,the noise figure is degraded as the attenuation factors Al and A2

are increased, if the gain G1 and G2 are not large. The specification dictates 30DB (maximum)
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CODE 207 INPUT AMPLIFIER

Van RN
— & Ga Gs G4 FiL- s |
Fy F Fe |. Fe TER
G,z CAIS FIRST STAGE
L. AGC comTRoL G2= s .
CURRENT Lond
GZ= " THIRD "
NOISE FIGURE = - A\ = ATTEN, FIRST PN DieDE
SYSTEM 2 Rr. ' SEecomp M it

- Fl = NOISE FIGURE FIRST STAGE
F. + —?—_—-— sl R R L Fa: u
a G, Gl 6161 A } Gosa."t(f‘,j C,C‘_A,G;,A‘_

SECaND M

F3 = NOWIE FIGURE F'1ril PN DItOE

FY . . THIRD STAGE
FS = n . SEconiD PIN Dlawf:
Fé = n v EMUTER FollLswER

Figure 8, 2.2, 1, Input Amplifier Noise Figure Considerations

attenuation of Al and A2; therefore, the gain G1, G2, G3 must exceed 30DB if the noise
figure s held to a reasonable limit at full AGC. The product G1, G2, G3 was selected as
45DB, However, the power capabilities of a low noise amplifier IS limited, as a result the
maximum input power must be constrained to -45DBM or less to avoid overload. Clearly,

a larger input power can be tolerated If G1, G2, G3 s reduced; however, a larger noise
figure results.

Figures 3.222 thru 32.2.7 indicate the test system and test results df the
input amplifier amplitude and phase response at minimum, maximum, and mid range AGC,
Figure 3.2.2.8 indicatesthe 50 mc carrier phase shift and noise figure as a function of AGC.

3222  Balanced Modulators (Mixes)

The specification requires that the modulators be equivalentto ideal voltage
multipliers in the time domain or translators in the frequency domain such that all
spurious and feedthrough products are 56DB below the desired output. The Hewlett Packard
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model 10514A double balanced mixer was used as a frequency translator throughout the R. F.
test console. Our experience indicated that this unit represents state of the art achievement
with regard to intermodulation or spurious products. Figure 3.2.2.9 lists the characteristics
of this unit. The third order product (2 f, - fr) is 10D B above the specification: however,
asstated, this represents state of the art. The parameters listed are achieved by utilizing
carefully matched hot carrier diodes. The mixer input and output transformers are wide-
band, accurately balanced units such that the mixer output IS constant within 0. IDB between
1Mec and 100 Mc. The phase shift or group delay in the region of 50 Mc and 10 Mc was
measured and found to be compatible with the B, F. Test Console requirements.

3,2,2,% Narrow Band IF (Code 206)

The narrow band i-f amplifier specification is listed in Table 2.3.2.1.  The unit's
active gain is contributed by tuned feedback amplifiers. The amplitude and phase response
of the unit is determined by a crystal filter. The tuned amplifier bandwidth is very large
compared to the filter. Input and output emitter followers establish a 50 ohm source and
load for the filter, The filter was designed to exhibit amaximally flat group delay or linear
phase characteristic, Figure 3.2.2.10 indicates the amplitude and phase response of the
overall amplifier. The 3DB bandwidth IS 2, 13K¢ and the phase symmetry is within 5§
degrees for frequencies within £3, 5 Xe of 10 Mc center frequency,

3.2.2.4 Wideband I-F (code 214)

The 10 Mc wideband amplifier specifications are listed in Table 2. 3.2, 1. The unit's
active gain Is established by broadband feedback amplifiers. The basic feedback amplifier
design is discussed later in this report. The module's phase and amplitude response is
established by a passive filter. The module amplitude response (and test set) is shown in
figure 3.2.11. The phase response Is indicated by figure 3.2.2.12.  The filter was designed
for maximally flat group delay (linear phase) and an amplitude response roll off of 0, 5DB
within 1.5 Mc of the 10 Mc center frequency. These constraints determined the 3DB band-
width as 6.8 Mc. The specification dictates sixty percent bandwidth (6 Mc bandwidth
centered on 10 Mc), a& a result the filter exhibits geometric symmetry but not arithmetic
symmetry. Arithmetic and geometric symmetry are essentially the same for a filter whose
percentage bandwidth ISten percent or less. The technique to build a filter with sixty per-
cent bandwidth that yields arithmetic symmetry has not been completed. The phase response
of the 10 Mc wideband I-F amplifier shown in figure 3. 2, 2, 12 exhibits geometric not
arithmetic phase symmetry of £5° over a 6 Mc passbhand.
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3.2.2.5 Wideband Phase Detector (Code 203A and 203)

The wideband phase detector specifications are listed in Table 2.3.2.1. A basic
module design was developed and used three places in the receiver. The wideband phase
detector was modified slightly to exhibit larger dynamic range and greater bandwidth than
the carrier track and AGC units. The basic phase detector bandwidth is established by the
input transformer and extends well beyond 10 Mc; however, the bandwidth of the wideband
unit is established by its output filter which initially was designed for 5 Mc as shown in
figure 3.2.2.13.  The output bandwidth of the carrier track and AGC phase detectors (code
203) are required to accomodate only relf the predetection bandwidth or 1Kc; therefore, the
outputfiltersof these units were designed primarily to suppress the 10 Mc feedthru and 20
Mc product. During the course of system test,it was mutually agreed with the cognizant
engineer to modify the wideband phase detector output and decrease the bandwidth to 2 Mc.
This modification was implemented to match the receiver output bandwidth to the P. M.
Modulator bandwidth capability. The resultant response is shown in figure 3.2.2.14.

The wideband phase detector dynamic range was specified as 40DB, This may be
defined as the transfer o the amplitude output beat note as a function of the signal level
input. The plot of this transfer is shown in figure 3.2.2. 15. The limits of the plot are
bounded at one extreme by the unit's noise level.aid at the .other extreme whereby the ottput
beat note distortion.  The distortion results when the signal level approaches the
reference level. The 10 Mc reference power is 2 watts. As shown on figure 3. 2, 2, 15,2
50DB dynamic range of input signal; (Pin between the limits of (0 and -50DBM) results in a
linear variation of output beat note well above noise and 10DB below the upper bound.

3.2.2.6  Carrier Tracking Loop

The specified receiver carrier tracking loop parameters are shown in Table
2.3.2.1.  The no noise loop gain required to constrain the static phase error to one degree
for 500 cps of transmitter detuning is 180,000 or 105DB, Figure 3.2.2.16 indicates the
test system and loop gain distribution required to achieve 105DB of loop gain. An alternate
test system (not shown) that was used in system test involved the substitution of a Hewlett
Packard Model 5100A frequency synthesizer to provide the variable frequency receiver input
carrier.

The specification requires loopbandwidths (2Blo) of 3.0, 12.0, 20.0 and 48.0 cps.
The loop design is based on the JAFFE, RECHTIN5 technique which relates the loop filter

5 - Jaffe, W and E. Rechtin, Design and Performance of Phase Lock Logics Capable of Near
Optimum Performance over wide Range of Input Signal and Noise Levels, Trans IEE IT-
Ipp 66-76 March 1955
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time constants to the loop gain at threshold. The principal parts of the JAFFE RECHTIN
design are listed in figure 3.2.2.17.  The loop parameters, computed and measured are
shown in figure 3.2.2.18.  The technique used to measure the loop information bandwidth
is shown in figures 3.2.2. 19 and 3.2.2.20.

The loop filter components are comprised of one percent resistors and 3 percent
capacitors. Two capacitors (10 mf and 100 pf) are used in conjunction with the various
resistorstoenablethe operator to select the four loops bandwidths (either active or passive
mode). The same loop bandwidthe (2 Blo of 3.0, 12.0, 20.0 and 48.0) are also selectable
at one thirtieth maximum loop gain such that the operator may rimulate a static loop phase
error of 30 degrees by detuning the transmitter 800 cps,

The tracking loop XATL. VVCO tranefer ofoutput frequency to input control voltage
i8 inherently nonlinear 25 determined by the nonlinear change in capacitance of the varactor
a8 a function of control voltage,

The VCO output frequency as afunction of control voltage is ehown by figure
3.2.2.21, Thenonlinear characteristic is compensated by a non linear function generator.
The compensating characteristic of the function generator is determined by straight line
approximations whereby 10 segments comprise the total curve. The corrected VCO transfer
and test set is ehown in figure 3.2.2.22.

Aside from the principal specifications discussed, the receiver has been designed
such that the operator may open the loop and manually change the VCO frequency for
acquisition. The VCO control voltage is monitored on a front panel meter. Various loop
bandwidths and loop filters (active or passltve) are selectable at the receiver front panel.

