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I, F.M. Transmitter Requirements

This Teport :!2.*; in response ‘to Contract Ne. 9501L); Statement of
~1;105::1: paFagraph 8. @aién parameters are estabiished for linear frequency
modulation of a locked oaéillati;}?in accordance with the simplifisd
diagram of figure 1.

A;v Conclusion

Ehe, F.M. Transuitter specifications are state-of-the-art,|

@m dgsignar is confronted Aﬁth« the problem of\ attempbing to solve the
problem with gonveﬁti’onal technigues, whereby the required hardware iz
by necessity at or bayond the state-of-ﬁhe-alrt;] The alternative i.s to
-,seleot‘ a systen that offers both basic advanta'lgea and unfortunately
i:asic risks. The lockéd oscillator Hequency.Modula%or repregents such
a choices The degree of risk is minimized by computation which preve
- that the- syg'i}em is feasible. In the final anal;y's:f;s, the system per-
formance is dictabed by the correlation betm;en‘ haz'-dware performance
and computaiicn. '

» |The system outlined in this report is feasible provided that
1) A VGO ean be fa'b:r,i;:ated_ that exhibits the specified residual F.M.
and linearity 2) a phase debéctor with a linear transfer of output
hvoltag\e +to :mpnt phase :@s used 3) a count down divider is used in the
’feédbag:lé channel to c;mgtrasn the phase deviation within the linear
‘limi‘ts‘f’of the phase asbéctor. L) The modulation index and the division
of the feedback counter ave matched such that the linsar range of the
phase detector ig not exceeded 5) a'realizable. compansation network
wi;ose t:;anséér function is thé inverse of the transfsr of fraquency
output to pre diz;tcmt the baseband modulabion,

-
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B. Summary of Specifications

'

" Reference JFL Spec. No. GPG-15062-DSW

1~.’.‘ B Operapionsl Modes. The RF test consols shall centain a
widel?an& E‘M 'bransmit!;ez-' capable ofloperg'hing in either AFC
or gon-‘A,ﬁ?S modes,. ané both conventional and phasa-lock FY
demodulations. ]

2 Fr;qu;zucy S‘l':abiIi‘by. The frequency stability cf'i.he b

,tra,nsmittgx\-receiver pair s}zale_ be such as to cause less than
15 cps rms residusl MM with the trenmmitter operating in the
AFC mode, and 60 cps mms residzal T with the transmitter in
+the non—AiTC ode, measured at the. outéu*b of either the conw
ventio@ or phase lock M receiver in a 500 kc bandwidth.

"3 ‘Sta‘bié Liﬁeéx;iﬁ. The transmitter-receiver pair shall exhibit
e.‘sta'bic‘ linearity of + 0.5 percent over the full-ascale fre-
‘q}tency. deviation with the non-AFC transmitter and elther re-
de‘iver.

be an_a_n;_ic‘ linsarity. The transmitter-receiver pair shall exhibit
a dynamic linearity of + 1.0 perceﬁt over all combinations of
modulating frequency and frequency deviation in both AFC and

. non-AFG itransmitter modes and with either receiver.

5. Frequency. The transmitter center frequency shall be exactly
~56 Mc and shall be‘continumsly tunable + 500 cps about this
freqguency by manual control. .

‘6. Power '.Ou'bgu‘b. The transmitter power oubput shall be sufficient

to drive the signal/noise mixer.

fa
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Frequency Response. The frequency responsa of the frequency

modulator shall be constant within +. 0.1 db from 50 cps to
100 ke and+ 0.5 db from 3 cps to 50 cps and 100 kc to 500 ke,
h'equency Devigtion, The mod.ulator shall be capable of deva.ating

the carrier * 500 ke a.bout its cen‘ber frequency with a maximm
modulation index of 512 in the AFC mode.
Deviation Linearity. The characteristics of the frequency

modulator shall be sufficientlyl linear to meet the static

and dynamic linearity reduirements of par. 3.5. 2.1.2 and
3.5.2.1,3, JPL Speé. 15062,

Tneidentsl AM, I«nci;lental amplitude médulation due to fre~
quency modulation shall causa no more than 2 0.1 db envelope
distortion under the most sevefe conditions.

AFb Operatior¢ The FM transmitter shall be cépable of opera‘bing
either with or without autématic frequency comtrol. In the

ArC mode its modulation responses shall be from 3 cps to 500 ke,
and in the non AFC mode, from de to 500 ke

Amplitude Modulator. The FM Transmitter shall contdin a narrow-
band amplitude modulator m‘hh chara’.cte;',istics identical to that
in the PM trmamitter as specified‘in 3.5.1.2.5. JPL Spec.
15062,

Bandwidth. The overall FM Transmitter bandwidth shall be conw

sistent with the above performance specifications.

" Transmitter Reference Ouiput. The TM tzar}szui.tter reference cutput

shall be identical to that for the T transmitter.



Ca Design Objectives .

l.l _P;e_a_k Fne'gAuenqx Deviation
The peak f;.-equsncy Aaviation of the VCO and driving smplifier
mst be 0.5 nc.

2. ﬁael'itz Allocations
The s:hatic and dynamie linearity allocations are given for the
l'X/RX pair as * 0.5 percén’c and * i.dpercent respectively.
The transmitter and recelver are designed separataly. The

allotted error will be equally divided betwsen the TX and RX.

