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FSK SPECTRA GENERATION

Introduction

A prelimipary study of modulation techniques applicable
to phase cvoherent FSK has been conductecd under Contract Num-
ber NO0014-72-C~0171 with the Office of Naval Research. Re-
sults of operaticnal and spectral analyses conducted during
this study are seporced here along with presentation of re-
presentative spectral data. Attention is festricted to binary
FSK. This effort has dealt primarily with the determination
of the spectral content of frequency shift modulated carrier
signals generated by means of a continuocus phase, frequency
shifted, phase locked loop (PLL) which results in a controlled
frequency transition (CF1') between mark and space frequencies.
Additionally, attention has been given to determination of
the frequency spectrum corresponding to the effective modu-
lating signal; that is, the demodulated carrier signail.

It is well known that a reduction in signal bandwidth
can be achieved by low pass filtering or otherwise shaping
the rectangular modulating or keying waveform which is
characteristic of FSK [1,2,3]*. In non-coherent FSK the mo-

dulating signal can be passed through a low pass filter, the

*Nunbers in brackets refer to similarly'numbered references
in the Bibliography.

R R et R TS

-

mm Lo LRI

.

Lt o B




T b Y

R R R S R T o R R T R 3P el N TR AR N BT

2

5 filtered signal then being employed to frequency modulate a
! : voltage controlled oscillator (VCO). However in systems em-

ploying cohersnt FSK, such as some VLF communications systems

tsdal

[4], the aforementioned method is not applicable. A method

£
Sali AR 0

B applicable to coherent FSK employs phase lock techniques [5]

to provide efiective low pase filtering of the modulating

bhie-& it 107

K3 : signal [6]. The skape of the effective modulating signal can

E 3 be controlled, within limits, by means of the phaze locked

R

1 lcop parameters; thus, the reason for consideration of PLL
3 i mcdulation wave-shiaping and the spectra generated by such a

technique.

« TP

2 ] Knowledge of the spectral characteristics of CFT-FSK szig-

4
3
E3
-
=3
#

nals is not orly useful in signal design and subsequent design
of transmitting and receiving systems, but also in the specifi-

cation ard design of iastrumentation employed to test and eva-

] luate such systems. Of particular interest here is the effect

Sl A
e

3 of the frequency transition time upon the spectral distribution

3 dn
e

of energy and the bandpass characteristics required for trans-

"tér A

mission of the spectrum. PLL parameter values are selected

3

whick: yieid a smooth transition with small overshoot and settling
time. A ratio of frequency transition time to bit length is de-
A fined in terms of the PLL parameters pertinent to this applica-

3 tion. CFT-FSK analvses and results of spectral calculations

3 i are presented here and compared for various values of modulation

index and a selected clagss of wave-shaping parameters.
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PLL Resaponse to a Frequency Step

The PLL configuration under consideration here is
shown in Figure 1, along with pertinent defining equa-
tions. With reference to this figure, it is assumed for
simplicity that the PLL reference signal (irput) is de-
rived from two atandard frequency sources, the mark and

space frequencies for binary FSK, Selection oi a mark

=
«

or space frequency is prescribed by z rectangular keying

TrepeTa
AT

wave. PLL operational assumptions are: (1) tke frequency

TR
LA

shift of the PLL input signal is a continuous phase instan-

: taneous shift, initiated at time instants of zero phase coin-
2 ;. cidence between the mark and space frequencies, and (2) the

g : PLL operates within its hold-in range at all times. The rate
; ; ’ of change of frequency at the output of the VCO, due to a
shift in frequency at the PLL input, can be controlled by

é % means of the PLL's open loop gain and an appfopriate selec~
gié tion of the break frequencies associated with the loop's phase
?: lag filter.

For purposes of determining the PLL response to an in-

TN G

stantaneous shift in frequency of the input signal, a fre-

¥ s ok g gt
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quency shift from y to @, is considered such that

r
3
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W)+ AP = O, = ®y = AD, (1)
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é i ’ where 3 1is a ficticious carrier frequency centered

2 vetween the mark ard space frequencies, ®, and &,.