3.2.2.7 AGC Loop

The receiver AGC loop specifications are listed in Table 2. 3.2. 1 Figure 3.2.2.23
indicates the test system used to verify the AGC loop gain. Note that the Hewlett Packard
Vector Voltmeter is used simply as a null device, The receiver input signal was attenuated
in 6DB steps with R, and sufficientattenuation was subtracted from R2 to maintain a null on
the Vector Voltmeter. This technique referenced the measurement accuracy to the Weinschel
attenuators. The loop gain I non linear. The minimum gain was established as 20. The
AGC loop amplifier s assigned a gain of 68 and the combined minimum gain of the coherent
amplitude detector and input amplifier, 180.29. This arrangement established a peak to
peak beat note from the coherent AGC detector (when the APC loop is unlocked) of 0.6 volts.
The unit is capable in deliverying 24 volts peak-to-peak:therefore, the unit can deal with a
signal to noise ratio of -40db, whereby the predetection signal to noise ratio at carrier
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Figure 3.2.2.17. P. M. Receiver Carrier Tracking Loop
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Given Computed Measured

2 Blo Bo %o fo folpassive filten fofactive filter)

3.0 cps 2.83 0. 0343 0,45 cps 0.4 cps 0.4 cps
rad/sec

12.0 11.23 0.0685 1.8 1.7 cps 1.8 cps

20.0 18.9 0, 0888 3 2.9 cps 2.9

48.0 45.3 0.138 7.2 7.3 7.3

Note: Values of %o Simulated by Attenuating Phase Detector Signal Input

Figure 8.2, 2,18, P.M, Receiver Carrier Tracking Loop Parameters

tracking loop threshold (2 Blo of 3.0 cps) is -28.24DB. The AGC loop design is summarized
in figure 3.3.2.24. The loop 3DB bandwidth as a function of the specified 2 BL is also listed
on figure 3, 8, 2,24, The system outlined in figure 3.2.2.25 was used to measure the loop

3 Db bandwidth. As shown, the modulation signal was applied to the transmitter A, M.
Modulator and the AG< error voltage was monitored on a brush recorder, The rssulting
recorder plots are shown In figure 3.2, 2,26, The minimum loop bandwidth (2BL = 0.1 cps)
was not measured, as the minimum function generator frequency is 0.01 cps. The minimum
loop bandwidth was extrapolated by adding a filter resistor to the single pole filter an order
of magnitude greater than for the 0.1 cps bandwidth loop.

3.2,2,8 Feedback Pair

In general, the tactic used throughout the P. M. Receiver and other R, F. Test
Console subsystems to achieve accurately specified amplitude and phase responses is out-
lined as follows: the active gain is contributed by broad band feedback amplifiers (feedback
pairs)andthe phase and amplitude response 1s establiehed by paesive filters.

The feedback pair served as a basic 'dutlding block" throughout the system and
merits attention in this report, Figure 3, 2, 2, 28 indicates the basic circuit diagram and an
equivalent circuit diagram. The closed-loop circuit gain6 s as outlined by equation 58:

A= _a _ _ a0 (58)

o L "1"2 S +(1 + a0 to) |
PPy "PP

A = -BER%@- for ,af’>> 1 (59)

g Analysys and Design of the Shunt Series Feedback Pair by M, S Ghausi, Report No 112
otfice of Naval Research, August 16, 1960
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Note: This Technique Suggested by F. J. Charles/JP L Tech Memo 3341-64-2
2

Loop Error: e(s) = @(s) S (1)
802 + BOS + 52

The loop error to a Sinusoidal Input Modulation whereby, 4 W=Maximum frequency deviation,
Wm=moduhatton frequency

fi{t) = AW Sin Wmt

fi(s) = AW- Wm

(2)
82 W
ei(s) = AW Wm (3)
ss? +wm?)
e(s) = AW Wm s? (4)
S(s? +Wm?)  Bo® +{2Bo 45
etf( . ) = AW: Wm cos (Wmt +¢1) (5)
Bo? + Wm*
where g, = -tan”! 747 Bo Wm _) (6)
802 - sz
The phase relationships between the modulating signal and modulation error become
Error Sig
B<W < o° - =W _<Bj
7 ~
/ \\
Mod. Sig.

The loop adds an additional 90° phase shift, therefore, the lissajous pattern formed

by the modulating signal and modulation error becomes a straight line only when W _ =B

Figure 3.2.2.19. P-M, Receiver Carrier Tracking Loop
Bandwidth Test Derivation

3-68



(horuvingow ANIAEIYA ] INT LHO1wyes WYIuwd 3=} NIHM

(NorLwinaow 3swHd] ¥WTIOND Ny¥ILIVY  F=% NIHM

N3D

s J it

Jdoos 989
Xiwouin3L
o,
GoH -1 4
a2A
Pl VWL X Sl 07X
oW !
\*1d 434 ¥amyd 44 JdH¥
s lIAL 3svid ors I ew ani
I3V
2w ol

Figure 8. 2. 2, 20. P.M.RCVR Carrier Tracking Loop Bandvidth Test System

3-69



i
H
i
T

T
E ENENED

o
0 £

i NEEEN
5 REESE )
S sumaa

I

T
' |
I
T

it
1ttt

T
T

Tt

3

SRNE |
Ty
smmy
N

I RN BSOS NN

4

IBEKS
T

IRENE SR
IEEEE AR

1 | UNERE

IBENE S
I MEKS B

» W)

.
S

T

1o et

it

w e

T

L4

eEEL

I
TIg

I HEEE |

1T

Figure 3.2.2.2 1. P.M.RCVR Carrier Tracking Loop XTAL

VCO Characteristic (Uncorrected)

1k
1E
X
% 1
5 4

ESESS SNUEE KUANE §

14

HHHE
1

JERMEESS ERERAEKNEEN |
RN EENE RREEN SRS

T
T

3-70



Es
——— o g
-

1]

cooo

! 1

] ! g e

|
! , I
‘ i f U S
=6 <8 b 4 -x 0 iR i« 6 T+8 7o

Figure 8, 2, 2, 22, P. M. RCVR Carrier Tracking Loop VCO
Linearity Characteristic

3-71



S¥WA? 30w
YoivnaNaIiLy

NIVD dooT NI Ay 8Q 50 F Tyw

NOUSMDITUNS
TINISNIIM
Ty
O2A 907
IMAINIL oy
oW ©02
o907 SMININYL
I¥INVIY> oy . A)
anve
MUY WN S

A3V
2 o O wmmm—

)
¥4
4o 29y

dhny
| LN/

Qovit0n339) 3

8e¢2 T yv
SYh? “3q0w
YoLvNN3LLY
NOi13123Md
TIHOSNIEIM
R

P. M. RCVR AGC Loop Gain Test System

Figure 3. 2, 2, 23,

3-72



. Es;
Res + (3] G Fe,
Ce)
Linear Model AGC Loop
Loop
G = Ky I-F Gain/DB | - KA Detector Gain(Volts}« K, Amplifier (Volts
Volt, DB Gain Volt
F(s) =1 _ (spec ified)
Ts+1
open. loop transfer
Ho(s) =GF(s) = G (1)
1+7Ts
closed loop transfer
H(s) = Ho(s) = G (2)
1 + Ho(s) 1+TS
1+ G
1+7s
+j OO 9
2BL = _1 [5(s)] © as (3)
27j -j @0
T= _G_ CY)
4 BL
Minimum Gain and BL specified
fo AGC Loop = _BL for single pole closed
3DB Bandwidth 157 loop response

Figure 3.2.2.24. AGC Loop Design Summary
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Equation (58) B recognized as the familiar quadrati¢ in which a proper choice of
the damping coefficient yields a two pole Butterworth (maximally flat amplitued) response,
The poles Py and b, are contributed by the two transistors shown in figure 3.2.2.28.  The
root locus diagram of the system is shown in figure 3.2.2.29.

Figure 3.2.2.30 shows a typical amplitude response of 3 cascaded low power units
used in the R. F. Test Console. In the region of 10 and 50 Mc the phase response is linear.
The ratio of open to closed loop gain is 25 DB (for a closed loop gain of 15 DB) at 50 Mc. The
inband intermodulation products are a minimum of -60DB with respect to either of two equal
tones when the total peak output power is within rating. The closed loop gain is easily changed
(equation 59) by selection of feedback resistors. The closed loop gain and bandwidth are
resistant to power supplyand temperature variations. Insummary, this relatively simple,
basic amplifier provided a means of combating the stringent R, F. Test Console specifications.