3. Phase Lock B Trensnitter Loop Characteristics
e APC Loop Transfer Function

The transfer function of frequency outpub to modulation input
will be of the form:

The baseband pre-distortion will be of the fam:

g 2&
Cesy=- B |l ga+gs 4
N ) .-—_-‘-é_;__—._- 3
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‘whereby the canbinqd'f?eq\%encyhresi)onee of the pre~distortion
network and ldc;céd oscillato:: srill be.x 0.1 db from 50 cps |

40 100 ke and + 0,5 db fram 3 cps £0'50 eps and 100 ke o 500 ke,
be. QC;_:rTransgort Lag

o Nét-ﬁyplicable to narrow band loop

Co * & Loop Multiplier Reference

48 ; e
50,10 [512 9745 ke . (Maximom Reference Frequency)
d. | APC Loop Rejection at 97.5 ke with respect to modulation.
. R T -GOBR
e. ¥O.
Peak frequency deviation £ 0.5 mes,
Sensitivity - 2,10*6 cycles
: volts sec.
Linearity 0.5%
Output carrier frequency 50 Mes

Q 200
f. Phase Detector

Linearized (Sawtooth) characteristic Phase error Range 1 77 Radians

Tinearity 2%

Sensitivity 1 volt/radian
. ge D.C. Amplifier’

Gai,;l 20 &b

Line?arity 0.1%

Voltage -Output Range :_ 10 volts

Equivalent Corner.Frequency JoMCS,
Drift 200 uV/r.
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APG Loop Filter Traafer Punction

-Q(S): ?’3‘_51.’. .
' ) 2|,‘S+/‘

Téedback Frequeney Divider Batio

¥ = 9 {Minimm)

. AFC Loop Filter Tra.ns:t‘er anctlon

F{s)=

=, s)(w Sy
AFC Open Loop Transfer Funchion
_Ke

(w 41)( -il)

AFC Closed Loap Transfer Function

GisY =

Fis)= <k,,n><w><w,+__w)

AFC Open Loop Gain

- VoLTs VoLTs mc
Kla . k?h Mc L. 'Ka( V_“DLT l(VCD Voot

- VoLTS voclrs Me -cp
Yo 0,25 e ° 10 Seor " 2 oo

Note: The AFC amplifier gain 100 volts dis attributed to

volt
'lmo loop amplifiers. One gmplifier is coaumon to

both the AFC and APC 1o0p.

Discriminator
- Iinearity 0.3%
Gain 0,25 volts/mes
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Ii. AFC System

The TX/RX pair specification states that the RMS residual F.K.
ba no larger than 15‘ cps measured in & 500 ke racei"msr bandwidbhe
The residual Fﬁ is re‘lated to the baseband noise nepsursd at the receiver
output 2s the ratio of $2 5P or ‘sprroximataly -0 db, Transmitber-
VCO instability 15 one contributor %o the sysvem restdusl F.H.
Specz.i‘:.cally the :Arift, rate of the transmitter VO contributes to the
hoisze spec‘brum measured at 'Ehe RX output. The AFC gystem in the
usual : ‘senge is intended o improve
thé stabi]i“ty ;'zhaz:act‘eria'bics of the devisble osciliator. Gonswer tha
system ‘outl:?.ned in figwe 2.

8y

] | Loo® Loo# v
DISCRIMINATOR AP cugEe <o

K

FIGURE 2.. BASIC AFC SYSTEM

B
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A simplified frequericy model of this system is indicated in figure 3.

Ry
. ! \\ Yo FD(s)
| vets B Kx :/{o%& Fis) w1 e »
ME N vout

FIGURE 3, SIMPLIFIED MODEL, AFC LOOP

.

e is listed in equation 1
By

‘The transfer function -

Kot Yep F (5D

F,
—2(8)¢=
By ) T # K K !(u:c F(S). 1)

Let  Kp (position ‘eonstan‘f) = Ky Ku Yo

— (s = e (2)
By Km | I F o
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The TX/RX amplitude responss is specified as * 0.5 db at 500 ke.
‘Assums that 0.1 b droop is.allotted the M Transmitter. Therefore, in
equa.tion {2) 1t 4 is substituted- for s, the transfer /& o) / must

not drdop more tha,n 0.1 db as jw becomes 10 7T rad..
‘gec.

(A, AFC Loop Synthesis
The closed loop Butberworth response synthesis developed during:
Phase Ima.y be of value. The synthesis affords a convenient technique
, for selekctin‘g the open lotp poles and _ga.in such thait the closed loop
poles £511 on é semi circle (cut off i‘requency) in the s plane. The
open loop poles and gain are determ:med as a mnc'bion of closed loop
cut off frequency and damping factcrr. A three pole Bu'bterworth closed
loop response is assmneﬁ. The closed loop transfer function is of the
form indicated by equation 3..

‘ N
F(s)= ( _En“)(fw_; - %sﬂ) (3)

The open loop transfer function is listed by equation 2. Let F(s)

of ‘equation 2 become

Fis) = -
$ ('SUZ’* 25,%‘) W
Let K =i
i (s) |
=2 5= ()
B Sl B

&

=10=



If equations (3) and (5) are exparided and equated, equation 6
‘results

s34 LSRR, —

o (2€+1)s + 5 (284)s 41 = )
5> 26, ., 'S
— -+ pands S 3 Eaond
Kp,wh:'. . Koith, Ko *+

Equating the coefficients of like powers of s, the following is
evident.