2 Also, AW is the steady state frequency deviation from the

z« carrier frequency. A unit amplitude PLL input signal for

f such a frequency shift can be represented by

- “ ) = sin[® t + g (£)] ()

5 where

% _ f=not, t <O

= 93 (t) = {+¢ﬁm, t > o.

g . That is, the PLh is assumed locked to frequenrcy wl and

J is excited at time equal zero by applying a frequency step

or phase ranmp. The VCO output signal can be ¢xpressed as

v(t) = sin[@ t + o(t)], t > o. 3)

3 It is assumed that the VCO natural frequency f{open loop !
;? frequency) is equal to the carrier frequeancy in order to

%— achieve quarter-wave symmetry of the modulating waveform.

3 The instantaneous phase deviation from the linearly

increasing phase, qct, is found by solution of the PLL
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system equation

t
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$(t) =K [ [p, (0= (x)Jh(t-x) ex = ¢ (o).
[ o]

(4)

Here, h(t) is the impulse response of the loop's phase

lag filter, as shown in Figure 1.

From the steady state
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¥

solution of the loop's system equation, the initial condi-

tions can be found as

¢ (0) = AWK

(5)

=k and

g 9(0) = —Aw (6)
;

5§ Defining
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a = 5®, (10)
p=w [1-5° (11)
pg = ANY/K (12)
and
2
1 - 25wn/K - (mh/K)
M=2 ’ (13)
l - 52

the solution of (4) for the underdamped case yields

p(t) = Aot + %? M exp(-at) sin (6t+9)‘- Og (14)
n
where
[wn/x 1 - 5
g = arctan I.Bwn/x - .

Here, 5, wh and K are respectively the damping factor,

the loop natural undamped freguency and the open loop

gain,
Taking the first time derivative of (14) yields

the instantaneous frequency deviation from the carrier

frequency,

(«2]
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$(t) = Ao{1l + M exp (-at) sin (Bt + v}, (15)

where

1 - 2

Y = arctan 5 - ©_/K .

Equations 14 and 15 were derived for 2 up-shift in fre-
quency, from 4 to w,. _For a down-shift from w, to wl,
these expressions can be made applicable by changing

+ AW to -AW,

A plot of the instantaneous frequency of (15) re-
presents an effective modulation or keying waveform, as
illustrated in Figure 2. It can be seen that the shape
of the waveform is determined by the parameters g and
wh/K. Selectioﬁ of the value of these parameters is pri-
marily based upon the desire to minimize signal bandwidth
for a given frequency transition time. This suggests a
smooth transition accompanied by small overshoot and
settling time, such as the transitions produced by 0.7
£6<£1=and wh/K = 2 5 (due to physical realizability
considerations, 0 < wh/K < 25).

Spectral Analysis

In the following, it is assumed that a periodic

modulating signal of frequency @ = 27/T is employed.
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The values of wl/w and wé/w are even integer numbers, and
the modulation index, m = Aw/w, is restricted to integer
values, as required by the first PLL operational assumption.
These conditions are sufficient to achieve phase coherent

mark and space transmissions, and continuous phase frequency

YRR AR TN 7 S A S R L

shifts of the PLL input signal.

In terms of the dimensionless guantities, 7 = ot and

PR

Q = wc/w, the VCO output over one period of the keying wave

can be expressed as

v(t) = sin () cos[®(1)] + cos(Qr) sin [&(1)], (1%)

. where
. o (1) y 0T ™
e (%) ={ﬂm(1) -nmm, ¥ { T 2 an
and
W o &
o(7) = mi{7 + 5 M exp (—% T) sin(g T + 0) -'ET'KE}‘
B R (18)

The Fourier Z:iicc ornanginn Jor the VCO output or modula-

ted carrier can be expresc<ed as

ot e e 8 % e
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‘ v(t) = C, sin Q1) + D, cos Q1)