I
Wzdy,
S pLanNE
—% —t et ]
P f .
P+ P
Wy s ——=
a

Figure 3.2.2.29. Feed Back Palr Root Locus
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3.3 F.M. SUBSYSTEM

The F. M. Subsystem specifications are listed in Table 2.4.1. The F, M. transmitter/
receiver pair residual F. M. was measured as follows: the transmitter was deviated a known
frequency excursion and the receiver output voltage measured. Subsequently, the receiver
output noise voltage was measured with no intentional transmitter frequency deviation. A
simple ratio between the measured receiver noise voltage and signal voltage yields a measure
o the residual F. M. The technique is outlined by the following relationships:

Vo(sic) = K Afige (60)
fm 0707
. Vo(sic) = K Bf_'0.707 (62)
Vo(NOISE) = K Afnorsk) (@)
Vooisg) - ¥ A Iinorsk) (64)
Vo(sic) KBI, . 0.707
. A fnorsg) - Vo(NOISE) - B © f 0.707 (65)
Rms v
o(SIG)

The modulation index, B, was conveniently chosen as 2.4, the first carrier null as ob-
served on the spectrum display. The baseband tone (fm) was chosen as a midband frequency.
The peak-to-peak transmitter frequency deviation EA f (SIG):‘ was purposely chosen much

larger than A f (NOISE):J such that the ratio Yo (SIG) reflects accurate and separ-

Vo (NOISE)
ate receiver signal and noise output voltages. ~Admittedly, V (SIG)is a measure of VO(SIG)

plus v (NOISE).

3-80



The results of this measurement are outlined in figure 3.3.1.  Note that combinations
of data include the noise measured in both 100 and 500 Ke¢ bandwidths. Further, combinations
of AFC and Non AFC transmitter operation coupled with both the phase locked and convention-
al F- M. Receiver are included

The residual F. M. listed exceeds the specification shown in Table 24.1.  Further,
there is little difference between the residual F. M. measured with the transmitter in either
AFC or the Non-AFC mode. In defense of the system, the latter characteristic is not surpris-
ing as the TX AFC system reduces the residual F. M. over a small bandwidth adjacent to the
carrier and its influence is not particularly noticeable when the measurement is made in
either 100 Kc or 500 Ke bandwidth Apart from that, the output noise measured was devoid
d spurious and other extraneous signals. Further, care was taken to design an F. M, trans-
mitter with minimum residual F. M. and a low noise receiver with reasonably large slope
sensitivity discriminators. Although the residual F. M. was reduced considerably during the
course df the development, it was not reduced to the specified level.

The transmitter/receiver pair static linearity test set-up and test data is shown in
figure 3.3.2 and 33.3. Thistest is relatively simple, whereby an accurately measured
D. C. voltage used to modulate the transmitter is plotted versus the recovered voltage from
the receivers.

The data indicates both a linear transmitter and receiver. This characteristic could not
have been achieved without linearizing both the transmitter and phase lock receiver voltage
controlled oscillators with feedback. This technique is outlined in detail later in the report.

The transmitter/receiver pair dynamic linearity was tested as outlined in figure 3 3. 4.
Two dynamic linearity tests were conducted; namely, the two tone test and noise loading tests.
From a system point of view it is interesting to note that the dynamic linearity and residual
F. M. requirements are in conflict. Initially, the transmitter and phase locked receiver
"voltage controlled oscillators™ (closed loop systems) were synthesized with extremely linear,
low slope sensitivity, discriminators within the feedback loop. This design resulted in two
tone intermodulation products at least -50 db with respect to either of two equal tones.
Further, the noise loading tests revealed slot ratios in excess of 50 do. However, this type
of system exhibited a large residual F. M. Therefore, a compromise was made to increase
discriminator slope sensitivity at the expense of linearity to reduce the residual F. M. The
slope sensitivity was tailored such that the system met the dynamic linearity specification;
however, the residual F. M. was not reduced to within specification limits, as outlined ear-
lier. The intermodulation components (two tone tests) are shown to be in excess of -40 db
with respect to either of two equal tones. The intermodulation level can be related to the
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Taylor Series coefficients whereby second order (and higher) coefficients are less than 1/100
o the desired first order coefficient. This interpretation of -40 db components indicates one
per cent linearity.

3.3.1 F.M. Modulator

The F. M. Modulator block diagram is shown in figure 2.4.11 and the principal speci-
fications are listed in Table 2.4.1.1.  As shown, the modulator is comprised of atwo loop
system. The minor, narrow band loop contributes carrier stabilization and the major, wide-
band loop provides a means of synthesizing the transfer function of output frequency to base-
band input. The major loop also transfers the linearity of the discriminator to the VCO with-
in the loop constraints. Figure 3.3.1.1 indicates the linear frequency model of the major loop.

LOOP
LR FILTER veo
+ fo
BASvEnBAN’D Fi(s) Kareo >
Ky
DISCRIMINATOR

Figure 3.3.1.1.  Linear Frequency Model F. M. Transmitter, Major Loop

The transfer function of output frequency to baseband input is:

fo (s) - KAcho F1 (s) (66)

im 1+KAcho KDl:t(s)

LETKP = KaKp%yeo (67)
Then fo s) ) -1_— Kp Fl(s) (68)

Vm KD . 1+Kp Fl(s)
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The open loop gain Kp,and loop fnter,Fi(s),are optimized to form a closed loop trans-
>
fer function that yields a two pole Butterworth response. The loop filter is of the form shown

by equation 69.

F - 1
1(s) S 5
( S 1\ /5 .1

The root locus diagram of the system is indicated by figure 3.3.1.2.  The closed

(69)

loop transfer function synthesized is as listed in equation 70.

W
T S PLANE
‘[n
-2
Wy o
E,=Cos O
W= vYZ wn
W= n
! VE‘KP

Figure 3.3.1.2.  Root Locus Diagram F. M. Modulator, Major Loop

1
c(s) & 26 . 1)

= +
an

Substituting equation 69 in 68, the closed loop transfer function is written in terms of
the open loop gain and loop filter. Equation 71 results:

F 1

o 1 .
_ (s) = — (71)
v K, 1 S . 1\/58 4 1Y+1

" I{p (wl * ) WZ ' )
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o= & N L (12)
20" ik .S.Z____+.1._(1_+1_)s+1+_1__
KWW, K, \W, " W, o

The open loop parameters KP’ w, and W, are computed in terms d the closed loop
parameters W and € by equating equation 72 to equation 70 and equating coefficients of like
powers of S The constant term, Kp is independent of frequency and Is not retained

S - i g ;LE ™
5 1 (1 1 S+1+1. - 2= 8 g+
K W W i) (_.__. + __) — g

p 172 + KB Wl Wz KP an Wn

A large open loop gain is assumed such that 1/KP approaches zero.

KWW, - w2 (74)

1_(_1_+1__)
Ko\, W,

Three unknowns KP W, and W, must be found; however, only two equations are

=

2€
& (15)
n

available. Ina practical sense the loop gain (KP) is assigned as large a value as possible
within the constraints of the hardware limitations and the loop filter poles, W, and W, are
solved in terms of Kp, W, and €. Equations 76 and 77 result.

W

Wl =_n_ (76)
Y2 K
p

w, = {2 W, (1)

The closed loop cut dff frequency, W is selected such that the amplitude response

v

[fLWE):] is within specification (+0.5 db at 500 Ke). The experimental data achieved with
m

this synthesis is shown in figure 3.3.1.3.
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Aside from providing a controlled transfer of output frequency to baseband input, the
closed loop system corrects the VCO non-linearity, residual F. M. and frequency drift. If
the latter three undesirable parameters are considered ag a system input, (ID), (alinear
system assumed) the loop correction is examined as follows:

LOOP Loop I»
AMP FILTER veCo
+ + 'Fo
Ve 5 } |§/ F(s) E K

BASEBAND

Figure 3.3.1.4.  Linear Frequency Model With Simulated VCO Input

f K
0 veco
7—(s) = (78)
ID 1+ cho Kl)KAFl(s)
LET K. _ (79)
T weo KAKD
—
fe 1 : KP
7 (s) = (80)
ID K, Kp ._.I+Kp FI(S)J
fo 1 1
2(s) = — (81)
In KA%D | & +F,(s)
b
1

ASSUME K_>> 1, F (s) = ' (82)
P L 5. 1) (%— + 1)
1 2

() (%)
=(8) = = 1 2 (83)

p 2%

3-90



The Bode diagram of equation 83 is shown in figure 3.3.1.5.

|Al

0bB
W=

?
-
KAKD

b

Figure 3.3.1.5.  Bode Diagram, VCO Correction

This simple diagram reveals essential loop gain data. The VCQ non-linearities are
attenuated by the product of the discriminator and loop amplifier gains. Therefore, in as-
signment of the gain gradient around the loop,the following is evident. The VCQ gain should
be minimized and the loop amplifier and discriminator gains should be maximum within hard-
ware constraints. Further, the discriminator and amplifier should be linear and contribute
minimum noise. Ifthese simple precautions are not considered the closed loop system may
well degrade the VCO characteristics.