) . 3
Kp wn;"' Wea 1)

o W, w2

L= 8
28, ‘ 2E4+ | ®

Koo 52 ®
The .open loop paraiﬁéters of interest are listed as follows:
Ke = » g‘;‘:_‘l"' (10)
= i VEERT ()

g,z Vg4l (120
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Il‘he closed loop resonant freguency (cr closeci loop filter ont off
froquency) i specifisd by the sllobted awplibude droop at 500 ke
A three pole Butterworth exhibits 0.1 db amplitucxe droc)p at S0C ke if
M ¥s 1 mes ( Wy w2 To1070 Yo mn-ther, the cloged loop damping, £
of g three pole Buttemorth i5 defined as 0.5‘ Therefore,

Ly, +6
Kos —Zw = 97
BT 2E4 elo a3)

} = :IT‘F‘/A(; Yad
nVzert = f2am e (3l

&= Yag4l = o,707

2

(15)

+6
-As indicabed by equation (13) the open loop gain st bs T1e/2

untortunately, this is unrealizable. Thersfors, a realistic synthesis
must list a realistie lo;>p gainv as a constant and allow the other para.
méters'to become. dependent of the selected closed loop cubt off:freqency
and: I;)op; gain.
A practical open loop gain is listed by ecuation 16.
Vm.r K Vat.T " 1(v:a we

= Pl e
K'FQ . Km e vm.( VoL

Ny -Iao -2 16)

~12-

15
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The diseriminator constant is based upon a linsar delsy line dls~
criminator used previously. The gpen loop transfer function is of the
form 14 bed in equation 17,

ke : {
s A% o e o
(L%l.“,i‘)<"-—‘-’7w+ ') ’ Kﬁ(%,”)(é‘@;‘!- w-h?), })

G(s)'= )

The. 1oop filter FlS) is comprised of real po‘.Le at w, anda

double pole at u}H; . The closed 1oop farm ist

O -
R = 7 608y, L s st o,z (18)
‘ ‘ 2o ( &1( L;;‘:"g;;ps+!)+i
|
Fls)= : N (i9)
YpW;wl (w‘whb >S +Kp lu, L )S"V*‘

The cloé‘eduloop response required (three pole Bubterworth) is of
‘the" forms

1
Fls) = {20)
(«VP“)(%*')( o '—ES ’+'>




Lol s ot
{3}.) LA »;"Ai“

T peed

{
Fls) = (21
RTINS ,(,,nx”*')s (N CE ek

(K

Equating coefficients of like powers of s of equations 19 and 21

the following reswltss

(Ko+) wmwn> = 2 (22)
;2 .
i * nz) = G (35) @

(** * w) (¥ *')(””) (2h)

The apen Loop ga:.n, ¥p 4 1s 50 as outlined earlier. The
closed 1oop demping, gy 0f a three pole Buttemorbh is 0.5, The open
loop poles in terms of the closed Loop cub pi‘f i’requency W, wers

compubed as ‘follows:

WE 2 W~ wiy) (25)

0.99. Wy, {26)

4

Wiy



A 34 SR C T N

IR AN

- T
(5:' f:} - st

B ee 123

o +6 .
-The cut off frequency, w, , is selected as 2 77+ 10  rad/sec

as outlined earlier. The paremsters of inberést becoms:

. Yo rad
W, = W -0

45 prad

w,= h28 -0 &

red

+b
W= 622 0107 X

Kp:"gb

E =0‘5

The open Yoop transfer function is
50

3 " z
Gz ‘”)'Cb.zmo" *‘)

G(s) =

The closed doop trensfer functien bectmes

Fls) = —— o -2(’5) |
(35 + Nt V) (@ * o s +1)

~15-

(27)

(28)

(29)

(30)

(31)

(32)

(33)



The open and- closed loop responses indicated by ecuations 32 and

33 ave plofrﬁeé in figure L. .The group deléy of the closed loop transfer
is plotted in figure 5. The Root locus plot of the system is shown in
figure 6. Figure 5 indicafes that the group delay variation to 500 ke
is appro:d?uatelj 23 nanoseconds. If the cubt off frequency is selscted
to achieve ‘coqste.nt group delay rether than 0.1 &b droop in amplituds
resi:adx'isev'bhe c}rb off frequency must be exbended from Ime to 2.5 mec.
Figureg 7 and 8 indicate the amplituds respense and growp delay for

W of ZI-2.5% wo*"g_‘;-g . The variation in group delay 1s decreased
from 27 nmoseconds to 3 nanoseconds.  The amplituds droop at 500 ke
is decreasled fran 6.1 db. to <0003 db. The attenuation to the 50 me dis-
crininator harmonic is ~B80 db.

- Equations 27 thru 33 must be modified ag follows:

L’ d
wy= 50" g (31
w,= 304000 ead (35)

+& o
= (38)

Wo, = 15254 b

Kp= &0 (37)

w16~



wna= 0.95 ¥n
Wy = coyw®

L= 10t mes
Wy x 6Ll 7otmes
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Bl AFO“ Loop Iinearity Considerations
4 The s:l.mplified model of the AFC Loop shown, in figure 3 18 repeated
in f:.gure g, ’l'he principal loop non linearity is attributsd to the
. VGO, The linsarity of the delay line discriminator congidered has been
- measured as 0.3%. Therefore, the V0O non linearity is considerad as a

doop. input ( Tyey () ') and the transfer —2 (s) examined

. I‘K‘a
as shopn by. equation LT,
'F° . ‘(vcu
= (&) = —_———
. I+ Kueo Im Ko FEY (1)
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_FIGURE 9, LINEAR FM MODULATOR WITH SIMULATED INTER-
MODULATION SOURCES
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As outlined earlier F(6) ™ (2.1)( Pl )
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The Veo intermodulation distortion is attenvated by the loop as
‘indicatéd by equation 43 and shown in figure 10,

.Similarly, ﬁhe.in‘bemo'dulahion distortion introduced by the
disciiminatory, Lmise  : , is abbemuated by the gaim of the dis-
criminstor. Thereforey in the AFC mode the VCO non-linearity is
atteniabed by the gain as shown in figure 10. The loop performs 1ittle
-dérrect?on‘on"bhe ‘discriminator non-linearity. Therefore, a successful
e mbﬁula‘bor, orga;ni‘zed as indicated, requires a lindar diseriminator.
The delay line aiscrim‘in;tcr outlined on pages 30 to 38 in the M
Rece:wer report (Appenduc I) references a unit that exhlbits 0.3%
d;stort:.on at 20 psrcent bandwidth. This discriminator is applicable
or at least prmrt des a basis for initial design.