NITTMERR WA A e Y

+ ; ICnI{sin[(fh-n)'r + 6,1 + sin[(ﬂ-n)'r-en]}
n=1

+ IDnl{ccs[(Slm)'r +9,] + cos[(Q-n)'r-qxn]}-
n=1

TR

k| 19)
=
g The complex Fourier coefficients are given by
& 1
= == f cos [p(1)] exp (-jnt) dt (20)
= o
where
m = even number, n = even number
3 n - odd number, n = odd number,
and
T
1
=3 sin [p(T1)] exp (-jnt) dT (21)
o
1
where

even nuxber, n = odd number

.
&
I

3 m = odd number, n = even number.
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The complex spectrum is therefore a function of m, §,
mn/K and w/wn.
In a similar manner, the effective modulating sig~

nal becomes

_de(), 0T
v (1) = { NN ”ér S o (22)
where

$(1) = Aw{l + M exp (- T 1) sin (g T+ 7). (23)

The Fourier series representation of the modulating sig-

nal is

o
v_(1) = = IA lcos (nt + 1) (24)
n n=1,3,5,ooo n n

due to the existance of rotational symmetry of the wave-
form. The complex coefficients are given by

w

A =1 [4) exp (~jn1) ar. (25)
(o]

The complex spectrum corresponding to the effective modu-

lating signal is therefore a function of s, wn/K and w/wn

PSSR SRS R L TSR e SRy ST\ RS e S SRR e S e ot T RN AR S oy By
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It is useful to define a new dimensionless parameter,

B R
1]

: frequency transition time, ts
3 T, = ? (26)
bit length, T/2

; which can be conveniently reliated to the ratio w/wn by
e letting t_ = 21/® , which yields
o
7 Tg = 25 - (27)
- n
3 Thus, for example, Tg = 0.5 corresponds to a totai frequency
f transition time equal to one-half of the bit length. Rectan-
k. gular wave modulation thus corresponds to Ty = 0.
i The spectrum corresponding to the effective modulating
5 signal can be calculated in a straight forward manner by
ek evaluation of (25) giving .
2 2
4 AW a” + b
la | = (28)
n nw c2 + d2
and
AL = arctan (b/a) - arctan (d/c),
where
a=1

b = n(m/wn) (25 - wh/k)

c = 2n5wywh

d =1- (nw/wn)z.
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Equation 28 yields the complex amplitude spectrum for a rec-
tangular modulating signal by letting Tg = 2m/wh = 0.

A means for evaluation of the integrals of (20) and (21)
in closed form to yield the modulated carrier spectrum is not
evident, except in the special case whers Tg T 0 corresponding
to rectangular wave modulation. Two approaches towards deter-
mination of the modulated carrier speotrum have been considered.
The first method involves a Tayioxr sSeries expansion of the in-
stantaneous phase expression given by (14), and subsequent term
by term integration to yield the desired spectral information
{61. This approach leads to excessive computation when large
- values of the transition ratio and/or modulation index are con-
sidered because the series converges slowly. The second ap-

3 proach makes use of the fast Fourier transform algorithm [7].

The fast Fourier transform technique was employed to calculate

“»‘H’v A

the modulated carrier spectra presented for all Tg > 0. The com-

e N
Statde

plex amplitude spectrum “or Tg = 0 can be found as described in

Appendix I.

5 Spectral Data
3 Numerous combinat:i-ns of PLL parameter values are possi-

ble. In general, the spectral bandwidth of the modulating

signal is more sensitive to variations of the loop parameters
than the modulated carrier bandwidth. Examination of (28) in-
dicates that the magnitude of the modulating signal amplitude

3 spectrum drops off at a maximum rate of 12db/octave for large

o R "
R e T DRSS e Fvones

A R,
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n, except in the case where wh/K = 2¢ which results in a

decrease of 18db/octave (See Figure 2). This compares with

6db/octave for Tg = 0. 7The PLL configuration corresponding
to wh/K = 25 is relatively easy to implement since the phase
lag filter shown in Figure 1 reduces t~ a simple HC low pass

filter, allowing convenient control of the transitica time.