The closed loop system outlined exhibits a controlled transfer identical to an open
loop VCQ. Therefore, the wideband closed loop system can be considered as the VCO in the
narrow band carrier stabilization loop shown in figure 3.3.1.6.

Vm

Km Ko Fz‘s,

s

sle
4

Figure 3.3.1.6. Linear Phase Model, F. M. Modulator Carrier Stabilization Loop



The transfer of output frequency to baseband input is:

f K
O — vC
Vi @ = T+ Ko RmRS T, () (64)
N S
Let G = K KoK (85)
N
Then £y veo
(s) = (86)
Vm IQGFﬂQ
S
Let F2(s) = 1(NO LOOP FILTER)
f0_ (s) = cho B cho , S 87)
Voo S 1+G T G S 41
S G

A transfer independent of frequency results by adding the following pre-emphasis net-

work at the baseband input.

(88)

<3
B IB-

Q|
wn

The network described by equation 838 requires a perfect integrator. This is not re-

alizable but an approximation is adequate to extend the low frequency response to meet the
The pre-emphasis network chosen exhibits the

amplitude response specification at 3 cps.

following transfer function:

% +1
Vm' - S3 (89)
m ‘V + 1
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The zero, W) is equal to G and W was selected to extend the low frequency re-
sponse beyond 3.0 cps. The overall transfer function indicated by equation (90) results:
S

f K %— +1 % +1 K
0 _ “yeo 3 |= Y [s
‘Wo 0

The Bode diagram of the overall transfer function is shown in figure 3.3.1.7.

In a practical sense the loop gain G Cand loop bandwidth (%— + 1)] was chosen

as 50 cps to correct for oscillator instabilities. The compression factor, N,was chosen as
512, thus limiting the allowing modulation index to 512. The phase reference, er, is derived

from the transmitter reference frequency standard. The pre-emphasis network was mechan-
ized as an active filter,

Af
- PRE-EMPHAS!IS
' NETWORK
' -~
: Go Wa= G
Kveo | | \
i I
49 4
1

-+
/ UNCOMPENSATED
/ \
/ COMPENSATED
] ;

/

Figure 33.1.7. F. M. Modulator Low Frequency Response,
Compensated For Carrier Stabilization Loop
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PARAMETER

Vm

Viar
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Table 3.3.1.1.

DIMENSION

VOLTS

Volts
Volts/Volt
Cycles/Sec
Volts/Radian

Cycles/Sec

Radian/Sec

Radian

Radian/Sec
Radian/Sec
Volts/Volt

Volts/Volt
1/Seconds

Radians/Second

Radians/Second

F.M Modulator Nomenclature

DEFINITION
BASE BAND INPUT

Baseband Input With Pre-emphasis
Amplifier Gain

VCO Gain

Discriminator Gain

Output Frequency Deviation

Counter Division Ratio

Closed Loop Cutoff Frequency

Reference Phase
Damping Factor of Complex Pole Pair

Open Loop Real Pole
Open Loop Real Pole
Loop Gain Constant

APC Amplifier Gain
APC Loop Gain Constant

Low Frequency Cutoff Frequency with Pre-
Emphasis

Low Frequency Cutoff Frequency without
Pre-Emphasis

Lar



3.3.1.1 F.M Modulator Components

The F. M. Modulator VCO was designed in a Clapp configuration. The parameters
of this circuit are outlined in Section 3.1 dof this report and are not repeated here. The unit
was designed to exhibit minimum residual F. M However, the oscillator transfer of i

Vm
isinherently non-linear. Therefore, the feedback system described was utilized. The peak
frequency deviation was specified as 500 Ke which dictated a rather low Q, L/C oscillator.
The resultant long term stability was poor, as a result the carrier stabilization system was

used. The closed loop VCO transfer is shown in figure 3.3.1.8.

The loop discriminator was designed as a conventional unit, whereby the slope
sensitivity and bandwidth was tailored to fit the intermodulation and residual F. M specifica-
tions. Initially a very linear, low slope sensitivity, delay line discriminator was utilized.
Unfortunately, the resulting time delay ruined the closed loop response and the unit could not
be used. A limiter precedes the discriminator in the major loop.

The Burr Brown Model 1510 operational amplifiers were selected as the loop am-
plifiers. These units were chosen for their gain bandwidth product and low noise character-
istics.

The feedback divider chain (N = 512) consists of two high speed dividers (designed

for this project) plus cascaded Fairchild integrated circuit DT 1 L850 flip-flops to achieve
the total division of 512.

3.3.2 F. M Receiver

The F. M Receiver Block diagram is shown in figure 2.4.2.1.  As shown in figure
2.4.2.1,the receiver R F. Section includes a low noise input amplifier, selectable passive
filter and limiter. A conventional and phase lock discriminator plus selectable output filters
provide the baseband circuitry. The predetection record and playback circuitry included in
the P. M. Receiver are time shared with the F. M. Receiver.

3.3.2.1  Phase Lock Discriminator AFC Loop

The system static and dynamic specifications dictate that the phase lock discrim-
inator VVCO exhibit a linear transfer of output frequency to baseband input. Therefore, the
phase lock discriminator VCO was linearized by an auxiliary AFC loop in a manner similiar
to that described in the previous F. M, Modulator section by equations (66) thru (77).

A principal difference between the two AFC loops merits an explanation. The trans-
mitter AFC loops transfer function is modified by the narrow band carrier stabilization loop.
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However, the difference in the two loop bandwidths is very large and loop interaction IS not &
problem. The receiver AFC loop bandwidth is variable whereby the largest bandwidth is

300 Ke (at maximum limiter suppression). Therefore, the receiver two loop system posed
a problem non-existant in the transmitter; namely, the AFC loop bandwidth must be
sufficient not to interfer with the AFC loop transfer function. Aside from the AFC loop band-
width constraint, it became evident that the AFC closed loop transfer function should ideally
exhibit a single reatpote-at a much higher frequency than the largest APC loop information
bandwidth. If this precaution was ignored, the AFC loop design would be modified by the
AFC loop transfer function. As indicated later in this section, the loop interaction is still
evident at the 300 K¢ APC loop bandwidth.

The AFC loop reduction in the VCO residual F. M. is examined as follows. The

VCO noise input ID
of the AFC case compared to the conventional VCO is examined The various notations shown

in Table 3.3.2.1 are referenced.

Table 3.3.2.1. F. M. Receiver AFC Loop Nomenclature

NOTATION DIMENSION
ID volts noise voltage at VCO input
f cycles per second  frequency, an independent variable
£ cycles per sec. AFC open loop corner frequency
KP dimensionless AFC open loop gain
veo cycles per volt VCO gain
second
R watts per cycle noise power spectral density at VVCO input
per sec,
Po(f) waltts per cycle noise power spectral density of residual
per sec, F. M. out of VCO.
a 12 watts noise power of VCO output(residual F. M.
with AFC)
0—22 watts noise, power df VCO output(residual F. M,
with no AFC,)
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9 500 Ke
o
a1 = Poct) di

_ f 2
For the AFC case Po(f) =N Io (f)
D (f)
_ K 1+ i/, | 2
Po(f) =N ______;co . 2!
p 1+ d f
K f

1+ (f/fl) 2
S (2 pf1> 2

K
Poiry =N 1;'00)

The upper limit ofthe specified bandwidth (500 Ke) is 3 times smaller than K II

(1.3 Mc); therefore:
2 : f 2
o(f) { ( vCco ) E+ (/fl) ]
p

Substituting equation (102) in (98)

_ ) 500 KC

2 _2n cho) f (1+ f/f J dt
& )

2 K 2 1 (12

2 t |1+1 (L

7)o s ()

P

N

_ ' +5
fl— 1.3" 10

2 +6 K

= 6.10 vCO
T3 (] B
D

For the non AFC case:
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T2? . 21 (kveo) 2 fo 20EY s - 10" (Ko (107)