APG Carrier Tracking Loop

The prefnc_)us sections indicated one form of F.M. Modulator whereby -
the m:mliéudé' response and grouwp delay of the output as a function of
modulatlon 15 .forced to assume a three pole Butterworth charactemstic.
F‘urthez, ’the loop attenuation of the system's principal source of non-
liggarlty (VCG) was eXamined. One may conclude, that if the system can
be f@fica‘héé‘as outlined, the results would be compatible with the spec.
Ur;foﬁ:unateiy, the gystem has one serious shortcoming. The discriminator
(,i:iglu‘é 9) provides the loop referercs. frequency Felo

The d:ascrimmator linearity and slops sensitivity are inversly pro-
portional to bandwidth. . The discriminator reference stability ( Fils) )
1s directly proportional to the bandwidth. As outlined earlier, a linear

2]~
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discrimiﬁa’gor is essential, the reference instabllity must be accepted,
However, ii' the reference frequency is allowed to vary, the VOO outpui‘:,
e, W1l follow. The rate of change of F - will be detected
in the rece:.ver as res:Ldual F.M. Therefore, the syshem must provlde a
means of sta‘bilizing the V0O output, aside fram the APC :Leo_p6

M sy’stems wers cons:.dgred‘ The first consists of & nerrow band
awti.liﬁaryfAFC Loop uhere‘b'yr the disériminator chargcteristics include
narrow, ba;cif,;igi-bh, high slops sensitivity and stable referenge {i.e.
Crystal I?isériminaﬁaré. The block diagram of this sysbem is indicated‘
Qxﬁ@&en;

BRoAD

AN D

DISCRIM I~

HMATOR
’ CKYSTAL - .
PISCR 1 msd T ) > (S
1NATJK ‘ T Y AP iCo

Loop #2

"FIGURE 11. SIMPLIFEED DIAGRAM TWO DISCRININATOR ARG SYSTEM
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In general terms, loop #2 can be replaced with an equivalent linear
VGO and 1oop» #l'anélyzed for ite influence on the average center frecuer;cy.
The driﬁ; and drift.rate of 'bha output center frequency of this system
is da{;emined primarily by the crystal discriminator stability and the
cha:cactenstics .of loop #1. "The worst case crystal discrminatcr
reference i\:equency stability is approximately + .0 % or + 5 ke at 50 mes
xbasgd on the chdracteristics of units previously designed. Ths residual
B 1s specified as 15 cps. Therefore, the system show in figure 11 is
noé;‘ consic;ered, :applicable.

A second system considered to stabilize the VCO center frequency

Koo ! E » DisceiiNaTor |
- Rls) (wins an s i)

Lcunoﬂl‘D

isg outlined :m figure 12,
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raguno ace  wswman LCKED OSCILLATOR FREQUENCY MODULATOR
WITH AFC LINEARIZATION OF VCO-
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Bge.
- It'is sssumed that loop 1 can be replaced with a linear VOO yielding
“the model. of'Figt.J,r:a 13.
Vi (s)
. &
' ) R (s}
Fis) Koty 15 Ko —>
LA P
i -3
FTGURE 13. STMPLIFIED LOCKED OSCILLATOR FREQUENCY
‘MODULATOR
. . . = FD
The transfer fanction’ of interest, - (s) 5 18 expressed
. m
as follows:
P, Kea, Kuto
U 15 e oy Ky Ky O (Bl)
Ve
Y
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Let k\l": Ka(:"(m Kyeo
- N
g =[x 7 8700 @
Y  Ken- AL = B A
Assume -the loop filter is of the form
) 2,841
F(s) = P (16)
oy M -——’~.......\... 1Y i i \
—“@)="[l‘§3:,; — S(& s+ (Gsa) (73}
Vm Kim L, 1ent Z5 ™ LRSS
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ftnius —~ 2 & = T
Let W, = \j % 21* _a::, Z w
‘Equationﬁt} is of the fom
— ' . 3,
Eosy o N T SEE D)
Tls) = 1 T (h9)
m ’ i (;;1 + ‘E“Ifs-é i)
Let” & = Q707  and S = af‘“

The émp]i‘bude vg frequency respomse of scuation L9 is

i, v . Y2
v (e e seo] )
- v wy wr
o ow fevel
\/,;\1‘ KW . \i 55/_{_4 o {51)
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I"igq.'re 1) &ndicates the plot of equation 52.

The 1%it:gh pass cha_x‘,acterisﬁc of % (s)  1is not compatible ,
with the ’ampj:i'bude regponsge ;pecifica’éion (+ 0.1 db frem 50 cps to 100 kes
and + 0,5 db from 3 ﬁps to 50 cps and 100 ke to 500 ke), if the lowsr
‘bound of the'baa,e;pané ;a.pproac.}les, W, . Although z mumericel value of
‘ Ly, .has not been qstéblished_it appears practical to pre-~smphasize
the modulation .Tlfa'sebla'r\xd and thereby ‘mchend the low frequency porticn
of ‘the'basebanczl_. The iu‘e-emphasis network transfor function mist be the
inverse of é(;aation L9 as indicated by equation 53.

S zg
ch): é.“ fz,:;»* -U—’;t§+1

Y
s( 3 x1)

(53)

 cw, £<| equation 53 becomes

A
. ) - Kvn. %‘L* ZL"E,S“}‘
Fee2 = v " ()
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Ay,

Eqdation: 5k 1s of the form

: st R4l
Lits) = K [A o :{ (55)
Gl = K [A@m{s) +€L8) —5{54 G_"_:_g)\( (55)

Equation 56 may by gynthesized with either active or passive com-~

ponents. The passive synthesis is not without mroblems, as the required

component values are unrealistic, The active synthesis is 2 standard
analog computer jmoblen.