Additionally, selection of 5 = ¢.2 ;rovides a s..uih fre-
quency transiticn with small overshoot. Thus, consideration
ig restricted to this particular PLL configuration in the
following paragraphs. Coumplex amplitude spectral data have
been calculated which correspond to the modulating signal
and the modulated carrier. These magnitude and phase data
are presented in Tables 1 through 5 and Tables 6 through 30,
respectively, in Appendix TI. fodulated carrier spectral

data are presented for modulation index values of 1, 2, 5, 10

and 25.

;f Spectral envelcpes of the discrete spectral magnitudes
are employed here to summarize the effects of modulation wave-
shaping upon the resulting spectra. With regards to the modu-
lating signal, it has been shown in (24) that all evan order
harmonics have zero value. Thus, the odd order harmonics have
discrete values iying on the envelope curve corresponding to

their respective harmonic numbers. Figure 3 shows such spec—

,5 tral envelopes corresponding to 5 = 0.9 and wh/K 1.8 (See

0 for

Figure 2) for several values of Tg, including T

T, ernly SmRANl o5t vHRa s

‘,.1
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comparative purposes. (These curves have heen plotted from
the data of Tables 1 through 5.) While the magnitude of the
spectrun corresponding to ﬁs = () decreases at a rate of 6db/
octave for large n, it is seen that this rate increases to a
maximum of 18db/octave for relativeiv large values of Tgs aS
indicated by (28).

Representative effectis of controlled frej uency transi-
tions upon the frequency sjectra of frequency shift modulated
carriers are depicted in the line spectra of Figure 4. Only
the sidebands above the carrier are shown since each magnitude
spectrum is symmetrical about the carrier as seen from (19).
Figure 4 also illustrates spectral envelopes under which all
spectral lines exist. In the case of instantaneous frequency
transitions (Ts = 0), certain spectral lines under the enve-
lope are zero valued. However, controlled frequency transi-
tions (Ts > 0) cause these lines to appear. The spectral enve-
lopes of Figure 4 show that the spectral energy is shifted to-
wards the carrier with increasing values of Tge That is, the
signal bandwidth is reduced as compared with that corresponding
to an instantaneous f:-equency transition. These effects are typi-
cal and general conc.usicns may be drawn.

Utilizing the data presented in Tables 6 through 30,
modulated carrier spectral amplitude envelopes are shown in
Figures 5 through 9 depicting dependence upon modulation index
and various values of the transition ratio, including 1_ = ©

s
0 and

curves for comparative purposes. Corresponding to Ts
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n2>>33, the spectral magnitude decreases at a rate of 12db/oc-

tave. Appendix I shows that the signal tandwidth for Ty = 0 [
and n2>>m2 increases as the square root of m when compared with
a modulation index of unity. For Tg > 0, the spectral magnitude
drops off at a rate which increases with increasing values of :
modulation index. ;
Modulated carrier signal baadwidths as a function of the
transition ratio are shown in Figure 10 for various values of
modylation index. An arbitrarily ceiected 40db bandwidth is

employed for comparative purposes. This figure shows that

S A% MR Al ¥

the maximum reduction in modnlating signal bandwidth is ob-~
tained for large modulation index values; that is, the sig-

nals requiring the largest passbands. Also shown in Figure

V1R L SIAA> ad Za 7

10 is the bandwidth variation of the modulating signal with

WREn

trangition ratio, and it is noted that the modulating signal
bandwidth is more responsive to changes in g than is the

moduylated carrier signal bandwidth.

Cong}ggions

A phase lock frequency modulation technique has teen

invegtigated which has application to phase coherent FSK.