Then:
2 +6 2 2
K
F. M. NOISE WITHOUT AFc _ 92 _ 10 R (Ko . o (108)
F.M. NOISE WITH AFC - 2 6 10+6 K 2 6
7 ' W vco)
K
Y
The design value o KP is 10
— =16.67 = 12.30B improvement (109)

a

3.3.2.2  Phase Lock Discriminator APC Loop

(AN kphh

0DB

r|

Kp

L

Figure 3.8.2,1 Bode Diagram vCO Correction F. M. Phase Lock Discriminator

o —— - - - —}

Jaffe, L, and E Rechtin, Design and Performance of Phase Lock Loops Capable of Near

Optimum Performance over a Wide Range of Input Signal and Noise Levels, Trans.
IRE IT - 1pp 66-76 March 1955.
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COMPENSATION

FILTER
PHASE, LooP Loop
‘T BET AMP FITER vco L
S8 (T Kom k> JF O Hfireo |-
£:(s)=507(S) |~
6, (5)
Vs

Figure 3.3.2.2. Block Diagram, Phase Lock Discriminator

The loop model is simplified as follows:
[s] U
C-;o = e’ (d\o K K‘*cho>

Where Go is the open loop gain at threshold and oA o is the limiter suppression. The
linearized model shown in figure 3.3.2.3 results.

e(s)= 63(s) - 6(5) .
‘ (s) (5
. 6L + \ Go () - F2(s) L
19560 ~Yg o
Y

Figure 3.3.2.3. Phase Lock Discriminator Linearized Model
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The loop filter time constants, T, and Ty, are listed as functions df the thres-
hold open loop gain, (5 o and loop information bandwith, $, asfollows:

Tv,- s (110)
T - GO/BO2 (111)

The loop filter is of the form:

2 /
Fig = 128 +1 _ By [y, "By ) s (112)
Tis G ofs)
The open loop transfer function is:
2 Y2/ s)
) 90 (S) BO (1 + BO
56 = Co 7 (113)
The closed loop transfer function becomes:
AP,
He -2 ® B0 1. B (114)
H+Ho®) 91 S YT o,
9 * B S+
Bo o

The previous equations are written in terms of phase parameters; however, the
phase lock discriminator is a frequency demodulator. Therefore, the parameters are con-
verted to frequency as shown.

56 i(s) (115)

L) = SOo(s) (116)

The closed loop transfer function written in terms of frequency becomes:
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\F)

o) _ 5Ooe) _ 1. /BS a1
fi(s) 56 i(s) i + E S+1
B 2 Bo
[0}

Equation 117 includes a zero at ﬁ/,Bo which is indicative d peaking in the
overall phase lock demodulator response. Therefore, a second filter Fz(s)Jis added

outside the loop to yield a response determined by the transfer function denominator.

1
F = (118)
2(s)
1
fZ_;BOS+
£ f
2(s) 1(s) 1
— = . F.(s) = (119)
e tis 2 CH CN
BO2 BO
Equation 119 is of the form
1 (120)
_.SE 2€ s + |
w2 Wn
n
Whereby w = B and £ =_¥2 = 0.707 (121)
n O >

The specified parameters include a no noise loop gain sufficient to constrain the
loop static phase error to+ 10 degrees for a transmitter determing of £500 Ke. The mini-

mum loop gain is:

G- Af _i1g.107 1 (122)
9 se sec.

The no noise open loop gain (3 was designed as 3.14 s 10+7 ';"ec yielding a

static phase error of 5.7 degrees for 500 Kc¢ of transmitter detuning.
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The limiter suppression factor8 ok is defined as follows:

1
Ko = T¥4 (N7s) (123)
T i

The ratio N/S is the ratio of the predetection noise bandwidth to the two sided loop noise band-

width @2 Blo)' The predetection noise bandwidth is established by the receiver input filter.
The two sided loop noise bandwidth is defined by equation 124, whereby H, . is the closed

(s)
loop transfer function at minimum loop gain.
4+ ©®
=1 2 -
280 = 3 [ - |He do = 3.33% (124)

Three loop information bandwidths (fo) were specified, 3 Ke, 30 Kc and 300 Ke. The cor-
responding two sided loop noise bandwidths (2 Blo) are 20 Ke, 200 Kc and 2 Mc. The largest
bandwidth input filter (3DBB. W of 1.0 Mc) determines the predetection bandwidth. The cor-
responding limiter suppression factors (eX ) are 0.15, 0.36, and 0.7.

In summary, the loop information bandwidth, loop gain, predetection noise band-
width and loop two sided noise bandwidths were specified. The loop filter time constants and
limiter suppression factors were computed.

3.3.2.3 Module Designs

This section includes the principal F. M. Receiver module design considerations.
Modules designs that have been described in previous sections and are used in the F. M. Re-
ceiver are not repeated (phase lock discriminator VCO, feedback pair amplifiers). By the
same token, module designs common to both the P. M and F. M Receivers that have not been
described previously are listed in this section (low noise R. F. amplifier, limiter).

3.3.2.3.1 Input Filter and Amplifier (Code 405)

This module includes the low noise input amplifier and replaceable 50 Mc band-
pass filter. Two low noise amplifier stages comprise the module input circuitry. The unit
exhibits a 4DB noisefigureandcontributes 30 DB of gain. The receiver noise figure (aside

8 Davenport, W.B. Jr. Signal-to-Noise Ratios in Band Pass Limiters, J. Appl. Phys. ,
Vol. 24, pp. 720-727, June 1953.
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from oscillator stability) influences the trangmitter/receiver pair residual F. M. discussed
previously. The noise figure determines to some extent the magnitude of the receiver self
noise and hence the ratio of SN Summer noise and receiver self noise.

The first of the two lav noise stages employs a matching transformer to match
the sorce impedance to the transistor inpat impedance. The input circuitry is outlined in
figure 3.3.2.4.

-4—13
\ (g

R E ;é LW Z,
i T

o

-0 O —o
y |*%¥a| oy Yo
- 0 -© O

Figure 3.3.2.4. Low Noise Amplifier Input Circuit

The input circuit is designeagto yield a minimum noise figure. The transformed source ad-
mittance (YS) and transistor input admittance (Yd are comprised of real and imaginary
components as shown by equations 125 through 128.

Y, = g, +ibs (125)
Yin= 8, *ibin (126)
Yo+ Yin = (€, +8,) + (bs «jbin) (127)
Let jbs +jbin = ¢ (128)
9 "Principals of Noise", page 145 by J.J. Freeman.

3-104



Assuming correlation between the transistor base and collector noise generators,
the noise figure can be expressed as follows:

N.F. = 1+Req. é—(gs +gin)2 +((~3c - G‘")zj (129)
gs

The coefficient, @5 is a function of the correlation between the base and collector noise gen-
erator and Req is an equivalent noise resistance referred to the input. Note that the noise
figure is minimized not only as a function of gs (the source conductance) but also the total
susceptance,c. For minimum noise figure, ¢ must be positive (capacitive) and equal to T,
Experimentally, the latter characteristic was verified as the minimum noise figure was
achieved when the input circuit was detuned from center frequency(so Mc). Aside from the
characteristics listed, collector to base feedback was added to the input amplifier to increase
the amplifier bandwidth at a sacrifice of 0.5DB in noise figure.

3.3.2.3.2  Limiter (codes 408 and 409)

The F.M. R. F. Receiver sectibn includes two cascaded limiters each with a
limit range of -30DBM to ODBM. The basic diode limiter circuit is shown in figure 3.3.2.5.

Figure 3.3.2.5. Basic R.F. Test Console Limiter Circuit
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The resistor R, is large compared to By and Rg such thatthe current through R, and R3 is
supplied by a constant current source. In the absence of the input voltage (em), the current
thru Ry is evenly divided between R, and Rg. The input voltage, e turns diode, Dy, onand
off; therefore, the total current (il +i2) either flows thru R’3 or is evenly divided between R2
and I$. The peak-to-peak limiter output voltage (limit level) is (V/R 'Rz)' The diode's dy-
namic resistance establishes the limiter insertion loss. 1

The basic limiter circuit and feedback pair amplifiers are arranged as shown in
figure 3.3.2.6. to form a limiter module. Each amplifier gain is designed to absorb the pre-
ceeding limiter stage's insertion loss and maintain the limit range. The limiter stagesare
driven and loaded with emitter followers to minimize insertion loss.

O—juwmuter |[— Aavp  |—tiMiTER |[— AMP |—LiMmITER—O

Figure 3.3.2.6. R. F. Test Console Limiter Configuration

The amplifier gain gradient and limiter insertion loss gradient was carefully de-
signed such that each amplifier's maximum output level is limited well below amplifier sat-
uration for a limiter signal input dynamic range of -30DBM to 0 DBM. This simple precau-
tion minimized the limiter A M. to P. M. Conversion. Test results revealed that the ampli-
fier exhibited excessive phase shift if operated near saturation. The basic limiter yielded
eight degrees of carrier phase shift over a 30DB dynamic range of input signal at 10 Mc and
fifteen degrees over the same dynamic range at 50 Mc. The broad band limiter exhibited a
constant group delay (linear phase shift) from 5 to 15Mc and 45 to 55 Mc at all carrier input
levels within the power range df -30DBM to ODBM.