Figure 15 shows one means of mechanizing equa-
tion 56,

—K& ynis &e:éﬂ
- s

KB enls
3

. S~
ﬁOinzemm ' /)

Cnls)

G e« e
A g .gas

. Be @
Gl = zfemrs, PR l

FIGURE 15, ACTIVE PRE-EMPHASLS MECHANIZATION
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Agide from the transfer of E— {s) and the form of the
prew-emphasis network, the influsnce of the phase detectoz; haymonics
and"th'e phase detec‘aor :ceférenﬁe fsed through on the output is of
ixrberesrb. Refer to figure 13, The transfer function Fo o (s ) is

e

repeated by equation 57 (4 linear system is ascumed and superposition
applied)

o Kyeo -
2 -
T/;[S) - 1+ IKp Ku KV(&Flg'
&M=
£
The transfer :E-' {43 ' is isdicated by equation §8.
oy Ko Kvrp Flse Yy Yoo
Forgys 2 S se) | e 1o
Teo vy i Kueo T L Mnkakes T
Ve s
Equation 58 divided by equation 57 yields
Vs o Fls) )

Ton

Equation 59 indicates that the relative magnitude of Vm to Tp,
is debermined by the APC loop filter F/%) , The loop filter is of

w3l
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the form 7 as ! 2 & simple lag lead configuration. If the

lower frequency component of T'pp(the phase feedthrough) is greater than
1
",Ejl cand 3F F equals  /don %, Ireo (;'w) becoues
=60, db with respect to Vy, o« MNumerical values will be sssigned later
in the report.

D.  APC Loop Modulation Consideraticns

Inémplementing this--phase locked AFC unit, the most eritical pro-
blem is developing a system that will operate with 21l of ths variations
in the moduiation pfarameters that will be impressed on the desired
carrier freqiencys. Specification 3.5.2.2.L &efines ths medulating fre-
quency range of 1 cps to 500 kc. The lower limit of the above range
was raised to 3 cps after discussing tﬁiéhpoint with JPL persommel .
Also, the peak frequency deviation value giw'ren in specificaticn 3.5.2.2.3
(b) is 500 kc. Hence the above modulstion parameters are the values
that will be employeéd in the f'ollm:_ing design considsrations for the
AFC upi%.

The phase lock AFC system is a carrier tracking loop. Hence for
proper: operation of the loop two basic conditions must be fulfilled:
First, a spectral line at the center frequéncy mist exist that is either
dispiaced‘i‘rcm the sidebands generate:i.by the modulation process or
if the sidebands are close 0 the carrier frearency they must bs at
least 20 db down relative to the strength of the carrier frequency ll-ne.

Second, a given- minimum amount of power must 2lwsys be present in the

-35-
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cayrier i’{'equeﬁi:y cqaﬁporzent in order to insure proper operation of the
phasé tjle?ec@r. Thé question of vhether the sbove two operating condi-
tions can be met will mainly depend on the nagnitudes 2nd characteristice
of ‘the odulation patameters of ‘the i wave.

The :Ldeal» agsumption for the above par..zne’sers is that the carrier

frequency‘is modulated with = s:mgle tone frecuency. Tn this case, a
spectral 1ine will be present ab the degired ceuber frequeicy; hence,

the first copdition ean be fulfilled. However; the second conditlen
can't necessani]y be met since the energy content of ths cenber freauency
can vary i‘rom a high valus for H< 1 to a very low, value for M~ 2 4’

- A plot ~of the enerrry content of the carrier .nersus N eprroximaztes
a sin X / x func‘omn. Hence, no conclusicns regarding the discrste
tone case can be‘ mads until some operational range of vaiues for M have
been stated as a'definite requirement. Actually, the assumption of a
'dn.screha tone modulating signal isn't realistic because thls type of
signal &oesnﬁt contain any useful information at the receiver. In
practice, a 'gi«gnal that conbains useful information is actually made
up of‘,a'la:g-ge number Vof '(iisczjete tones. Hence this type of'signal will
be éssume& for the des'ign of the AFC loop.

D(le to the fact that s multitone signal can't be readily represénted
in a coneise ‘mathematical form, a simplifying assumpbion concerning its
;‘charadteris?.ilcs must be made., It is assumed "bhat the modulating multi~
"t:;c;ne sigpal has the proper'biés of whita Gaussian noise, Hende, the
problem re‘dqcesrto determining the resulting power spectrum of a carrier

freguency that has been it:equancy modulated with whits Gaussian noiss.

)
L
Qe
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For f.hescase of a noiselike signal FM modulating the carrier, the
_important parameters to be considered are the minimum and maximum fre-
q}zsnci.es ~(f1}‘md fy) of the modulating spectrum, which 'in this case is

assumed to be uniform. Also the rms deviation of the carrier, D, and
not the pesk deviation is the important parameter. For a very good
approxination, the peak deviation of the carrier can be tsken as four
times ‘the yms deviabion. Of course, there is a finfte wrobability that
‘b?xe peak x;alue of the carrier will exceed h 4imes the ras value if the

obserjration time ig long enmough; however, fram a practical standpoint,
the magnitude of the above factor is sufficient.

From a practical standpoint, it cen be assumed that £, (< Toge

Hence, the effective rms modulation index n can be given as Offn, b
can. be ghown that the resulting P spectrum, for the case under
consideration, for anm = 2 is given by the expression,

, _ XDm™
SR S 6
‘CN L WlE)D (z7r M exp (60)

where x = _f - the normalized relstive frequency.
I, ..

The totﬂ.mPut carrier power is daken as unity for convenience. An

z'mpor‘barﬁs factor to note in this case is that the resulting FM spectrum

is independent of the shape of the modulation specbrum and also of the

values i‘l and fN and 18 only depsndent on the yms carrier deviation, D.