£NOINY I enafieat aanw

This technique utilizes a phase-locked loop (PLL) to pro-

YT IIT P e

vide effective modulation wave—-shaping and a corresponding

[N

redyction of the effective modulating signal and modulated

sighal bandwidths as compared with those resulting from rec-

tangulax wave frequency modulation, or an instantaneous
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to an instantaneous frequency shift has been presented, along
with representative responses as a function of the lcop para-
meters. Spectral analyses have been conducted and results

presented for this controlled frequency transition, frequency

shift keyed (CFT-FSK) type modulated signal and for the corre-

e

sponding effective modulating signal. A selected class of

GO

16
E ) frequency shifted carrier. An analysis of the PLL response

/4

PLL parameters and various values of transition ratio and

TR ee

modulation index have been considered. The PLL parameters

ety

selected yield a smooth frequency transition with small over-
shoot of the final frequency value. The results reported here
demonstrate that significant bandwidth reduction and variation
of suck can be realized for the modulated signal, with a more
- pronounced change realized for the effective modulating signal.
The analyses and results of the spectral calculations

presented here suggest several areas which can benefit from

this work or an appropriate extension of such. With regards

ot
TR

E” E to the signal bandwidth variations which can be achieved through

5 the loop parameters, modulation frequency, modulation index and
: frequency transition time, a wide variety of signal designs are

possible. The signal characteristics can be matched to some

degree to realizable bandpass characteristics for test and
= evaluation purposes. Related work in the area of CFT-FSK has

shown good agreement between theory and practice [8]; thus the

; actual signal characteristics are predictable. Such is the

ko case because the PLL model and operational assumptions which

T
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have been chosen are realistic ones.

Concerring the bandwidth reduction characteristics of
the CFT-FSK method, no attempt has been made to optimize the
PLL configuration or signal design employed here from the
viewpoint of bandpass distortion and detection as applied
to communications systems. This is an area which can uti-
lize the theory and results presented here, in pa=rticular

where application is made to phase coherent, narrowband,

YLF-FSK systems.
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APPENDIX I

Rec* ~ular Wave Modulated Carrier Spectrum

.. 2 phase function given by (18) for the case of
instantaneous (TS = 0), periodic frequency shifts becomes

simply

o (7)) = mT.

Employing (20) and (21), the complex Fourier coefficients

are found to be as fcllows.

(i) m = even integer:

C._=0.5, n=nm

n
Cn = 0, otherwise
2m
D =———— ,n=1, 3, 5, ....
n (mz—nz)w
Dn = 0, otherwise
(ii) m = odd integer:
Cn=0.5,n=m
Cn = 0, otherwise
2m
D= ,n=0,2,4, cse e
n (mz-nz)w
D = 0, otherwise

29




30

The magnitudes of the sidebands (and spectral envelopes)

for n>m are given by

2m

2-m2)w

|p,|

(n
Expressing the sideband magnitude in decibels,
2, lan, = Zm

(n2-u?) 1
= =20 log -—31--1"—-——7-'--] , nSm,

An approximate expression can be written for large values

of n relative to m; that is
2 2
Ip_ |4, = =20 log (/2) - 40 log (n) + 20 log (m), n">>m".
The spectral magnitude decreases at the rate 12db/octave for

fixed values of m. The above expression also shows that the

signal bandwidth increases as the square root of m when com-

pared to that corresponding to unity modulation index., That

is, for example, an arbitrarily defined signal bandwidth,

n2>>m2, will increase by a factor of 5 if the modulation index

is increased from 1 to 25.
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APPENDIX 11

w

Tables of Spectral Data

Nk S AT AR X, 7 W, e g, N TV
TN

Tables containing spectral data are presented here for

the modulating signal and the modulated carrier. These data

TR, e A e e

correspond to wh/K =2p = 1.8 and Tg.= 0, 0.05, 0.1, 0.2, and
0.4. With respect to the modulated carrier, data are presented

for modulation index values of m == 1, 2, 5, 10 and 25,

AW R ALAgL o 4 asiihe

In order to facilitate compilation and presentation of

i

these data, the variable parameters are denoted at the head

CAeh e My kS Ar

of each table as follows:

»>
il

modulation index, m (where applicable)

B = damping factor,

Q
I

ratio of loop natural undamped frequency to
open loop gain, wh/K

D = frequency transition ratio, Tg

N = harmonic number and sideband order, n.