3.3.2.3.3 Phase Detector

A basic broadband power phase detector was developed for the R F. Test Con-
sole. The unitwasused at either of the two system frequencies of 10 Mc and 50 Mc. The
unit was designed to exhibit minimum drift and offset voltage. A simplified diagram of the
circuit is shown in figure 3.3.2.7.
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—
€, UTPUT
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Figure 3.3.2.7. Basic R F. Test Console Phase Detector

The simple arrangement shown chops the input signal spectrum at the reference rate. Mathe-
matically, this arrangement provides g means of multiplying the signal spectrum by the refer-
ence. The resulting terms at the output include a voltage proportional to a constant multiplied
by the differences between the signal and reference phase angles. The bipolar switch was
mechanized as two diode quads driven from a reference transformer. Opposite ends of the
signal transformer are alternately shorted to ground (at the reference rate) through terminat-
ing resistors. This precaution yielded a broadband unit as the signal transformer is terminat-
ed by its proper load resistance over an entire cycle of reference voltage. A simplified
schematic diagram of the phase detector is shown in figure 3.3.2.8. The basic phase detector
was used in the P. M. Receiver at 10 Mc and in the F. M. Receiver at 50 Mc.

3.3.2.3.4  Discriminator (Codes 403 and 403A)

The F. M. Receiver includes two types of discriminator. A conventional unit
was used in the phase lock discriminator AFC loop and a delay line discriminator was utiliz-
ed as the open loop demodulator. The delay line discriminator is more linear (at a sacrifice
d slope sensitivity); however, the time delay contributed by the coaxial transmission lines
resulted in excessive transport lag. As a result the unit was not suitable for the AFC loop.

A simplified schematic diagram of the conventional discriminator is shown in
figure 3.3.2.9.

The unit exhibited a slope sensitivity of 1.7 Mc/volt and a 9 Mc bandwidth.
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Figure 3.3.2.8. Simplified Schematic Diagram
R. F. Test Console Phase Detector
g ©
fiu ‘ l
L J

Figure 3.3.2.9. Conventional Discriminator



The delay line discriminator is shown in figures 3.3.2.10 and 3.3.2.11. Both
the phase splitting and the development of quadrature voltage is accomplished with a delay
line. The /2 section of line provides out of phase "'sampling" voltages while the M4

section provides the quadrature voltage to be sampled. The peak detecting or sampling diodes
are connected as in a conventional phase detector.

The discriminator characteristic is computed for sine wave inputs using the labels
of figure 3.3.2.3.8.  The phase shift at points B and C are

b = 7i/f, b = %—*ﬁﬂ (130)
0

moreover, the voltages at A, B, and C may be written as:

VA = coswt (131)
Vg = COs (wt - 4)B) (132)
Vo = cos (wt - Q)C) (133)

The first peak detector has an output proportional to the difference between Va and Ve

V,.c = Cos wt = cos{wt = (PC) (134)
The second peak detector has an output proportional to the difference between Vg and Ve

Vg.o = cos(wt - ¢B) - cos (wt - ¢c) (135)

Equations (134) and (135) can be reduced to the forms

Vo = -23in(vvt-q>§) sinq)c/2 (136)
2

Vg = -2sinW-9g -0~ ) sin (P - 0p) (137)
2 2 2 7
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Thus one detector will have an output nearly equaltothe peakvalue of Va_ (Vl) and the other

a value near the peak value of Va-c (vz),
v, - s, (138)
V, = sin (4’0_ - ¢_B— ) (139)
2 2

The detector outputs are of opposite polarity being summed with equal weight giving an output

proportional to V-V,

v, -V, =K [sin (Pg - sin(d)g - 4)9)] (140)
2 2 2

Substituting ¢C = (n+1) (DB, v, - V., becomes
2

V1 - V2 = 2Ksin nQ)B cos ¢B (141)
4 4

Using the relation between phase and frequency, B = 180 f/fo,equa.tion (141) becomes:

Vl - V2 = sind45 n f/fo cos 45 f/fo (142)

A plot of equation (142)reveals a linear characteristic of output voltage (V1 - VZ) as a func-
tion of input frequency f. An interesting feature of the discriminator design is that the quarter
wave transmission line may be made any number o quarter wavelengths enabling the designer
to trade off linearity (bandwidth) and slope sensitivity. The discriminator designed in the

RY¥ Test Console includes a half wave and 4 wavelengths transmission line vyielding a

slope sensitivity of 0.4 V,\% and a 3 Mc bandwidth.

3.3.2.35 Phase Lock Discriminator VVCO

The phase lock discriminator VCO was designed in a Clapp configuration. The
Clapp design was outlined earlier in the report in Section 3.1 and is not repeated here.
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3.3.2.3.6 F. M. Receiver Operational Amplifiers

Several operational amplifiers are included in the F. M Receiver output base-
band circuitry.  Specific operational amplifier applications include the AFC loop amplifier,
APC Loop amplifier and various output amplifiers. The Burr Brown Model 1510 and 1560
amplifiers were chosen on the basis of gain bandwidth product, low noise and drift character-
istic.
3.3.2.4 Test Results

The F. M. Receiver test results (aside from the FM Subsystem test results listed
previously) are included in this section. Figure 3. 3. 2. 12 indicates the receiver input am-
plifier phase and amplitude response combined with the 10 K¢ ‘plug in™ filter, figure 3.3.2.13
indicates the response with the 200 Kc filter and figure 3.3.2.14 with the 1 Mc filter.

Figures 3.3.2. 15and 3.3.2.16 show the limiter characteristics of the two F. M.
Receiver limiters. Figure 3.3.2. 16 indicates the phase lock discriminator phase detector
characteristic. Figure 3.3.2. 17 shows the phase lock discriminator VCO characteristic
(closed loop). Figure 3.3.2. 18 indicates the test set used to measure the phase lock dis-
criminator open loop gain. Figure 3.3.2.19 shows the test set used to measure the phase
lock discriminator loop bandwidths. Figures 3.3.2.20 thru 3.3.2.22 indicate the phase
lock discriminator loop amplitude responses. Figures 3.3.2.23 thru 3.3.2.34 show the
phase and amplitude responses of the six F. M. Receiver output baseband filters.

34 LINEAR S/N SUMMER

The Linear S/N Summer was designed and tested during Phase | of this project. The
results of that effort were reported in the Phase | Final Report, Appendixes B and C entitled
“Linear Signal/Noise Summer' and "Linear Signal/Noise Summer Spectral Density Test".
The principal test results reported in Phase | are summarized in Table 3.4.1.

In the course of the Phase I effort, the SIN Summer was repackaged in a Holloway
cabinet. The noise amplifier and noise filter were repackaged in an oven (to diminish re-
sponse variations as a function of temperature) and retuned at 40°C.

The noise amplifier is gain controlled whereby the angle modulated carrier serves as
the AGC loop reference. Variations in either carrier power or noise power results in a
change of absolute signal and noise power from the Summer; however, the S/Nratio is main-
tained constant within the constraints of the control loop. The loop operating point is estab-
lished by the *"Bias Adjust™ control which regulates a DC potential which is combined with the
looperror voltage. Figure 3.4.1 indicates the noise amplifier characteristic of relative at-
tenuation as a function df the bias voltage & different noise amplifier input power levels.
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The typical operating point is indicated by curve three at a ""Bias Adjust"* dial setting of
1.0.

Figure 3.4.2 indicates the Power Transfer of the Noise Amplifier/Filter at an oven
temperature of 39.5°C. The operating point and its relationship to saturation is shown.

The noise preamplifier and power amplifier were retuned at an oven temperature of
39.5°C. Figure 3.4.3 indicates the test set used to align the noise amplifier. As shown,
the dual channel insertion loss test setwas used to accurately measure the noise amplifier
response. This system includes two principal advantages that yield 0.01 db resolution. First,
variations in the input signal are common to both the reference and signal channel and can-
cel. Secondly, the RF Power in both the reference and signal channels are converted to
1Kc tones. Therefore, variations in the signal channel (as a function of frequency) are com-
pensated by precision audio attenuators in the signal channel to achieve a null.  The noise
amplifier response is read off the audioattenuator setting required to achieve null. Initially,
the system is calibrated with the noise amplifier replaced with a calibrated fixed pad. Figures
3.4.4 through 3.4.7 indicate the noise amplifier responses at oven temperature for various
AGC operating points. Figure 3.4.8 indicates the overall noise amplifier/filter 3 db band-
width. The 3 db bandwidth shown was measured in a manner whereby the frequency accuracy
is determined by the crystal controlled frequency synthesizer and the amplitude accuracy by
the Weinschel Dual Channel System.