~.(3.) wPower . Spectrum of a Carrier Modulated in Phase or Freguency'! Electronic
and Radio Bngineering, July 1957, p. 2h6

w37 P
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Also for this$ case the resulting spectrum is confinaous; hence, the
frequ.ency.’ spread at the imporbant interval of ths center frequency is
a continuum, For :bilj.s condition, the PLL unit won't sperate in the
corrgc‘b ‘mamner since it requires a dis.tinct sperhral line,.

'Inh'order to obtain a distinet spectral lias ot ‘he wuwrriay frequonny,

the mms modulation index of the input Y wave must be lest bhzs wmiby.

ki

Further restrictions are also imposed in the form of tus vactor 7' ffad
. p? /
or Q', Cn, s From an analytical standpoint, the resultine ¥4

. L

spectrun can only be solved for the condition of D/ (L, 71 und

DZ/[" £, £< ] . . Also the resulting FM spsctivm for.'che{ case UF
mel is considerably influsnced by the valns of ';",Lr Bor L rgse

when b* / e " =7 | s the P spectrum iz given by thé Foileming

expressions
: 2 D\SG\B\'E :
G (r)= 20 1 R
n o‘tfuz - 77’2m4+4r"\ \e (€1)

In th;i_s case, the ¥M spectrum is continuous; hencs, e frequency
smear will exist in the region of the center frequency.h Thiz condition
is similar to the cass of m > 1, For the condition of D%‘, o, L <,
the overall power 1s divided into a residual carrier facter which is given

by the expression:

W. = exp (-D7/8¢u) 62

~38-



and a continuous function which is given by

m‘l_

Cor Walr) = 7370700, (63)

Hence, tﬁe magni*bu&e of the power‘givgn by both ‘eocpre(xssioz;s must be
su:rmed to unity. It can be shown that if l//f‘ O, =i, the
power-in the carrier of the resulting P wave will have .9 pi‘ the

totgl power‘, Hence, the remsining 10% of the power Wil exist in the
sidebands of the FH wave, Therefore, it follews that a distincd spéc'hral
line will exist at the center carrier freguency if the &bove condition

on. D, £, ,and £y is fulfilled. Stated in another form, since £ and £

are ‘usually taken as indelsendent variables, the -21lowsbleé .value of D
will be .35 V h 4 .

For the specified valu;es of fl and £, of 3 cpg and 500 ke the
allowable rms carrier deviabion would be only 387 cycles/sec. This
marginal:value would clearly not be acceptable in a practical system.
Hence'; in érder bo increase the allowable value of D and still obtain
the desired distinc_t spectral line, a frequency div;Lder will be inserted
betwea-lyt'he FM mocliulation and the inpub to the phass dstector. In this
case, if the T wave is divided by a factor N, then the sllowable valus
of D will be 315N £+ From specification 3.5.2.2.3 it follows
that, the reéquired valus of D will be 125 kc. Hence, the requireé.'lva‘lua
o.il‘ N is 325.5. From s design standpoint, the value o.i‘ N mst be scue
multiléle of the base two.,_ Therefore, the division factor of 512 which

is equal to 2° will be employed.

-39~ t
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The nsed for the above division approach stems fyom the fact thad
given a continuous power spectrum at the frequ.enéy of inter=st, no other
method could be found-to obtaln the desired spectrsl ii:xs; *?,?xa‘:.':ié ra-
quired for operation of the APC loop. Swmee the sideband freguencies
gre‘ipﬁnitesimally closs to the center frewveney ;-o lrop fidter thare
‘actéristic can be employed to obiain the desived abtenustion o bhe side-
band frequencies, Henmce, the only 2lternative is to wery th(" rodulabion
parameters of the M wz.wa %o obtain the torrect cparating condrition,

The advantage of this; divisisn_techxﬁque ¢ that 1:‘ ha '\raln.e of N ne
chosen to t;‘otain the desired value of D ! / i?' {,‘ " For ke warle.om
ms modulation index, m, stated, sny smallor value of v o3k =oly oud
more powsr in the carrisr, trus incressing the deaivesd sp-raldng »endiw
'ti'on‘s for the AFC loop.
EBo’ APG Loop Parameters

" The APC loop design is based on the procedure oublined by JPL .

The foﬁmﬁng relationships are repeated.

@ . 2./7‘;5{/?1 Ko ff/m’a //" E
A A S & (8l)

i //{/(ng -

SR
/;SSQ%/,’

21 S+ /Q\ 7

Fts) = — N (65)
¢ .
&
G =RiCE g (66)
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T, = Rpc = V= (67)
Wy
iy
Yoo ox
HGE) = @9 . (68)
2 7 '
w@pr F oy st
SOR ~ e
=t o =l ($) = —— e {69}

i .
,6 /'t} SZ 4_\/”2 (A ¢+ (./'-']\n‘

The APC loop design is <de.termined orimarily by the loop natural
resénant frequency.' The transfer of I (S) is high pass as' out;
lined eartier. Therefore, to extend the lower frequency range of e (q},
(aside from pre-emphasis) W, must be small as possible. Gonversely,
ii‘ W, (or loop gain) is too small the loop error may bacorqe excessive
if either the reference or V(O frequency a;,hange rapidly. It is speci~
fied that the transmitter center frequency be varlable * 500 cps from
50 me. 'The 50 me reference bull‘b during Phase T exhlbn.ted a dr:.ft rate
(l;d ) of 521»10 b rad/sec2 as g function of tempe::auux:e Xarla’olons.
Howe;er', the drlft rate of the crystal referéﬁce'frequeqcy is not. the
lirl}iting factor, The drift rate of the VCQ.or the detuni’:ng ra‘be of the
réfpi‘ence frequlsncy are far more significant. The vco w:Lll be an i/c 05~
fiillator. A typical drift rabe of a precision I/ VCO is 1 part :m