Asteristi (***%x) -which appear in the heading of tables

denote that the corresponding parameter is not applicable

for the particular case under consideration. An example is

the case of data presented for instantaneous frequency transi-

tion. Asterists (******x) entries also appear in the tabulated
f‘ data corresponding to amplitude spectral values whose magnitudes

are more than 100db belcw the unmodulated carrier. Such values

are deleted from the tables because computation accuracy becomes




B e s R R B e e A R R G T A A i s W0 5 B 500, 0 JIR R L5 ey e 3 ok WLt
|
2 32 :
E§ a factor for spectral values of the order 10 6 and less.
: ;
3 . Spectral data for the modulated carrier signal, with ﬂ
3 Ts > 0, was calculated using the fast rfourier transform
method. Based upon known spectral values determined conven-
3 tionally (Appendix I) for Ty = 0, tre error introduced due to

g5 aliasing is estimated to be less than 1% for the worse case of
2 m = 25 and 1 = 0.05. :
23 i
Ex §
s . §
E - !
:
2 3

: ) . .
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TABLE 1 MODULATING SIGNAL SPECTRAL DATA .
BoRaen Czunne D=0.00
"’ T TTTTN T T MAGNITUDE T PHASE ST T
o L i {DB) _{p€g

=392
=13,46

«17.90
=20,82

23,00
=24LeT5

=26020
=27 44

=28453
=294,49

21 30636 =90.0 )
.23 . =315 =90.0
25 -31,88 «9040
27 =32¢54 =900
29 =33.,17 «~9040
. 31 =33.74 -9000
33 34429 =900
_ 35 _=34.,80 =900 e
37 =35428 =9060
39 =35¢74 «90e0
41 =36e17 =900
W ~=36+59 =9040
45 36498 =90,0 T o
47 «3T7e36 -95040
49 3772 =50,0 o T T
51 38,07 «90¢0
53 =38.,40 «9040
) 35 =38,72  _ =9040 o
57 =39,03 «=90.0
3% =39433 =900
61 =39,62 =90,0 o -
63 =39.,90 =900
&% 40,18 9040
61 =40ob04 «9060
T - T 69 =40e69 -904¢90 -
_ _ 71 40494 «9040
T 3 a4l.I877 =900 Tt
15 wihlels2 «9040
T7 =41.6% =%040
79 =41.87 «~9040
o 817 =42409 =900 - T
83 -42030 =9040
TR T T ez 51 50,0 o T
87 =h2e?l «90460
[-12 =hle91 =500
21 =43,10 «904¢0
Ty T T elW%e29 T T T =900 T T T
95 3ok =9040
A - I A =%3.6% T T =30.,0 Tt T T
99 43483 =90.0

Een e SR S e

T S
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TABLE 2  MODULATING SIGNAL SPECTRAL DATA

% 820490 C=1,80 D=0+05
% " o eme———w— - -— ——— v w e e -

' "N 7 MAGNITUDE ~ PHASE
, S (DB) (DEG)