Figure 3.4.9 indicates the Summer Noise Power Output for various "*Bias Dial Settings®,
The measured Summer carrier power output as a function of carrier power input is also shown.

The Summer is organized such that a narrow band crystal filter centered on 50 Mc can
be cabled in the noise channel. This feature is included in the Test Console such that the PM
Receiver carrier tracking loop threshold tests can be made without overloading the receiver
front end with wideband noise. Figure 3.4.10 indicates the test set used to measure the cry-
stal filter bandwidth. Figure 3.4.11 indicates the filter response.

Table 3.4.1. Linear S/N Summer Test Results

1. S/N Dynamic Range ----=-=-==accn-un 100 DB

2. Absolute Accuracy ===--=""==u-- ----- 0. 156 DB over 100 DB Range

3.  S/NRatio Repeatability ===========-- +0. 024 DB

4. S/N Ratio Stability -===--m=wem-ceeaun +0. 013 DB over 4 hour period

5. Noise Power Spectral Density «~=-=---- +0, 05 DB over, 4 MHz contered at 50 MHz,
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3.5 PHASE NOISE AND TEST INSTRUMENTATION

In addition to the commercial test instruments included in the RF Test Console, the sys-
tem includes hardware to measure the P. M. Receiver carrier tracking loop YCO phase

noise and the P. M Modulator carrier suppression. Figure 2.6.1 is the block dia-

gram of this subsystem. As shown the VCO | Mc output is multiplied to 60 Mc and is down
converted to 10 Mc by mixing with the 50 Mc transmitter reference. The resulting 10 Mc is
phase compared with a 10 Mc reference derived from the P. M Receiver reference oscillator.
The Hewlett- Packard Vector Voltmeter samples the 10 Mc reference and the 10 Mc spectrum
derived from the VCO. The two inputs are reconstructed a 20 Ke by a sampling technique.
The information bandwidth retained is dictated by the Nyquist sampling rate. The 10 Mc
spectral bandwidth (carrier plus noise) is constrained by a 2 Ke crystal filter in the 10 Mc
I-F amplifier. The bandwidth determined by the sampling rate is 10 Ke. The reconstructed
20 Ke waveforms are phase compared with a linear phase detector (set-reset flip-flop and
low pass filter) . The resulting phase detector characteristic is shown in figure 35.1.

The coherent carrier suppression measurement system shown in figure 3.5.2 provides
a means of converting the 50 Mc carrier power to a D, C. voltage. The conversion is achieved
by phase comparing the P, M spectrum with a coherent 50 Mc reference. The phase detector
output is filtered whereby the polarity and magnitude of the D. C. term is a measure of the
30 Mc carrier power as dictated by the J | Bessel coefficient.
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APPENDIX A

Specification

Submitted as Part of the Firal Report
for RF Test Console on JPL Contract 951140

Date: 2 May 1967

Prepared by: Westinghouse Electric Corp.
Surface Division
P.O. Box 1897
Baltimore, Md. 21207
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10 Appendix A includes the correlation between the R. F. Test Console speclfications and
measured data. The material is presented in order of appearance in the Specification (Third
Revision), Only the specific specificationsand test results are listed. The boiler plate

(paint specification, etc. ) and peripheral data B not included in this document. The simplified
block diagrams listed in the original specification are included in Appendix D and are not
repeated in this document.
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2.

3.

Frequency Stability

P. M. SUBSYSTEM

Principal Specifications & Test Results

The frequency stability of

both the transmitter frequency
source and the receiver reference
oscillator shall be as follows:

a

b.4. 4 partsin 10

Phase Stability

Fidelity

Ae

+ 1rad

+ 2 rad

+ 4 rad

+ 4 rad

+ 4 rad

+ 1lrad

MEASURED

2.3 parts in 10 °

9

0.25 RMS in 2 BLO a 3.0

cps.

P q E‘ombinations of—]

[p and q
10ke  9ke
ODB ODB

10ke 9kc
ODB ODB

10kec 8kc
ODB ODB

100ke 90ke
ODB ODB

500kc 450ke
ODB ODB

1000kc 900ke
ODB ODB

Worst Case

-46.5 DB

-49 DB

-44 DB

-39 DB

-45 DB

-34 DB

SPECIFIED

a. Each shall have a shortterm
stability measured over a
one-minute period of 1 part
in 107,

b. Each shall have a long term
stability measured over a four
hO%Jr period of five (5) parts in
107,

The phase stability of the unmodulat-
ed Tx/Rx pair shall be such as to
cause no more than one degree rms
phase error in 2BL of 3.0 cps.

The fidelity of the Tx/Rx pair shall
be such that all spurious sidebands
within the modulation passband are
30 db (40 db design goal) below the
modulated carrier or 40 db (50 db
design goal) below unmodulated
power when the transmitter is
modulated with two pure sinusoids
of any frequency and at modulation
indices within the phase modulator
design limits.



Carrier
Freguency

Frequency
Response

Phase Deviation

Deviation

Linearity and
Incidental AM

P, M. TRANSMITTER

Principal Specifications & Test Results

MEASURED
50 me/s +500 cps
+0, 1DB DC to 500KC/s
+0.4DB DC to 1.0MC/s

k3.0 Radians DC to 500 KC
+1,0 Radian DC to 1.5 mcs

See PM Tx/Rx Subsystem
spec.

SPECIFIED
50 mcs Tunable £500 cps
+0. 1db DC to 500 KC
40,5 db 500 KC to 1.5 mcs

i3.0 radians D. C. to 500 KC
+1.0radian D.C. o 1.5 mc

See PM Tx/Rx pair Spec.



A-4

Frequency
Response

Per Cent
Modulation

Modulation
Linearity

Incidental P. M.

AMPLITUDE MODULATOR

Principal Specifications & Test Results

MEASURED

+0. 1DB from DC to 10KC,
3DB Bandwidth greater than
1MC.

100 per cent

Two equal tones applied within
5KC band. One hundred per
cent peak modulation index.
Worst inband intermodulation
-26DB with respect to either
of the two equal tones.

P. M,, measured in RCVR
carrier tracking loop

[1-H(s)] when AM modu-
lator 50% modulated, less
than 1degree peak to peak.

SPECIFIED

+0. 1PB from D. C. to 5. OKC.

150 per cent in voltage.

5 per cent
1per cent (design goal)

Compatible with Phase Stability Spec.



P. M. RECEIVER

Principal Specifications & Test Results

Carrier Frequency

Input Amplifier

a.  Bandwidth

b. Phase Linearity

C. AGC Range

Narrow Band IF

a  Center Frequency

b. Bandwidth

c. Phase Symmetry

Wideband IF
a. Center Frequency

b. Bandwidth

c. Phase Symmetry

Wide Band Phase
Detector

a Video3db
Bandwidth

b. Dynamic Range
c. Fidelity

MEASURED
50 MC

3DB BW, 12 MC/S
56.20 - 44.17 me/s

0. 5DB BW, 4.35 mc/s
52.27 - 47.92 MC/S

Maximum Flat Group
Delay

30 DB

10 mc/s

10 MC/S + 1,050 cps
10 MC/S - 1,080 eps

+5° Phase Symmetry

+3,5 KC of center
frequency

10 MC

6.8 MC (3 DB) +0. 5DB
+2.2 MC - 1.6 MC of
center frequency

15 Degrees over 6 mc/s

passband, geometric
symmetry

5 mcs
50 DB (Min)

See subsystem
Linearity Spec.

SPECIFIED
50 MC

3db B. W. 10 mcs min. flat within
+ 0.25 dbwithin £2 mc of 50 mcs.

Compatible with P. M. Subsystem
Linearity Spec.

30db

10 mcs
2 KC (3db) Centered on 10 MC

15" for frequencies
1 KC of center frequency
(x 6 KC Design Goal)

10 MC
6 MC (3db) +0. 5 db within 1.5 mc
of center frequency.

+ 5 degrees over 6 mc passhand.

5 mc
40 db

Compatible with P. M. Subsystem
Linearity Spec.