-10+6 -pex"j sec.- or 50 cycles/sec at




EE 'vm . (gf: =‘;w;«‘

lwi '! {ed ﬁ??l %"

50‘ mcs. Conv;erseil,y; if the smne»dst\ming rate of the relforence f:iequeﬁcy
ie allotted, the APC loop desxgn will be based upon 1aqp paraneters
su_ffic‘ient tu canstraint the 1oop phase error in the p!!a;aenca of &
froquency ramp Jof 50 ,clc___ﬁ,

secs

The loop srror attnhuted 0 8 frequen ¥ rm T is cmai‘wa as folitvar

K%

4() .
-?Jig} = ';3- . Ers)s < oz

£70)
. g 2
els) = é%- . . 7Ly
s ety (Ful s, -
s { X
= w — (&)
(5+r) [(s# ) +ﬂ‘l
. 's -
= USSR - e (74}
(sir) [s % 2mstea’]
-vhere e O, 00 = Loy, , ot .,./_), = 44 /g Wi ‘{1—~é_ ('ﬂf)
‘The: :.nverse transform yields the following “bransient oyror
We &
w — . &0’ - {7
W) = =pa e sin (5 ¢ V) s)
\E l
\ »\0;/ %



The steady state error is:
, .

O¥es = -30—3 = Q8ks(rad) (76)

n

The maximum phase error becomes

(¥ man = 'I'l%ifw'a#é:: 7_‘%;?: (0
h ™

If we choose o constrain e(t) max to 5.7° (1 rad) then
N 1 -

~ * e :
boyse T =
W = J:L;/: ={BRBe = E1B el g

The laop gain is
G = ATTEm ¥ Freo

. "
28 [0 2}
G- be28 0000 20107
5/2

245./045:'/‘071859 (79)

Ze=Rc= & 040 sec (80)
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(3 .
To=lc = = 00247 sec -

JIIl. Implementation of Circuits

A. VCO
The trenamitter VCO centsr frequency i stabilized by the

cmier tracking APC locp. However, the ARG Loop pc'z.;fmsx virtug Iy no )
correction on the VCO short tem mstabil:.ty which ig mani_test by rasidusl
e :I.n 'l'.he TX/RX pair, The TX/RX pair resn.dual W is apecified over the
"ba.nd DC to 500 ke in the non—AFG mode. Therefare, VGO disturbances,
‘introduced by the, outside world, vith fraquency components frosr.DG to
500 ke st be 'miniﬁxized. Further, the magnitude of these disburbences
is -defined by the ratic of the design goal residual ¥ fo.the merimum

frequency deviation' (20 log ‘1}(53 fc B2 or ~90.5 db AFC and.20 l0g £ Tt

, "-78.1; db non AFC), If half the resa.dual Y is allotted the trana-
mitter e.nd half the receiver, the transmitier residusl R Becomes -56.5 db
‘in'.the, AFC moda, The VGO contribution tothe gystem residual m is deters
miined by the.followings

1) Power Supply Ripple

2) Vibration

3). ‘Sustaininé Circuit Noise

) Tark Circuit Noise.

The éawer supply ripple must be less than =100 db with respect

to the nominal voltage. Assume & 15 volt power supplys The ripple

il
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must be less than 150 p volts. The power supply regulator must be a low
noise unit. A cascaded émitter follower buffer between the power supply
and VCO will _p.rovide -additional filtering aside from the power supply
regulator.

Cabinet blower motors, building vibrations ete. cen excite mechanical
resonances in the VCO tank circuit which in turn prodt;ce sidebands dis-
placed from the carrier by the resmanti frequency. This problem is more
pronounced in airborne equipment; however, it must also be considered
as. applied to the R.F. Test Console. Several precautionary measures
include the following: 1) The tank coil will be wound on-a mechanically
stable, grooved teflon bobhin 2) The VCO- assembly i1l be encapsulated
in polyurethane foam. The usual approach o vibration preblems is to
change the mechanical resonant frequency such thet the resultant sidebands
£a11 outside the band of interest. This procedure is nct available to
the designer as the band of interest extends from IC %o 500 ke.

The oscillator sustaining circuit noise, unfortunately, prevents
pr'actical realization of the theorstical shart 'be?rm os_cillator stability.
The oscillator sustaining circuit .noise will bs minimized by using low
noise transistors and quartz capacitors. Conversely, the VCO oécillg—
tion level must be relatively large to provide as large a signal to noise -
ratio as practical w.‘xthiﬁ the constraints of long term stability and
linear operation of the oscillator.

The tank circuit design-presents two conflicting choices. The

tank circuit Q should be high as possibie for good short terr stabdlity.

L5~ &
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Howsver; the VCO frequency response must extend to 500 ke with only
. EX : £ £ ction is W
+ 042 dl:g.;vaz‘-ie."bion. ,The VGOphase transfer fumcti 3 ('13' " i) ‘

’l‘he:.VCO 3 &b responss occurs ab W 1 whereby W is dei’ined as 'W*Q:O

C?
Converse'.ly the VCO short term stab;.lity is inveryly propmzorsi 42 ths

oscillator Q as indicated by squabion 82.