. 1 ~3.92 =924

B 3 =13e49 =9747 ;
3 5 =17.98 =102.8 - - ;
7 .1 =20e99 ~10840 o
9 N

£ T =23,28 -113,1 :
Z 11 =25,16 =11841 q
kS

- 13 =26.77 T =123.1
Ky 15 =28¢21 =128,1 ‘
3 IV 2952 =133,0 :
3 19 =30e73 = =137.8
P 21 =31.88 =14245 .of
& 23 «32497 16762 :
Tt = o FEt cl30007 T TUmlsTes T T Tt
3 27 =35,03 ~15549 :
33 29 =35.,02 =16040 ;
Z - 31 =36498 =16440 o
[ TOTTTTTTTTTRY T T =37.92 7 7 =167.8 T T T i
ZI 35 =38+84 =17i¢5 ;
= B TR T S3%,Ta T T =175, T T o
£y

c T 39 «40463 =17843 :
41 =41+50 1784 R
43 42435 17544

. - TTTTTTaRS =43,18 TTITEZSS
3 47 =4ieQ0 16947 :
3 XY T T =k, D Y- 2772 i

- 51 =454 60 16447 :
3 LE] =%6+37 1624 :
£ 58 47412 16042 i
= TTTTTTTTTRYT T Tk Te8T T T 15861 T T T :
T 59 =48¢5%59 15641 %

3 ) T eI T T=49.3T 15402 ) f
: 63 «50400 15244 :
9 8% =506 69 1507 :

67 =5]1436 14940 ;
TTTTYTYT T -1 ‘=52,01 " ° 14745 I Tttt

n 5265 146,40 [
2 - o I & B & YL 2R ¥ Y YY - T )
3 75 ~53490 14342 3
& 17 54451 LYY
- 79 =55410 14047 ]

I I ) 55,69 139.6 T T T
83 =56¢26 138eb i

2 - T T 7Ty T =56.827 B - ¥ 7Y “J
H 87 «57437 13643 f
23 s <5791 I35¢3 o
b . - 91 =58 044 13464 v
23 T TR 58498 I3%5 T Sl

95 =59447 13246

' - T " ¥ A 53,97 ~ 13158 T
99 =60e47 13049

i,
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TABLE 3

MODULATING SIGNAL SPECTRAL DATA

820490

N MAGNITUDE

C=1,80 Ds0,10
PHASE

(DB) (DEG)

=3,93 T T=95,1

- 1
3 =13458 =105+4
i) «18.2% =115.6
_ L 1 =21449 «12546 L o
9 =2lel12 1354
L _1n =26041 _=144e8 3 )
- 13 =285} 153,17

=30¢48 =162.0

=169¢7
17647

=32+36
=34417

- =35,90 17648
=37.58 17161

<39.18 7 7 T 16549
=40e¢73 16142

e
35
37
39

Y% FY 3 157.1
=43464 153,43
Tek85,00 < 149.8
=46¢31 14607 ) 3
T=4Te58 @ 14349 T R

(31
43

48079 14143
-49.95 139.0 :
«=51407 13648

- TTTUTTTTTTT TR T 7T eB8ZdI5 T T T 13449 T T o
&7 =53,20 133,0 :
_ 49 «54420 131.2 T B :
51 55417 12948 :
53 56e¢11 12842 i
. ] _=57.02 12740 3
57 «57.90 125671 :
%9 __=5Be76 1245 B o
61 =59,.58 123 ¢4 - :
63 «60e39 12244 :
63 6117 121.4 i
L 61 _=61493 12045 :
69 =62467 1196 - T T
o 2 =63438 11848
T =64ke08 118,0 i - T
75 -S4y 77 11762 :
kkj =85.43 11646 :
. . 19 =66.08 11549 o ;
81 6672 11563 T
_ !3 =67e34 11447 . ;
- D | =6T:9%

1Ya.1 T T T T G
11345 i

113.0
11245

59,11
«59.68 C
“eT0e26 112,60 77 !
=T70.78 111.6 B
Y 5 Y- 5 U § § T R T

99 ~Tlet4 1107 ¥
- -T T s T e AR
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& ' TABLE &  MODULATING SIGNAL SPECTRAL DATA
4 80690 C=1.80  D=0.20 ) T

ot e 0T N MAGNI TUDE PHASE
(DB) (DEG)
. TTT T TUSEYT T T TS10063 T T .
3 3 «13,49% =12046
3 -3 =19e27 =140.1
7 «23449 =157.9
L AR - HERRY Y & %1 SRS & £ 1'% N ST T n T
11 =30473 173.9
R S & 3 ~-33,84 “1863,.5
15 «36491 15561
3 17 =39.64 LY. 1Y A
e 19 42417 16246
: ’ ) 4450 S & ¥ 12 I