Carrier Tracking Loop

a No Noise Loop Gain

b. Loop Bandwidths

2 BLO

Cc. Loop Filter

d.  Loop Gain
Stability

AGC Loop
a  Min. Loop Gain

b. Loop Noise Band-
widths

c. Loop Filter

Predetection Record
and Playback

a. Record

b. Playback

Balanced Modulators

P. M. RECEIVER (Continued)

MEASURED

O 6 =2" for Tx de-
tuning Af,1 000 cps

2.7, 11.3, 19.3, 48.6¢¢»
1%Res.
3% Cap.

+3% over Tx Tuning
Range

20

0.1, 1.0, 10cps
0.1 not measured

1%Res. 3% Capacitors

Yes
Yes

2fl - fr =-40DB

All other products
greater than 60 DB
below the desired output.

SPECIFIED

Constrain Static Phase Error =1
Degree Transmitter. Detuning
+500 cps

3.0 12.0 20.0 and38.0 cps, vari-
able 1.0 cps = 1KCs

Active and passive, 1% resistors,
3% capacitors

+3% over transmitter tuning range

20
.01, 0.1, 1.0 and 10cps

Passive, 1%resistors
3% capacitors

P. M. Spectrum down converted to
50 mcs

Recorder spectrum up converted
to 50 mcs

All spurious and feedthru products
50DB bkelaw the desired output.



Phase Noise Instrumentation

Principal Specifications & Test Results

MEASURED SPECIFIED
Phase Shifter Cent_er frequency, 10 MC Center frequency, 10 MC continuous-
continuously variable ly variable 0-360" Dial Calibration

0-360" Dial Calibration Accuracy + 1 degree
accuracy 1 degree

Lineary Phase One per cent over 300 Binary Divider and Limiter Rise and
Detector Character- degree Range[Binary Fall times specified not applicable
istic dividers not used] to Subsystem built.
E V 9,
o 's in
A-1



) EM. SUBSYSTEM

Principal Specifications & Test Results

MEASURED SPECIFIED
1. Frequenc Puoigf; CONVEST AL
Stability LQc:L ek The frequency stability the FMS
AFC Tx/Rx pair shall be such as to cause
Tx |77.5cps | 69 cps |100 less than 15 cps RMS residual F. M.
KC with the Tx operating in the AFC
Non |88.2 cps | 69 cps BW Mode and 60 cps rms residual F- M
AFC in non/AFC mode measured in
T either conventional or phase lock
500 KC/s B.W. receiver in a 500 KC bandwidth.
AF,,,(_: Phase Lock Conv. \
1A RX m‘
Non 165 cps 195 cps
AFC
Tx 170 cps 211 ¢ps

2. Static Within 0. 5 percent, Phase The Tx/Rx pair shall exhibit a

Linearity Lock Rx, Conv. Rx static linearity of +0. 5 percent
over the full-scale frequency de-
viation with the non/AFC Trans-
mitter and either receiver above
and beyond the inherent sinusoidal
phase detection non-linearity.

3. Dynamic The Tx/Rx pair shall exhibit a
Tinearitv dynamic linearity of 1.0 percent
- over all combinations of modulating

frequency and frequency deviation
in both AFC and non/AFC trans-
mitter modes and with either re-
ceiver above and beyond in inherent
AFC Tx |-44.5DB | -43DB sinusoidal phase detector non-
linearity
Non -43 DB | -42DB
Noise Loading Results Slot Ratio not specified
RMS Deviation = 67 KC
Phase Conv.
Lock Rx
AFC Rx

T -41DB -41DB

Non - -
N [-4iBR | -41BB
Tx
Slot Ratio

A-8 .y
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Frequency
Response

Freguency
Deviation

Deviation
Lmearlty

AFC Operation

F. M. Tx

Principal Specifications & Test Results

MEASURED

£0. 1DB,50 cps to 100 KCS.
+0. 5DB, 3 cps 10 50 cps and
100 KC/s to 500 KC/s

+ 500 KC

B =512in AFC

Refer to FM Subsystem
measurements

3 ¢ps - 500 KC AFC
DC - 500 KC Non AFC

SPECIFICATIONS

The frequency response of the fre-
quency modulator shall be constant
with 0. 1db from 50 cps to 100 KC
and £ 0.5 dbfrom 3 cps to 50 cps
and 100 KC to 500 KC.

The modulator shall be capable of
deviating the carrier £500 KC about
its center frequency with a maxi-
mum modulation index of 512 in the
AFC mode.

Refer to FM Subsystem Specifications.

The F. M. Transmitter shall be
capable of operating either with or
without automatic frequency control.
In the AFC mode its modulation re-
sponse shall be from 3 cps to 500
KC and in non/AFC from DC to

500 KC.



F_M. RCVR

Principal Specifications & Test Results

MEASURED

1. Input Band Pass Filters a.50.0 MCS+0.526 MC/s
50. OOMCS - 0.454 MC/s

b. 50.0 MCS+ 0.100430 MC/s
50.00MC/s - 0.098660 MC/s

c 50.00MC/s +0.005109 MC/s
50.00MC/s - 0.005100 MC/s

a. Phase Response Max Flat Group Delay
b. Amplitude Response Yes
2. Limiter

a. The Dual F. M. Rx
shall contain a hard
limiter following the
input band-pass filter
with the following
characteristics: AE = 60DB

AEOUT =1 DB

3. Conventional F. M. Detector

See F. M. Subsystem
Tests

4. Phase Lock F. M. Detector

a VCO Yes

A-10

SPECIFIED

The Input Filters shall
have half power bandwidths
within +2 percent of 1 mc,
200 KC and 10KcC.

The filter's phase response
shall be linear as established
by a Bessel Response.

The Amplitude Response
shall be established by the
3 db bandwidth and the
phase characteristics.

The limiter shall have a
dynamic range of 60 db.

The Dual F. M. Rx will
include a conventional

F. M. Detector with per-
formance characteristics
consistent with the F. M.
Subsystem frequency
stability and static and
dynamic linearity re-
quirements.

The VCO center shall have
a center frequency of 50
mc.



b. Phase Detector

Cc. Loop Gain

d. Loop Filter

e. Compensation Filter

Output Low Pass Filter

The Dual F. M Rx shall

include a single low-pass
output filter with the fol-
lowing characteristics:

MEASURED

See Subsystem measurements

See Subsystem measurements

3DB Video Bandwidth 4.94 MC/s

9.2" for input
A f =500KC

Measured match computed ex-

cept £, =300 KC,Transport lag
introduces deviation from com-
puted response/for fy, of Zecke

5 pole max, flat Amp. 5 pole
max. flat group delay 1, 10, &
100 KC/s Supplied

SPECIFIED

The deviation capability
shall be consistent with
the transmitter modulator
characteristics.

The static and dynamic
linearity and stability shall
be consistent with the F. M.
Subsystem Specifications.

The phase detector band-
width shall be consistent
with the Tx modulator fre-
guency response. It shall
be of sufficient fidelity to
meet the subsystem dynamic
linearity requirements.

Sufficient to constrain
static phase error to 10
degrees when Tx deviation
is maximum (500 KC).

Three standard loop infor-
mation bandwidths of 3,30
and 300 KC shall be supplied.

A single pole R. C. low

pass filter shall be employed
at the loop filter output such
that the overall phase-lock
F. M. detector transfer
function is that of a pure
loop.

The output filter shall have
more than three poles and
shall have either maximally
flat amplitude or maximally
flat phase response. Filter
bandwidths of 1, 10and 100
KC shall be supplied.

A-11



6.

Predetection Record and
Playback

a. Record

b. Playback

A-12

MEASURED

Yes use same hardware as in
P. M. Rec.

Yes use same hardware as in
P.M. Rx

SPECIFIED

F. M. Spectrum down con-
verted to 5 mcs.

Recorder Spectrum up
converted to 50 mcs.

RV
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Dynamic Range

Noise Bandwidth

Over All Abolute
Accuracy Over A
Four Hour Period

Noise Power

Spectral Density

SIGNAL TO NOISE SUMMER

Principal Specifications and Test Results

MEASURED
0-100DB

Within the bounds +0. 05DB,
48 = 52 MC

S/N Ratio accuracy,

+0. 156DB over 100DB dynamic
range, S/N Ratio repeatibility,
+0.024DB, S/N Ratio Stability,
+0, 013DB over 4 hr. period

Within the bounds 0. 05DB From
48 to 52 MC. Measured {n 500 cps
B.W. in 2 KC increments from
50.01 t0 49.99 MC. Meusured in
5KC BW in 20 KC increme *s
from 50.1to 49.9 MC. Measured
in 50 KC B.W. in 200 KC incre-
ments from 48 to 52 MC

SPECIFIED
0-100DB

£0. 05DB from 48 to 52 MC

+0, 3DB

£0. 05DB from48 to 52 MC

A-13/14
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