L 2TT J4KT . (82)
TT Mgt

" = integration time
= crystal storage Zactor

= Boltzwen's constant

Wwom oo oA -‘\‘i

= glgnal power dissipated ir bank clronil
series resistance

T = abgolute temperature

40 = osciilator center frequency

Clearly, the VGO cannct simultanecusly exhibit the required shozt term
étab;llity and frequency response. The short term stabliity ﬁakes
pr:.orlty. The oscillator loaded Q will be a minimum of 200, sbout ths
1:1mi‘b for an /c u.nit. The resuliing oseillator 3 ab corner oecurs &b
250 x 10" rad/sec. Tha VGO driving amplifier mush exiibit & zero at
250 x° 10 rad/sec [K (345, +l)l

The .‘ti'ansuitter/receiver pair is alletted 1% dynamic linsarity.
1£'0,5% linearity is assigned the iransmitter the V0O must exhibit
‘approximately 0,3 linearity. Two push pull VCO's that track will
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exhibit a linearity that is comprised of the difference in 1inearities
‘of the two VCOls. However, the auxiliary AFC 1oop -discussed earlier,.
1)9:1.31 transfer the discriminator linearity (0,3%) %o the VCO within
the donstraints of the AFC loop. In the Non .AFG node ‘»’che‘ tranlmitter
linsarity is determined primarily by the VeO,
B, Discriminator

The dé.lay,line discz:iminator outlined on pages 30 thru 38 of Appendix.
I, (F.M. Receiver), will be implemented.
C.  Loop smplifiers

The: two ope}ational amplifiers requiréd fom‘-,the,_AF;C and APG laops
will be éhe same cenfiguration oublined in Appendix D’ (L'qcl(fed oscillator
:;’hase Modulat'écc‘) page 108 thru 110,
D. Phase Debector

The phase dstector inpubs consist 'of the 50 mes re*’e&*e‘nc‘e and
50 mes VGO output divided by the feedback div:nder and the reference
div:l.ders respective]y. The divider count (N) is a. fonction of the
modulation index and phase detector dynamic renge. The minimm value
of N of 512 has been suggested (N can bs a variable if requlred). Assume

+6
N = 512, the phase detector inputs beccxne —5-%‘_%9—-— or 97.6 ke, Tha

phase detector will be a digital unit as described on pages 126 +0.133
of Appendix D, Locked Oscillator Phase Modulator.

Es Freguency Dividers

The frequency dividers rmust have a clock frequency of ‘50 mc and
* provide a'minimum binary count (N = 9) of 512, The valué of N can be

~ly7-

&

w"&



W

made. larger and the modulation index increased .accorcb'.ngly., It is
appargfrb however that as N becomes.larger, the phase detector harmonics
‘bedomd lower in frequenc;s;, In the limit, *ho phase detector harmonic
attenuation starts to diminish when the phase detectur valerence f‘réquqncy
~:'Ls equal to W‘2 (the APC loop filter pole)e Tha first five birary counbers
reduce the ummodulated careder from 5‘}‘) 12 o Fowe/22, Yhe Thip Film
flip flops ou?cl:'gnefi on pages 425 to 126 of Appendixn T, Locked Usciilstor
Phase Modulator, arve suiteble, The clock speed of the veraining cumbers
(anproximately 1.5 me) is velatively low and a standard fuarslstor | lip
flop is suitsbls.
F. AM Modulator
In order to meet the requirements for the MM medulalol sbabed,
in paragraph 3.5.1.2.5 of the specificabion, the ab-m/e unit, wust have
a wide bandwidth., This follows from the fact that dncidenbad B
modulation is produced from a veriation in the circult capacitsn~es of
the unit. In arder to realize this requiremewd, it is bast o employ
- an AM modulator tha;l; doesn't combain any band limiting tra;xafmme"a o
active elements. Hence, it was concluded that an X modu’.[afor thet hes
good linear characteristics over the 0 %o 5 modulation incex range, ;a'n
be opersted with a modulating freguency range of O %o % kc artd has a
bandwidth on the order of 20 me would be optimum.
One type of MM modulator that was adverbised to have the sbove
characteristics was tes’f.ed for~use in the T transmitter. It isa

balanced type unit manufactured by the General Radio Ccmpamys in
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elementary schematic diagram of this unit is shown in Figure 16 o 4
vnit was ‘borrowed frnm the above company aznd tested with an FM signal
fgene;i'atorr. Due to the ldwmitations of the test equipment, a pesk fre-
quency deviation of 240 ke and a moduleting frequency of 60 ke was
employed. The AM modnlat:.ng signal was a 5 ke sine wave.

As a result of the tests, it was found that the AM modulation index,
m, is a funétion of not only the amplitude of the 5 ke tone but also of
the bias-and bal‘ance sgt‘hings. Hence, with these three variable adjust-
ments, an m of 0 to 1 was easily obtained.

In determining the valne of m as a ‘fuz_lctj,on of the amplitvde of

the test ‘tone to chack the linearity of the modulator, s method pro-

poséd*by General Radio was employed. This mei:hod entailed the usé of
gljbrépezbidal pattern that was displ'ayed on .a scope whoge sides are
Vdeﬁote& by A and B It can be shown that the value of tl}e mosinlatiox{

index, m, is equal to B--A/]3 ae IE follows thét asm abpfoa:ched zero,

B approached As 'bherefore, the dlfference measurement. B-A became very
d:.ff:l.cul‘b to measure accura.tely. To within the accuracy of de‘bermnmg
‘the magnltudes of B and A.from the scope; it was found that perfect
h.nearity‘ between m and the input signal level of the test tons was
obtained'for values of m > 3., The procedurs entalls varylng the
axftpiitudes 'gf the tast r"bone in increments of 1 @b, and then adjusbing

the bias and balsrics controls.to obtain the desired value of m. Below
@héiaia,ave value of m, the magnitude of 't:.he actual value of m w:-;s difficult
to detérr&ine because of the smell value of B-A, Hence, the. use of this
tmit as the AM modnlator will depend on whether an accm:ata measuring

procedure for low values oi‘ r’ can be devised.
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I¥. F.M, Transmitter Level Diagram

Figure 17 indicates the principal power levels arcund the AFC

and: AFC loops.
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