\
|
N
"

- 23 46466 133,9
;o - 25 =48.,87 130,86 - )

- 27 =50455 12746
S 29 =57.31 125¢1
2 | _ 31 =52497 12249
2 T T3% 0 S5%.57 ° 7 12049 : T
< 35 =57401 11962
= A ¥ 5841 7 "T1746 T T
| 39 «59476 11642
H &1 TTeBTe01 TI5.0
2 43 =62¢22 1138
& T4Y <63.38 112.8

=64449 111.8

1] ‘-‘
Y

L T %9 «65358& 1105
B 51 =66458 11041
B D X £ Y A 1094
. =68452 10846
-T T T TTTE¥ T 6944 10840
59 =70e32 10704
- T 31 T TaTleld T 106.8 i b
63 =72,01 10642
&5 =T2.82 T05:8
=T73460 10543
I < 2 CSTRGIE T T T 104690 T T
7 «75410 10445
TOUTT T OTYE T T T5,82 T T 10hel T T T
75 «76¢52 10347
17 Y & 7Y ) 1035¢2
=77.86 103,0
T T 81 «78451 1027 - -
83 «79¢14 10244
e e s 85 «79.78 10241 : Co

»
W

Y
N
e e e
L)
~

ke e e o

{
-
L]

- a7 «80436 101e8
59 =80.9% OIS
_ 91 «81653 10142

— - 93 <BZs09 ~ 10140 - e e
; 95 82464 100.8

. - ) A S83.18 1006 ~ "~ ot o
99 83,71 10044

P R s W e = . T
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TABLE 5 MODULATING SIGNAL SPECTRAL DATA
Eiﬁiéb C=1,80 D=0640
- N MAGNITUDE " PHASE )
. R {DB) _ __{DEG) o N
1 4013 =110e5
3 =15444 =149632
5 «23,00 «~18040
e e L ®29e86 159601 . ;
9 «34491 14542
- ..on =39.58 135.8
13 43461 129.0
15 =4Te13 12440 _
17 =50e26 12060
a9 -5340¢ 11642 .
F3\ «55¢60 114e4
23 =57492 11243 )
25 =60405 110.5
27 ~62403 109.0
29 «53486 1077
.31 =65.58 10665 _ . _ . _.
33 =5T7e19 10545
35 =68471 _ . 1047 _ e
37 =70e15 10349
39 =T71e51 10342
3} =72.81 10245
LX) =744 04 1019 i 3 A
4% =15.22 T 10144 - -
47 76435 100.9
- TTTTTTT &y =TT 43 10065 ’ ” )
51 78446 10061
53 =T9.46 99.7
s -80w2 19943 . _
T 57 =81435 9960
. 59 -82.25 9847
61 ~83,.11 98e4
63 =83,95 9861
-1 ~Bhe 1T 9769
67 -85455 976 o o
- 69 -86432 97 et -
T =87406 9702
R & IR & % 7 I 97,0 T
15 88,49 9648
T ~ﬁ.17 96.6
19 ~89,84 9645
T ) B 3 ~30.49% 96632 T T
83 «-9)e12 9662
R | =-317% 960 T - T
87 «92435 95.9
89 =52e%4 957
91 =33,52 9546
I & I «54,08 9%, ~ T - T
95 34464 954
R & A -95.18" 95,3 ) ToTms T
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TABLE 6 MODULATED CARRIER SPECTRAL DATA
A= 1 Banswni Cadtian D20,00
- N MAGNITUDE PHASE
e e tos) (DEG) L
T "3;?2 0.0
1 =65402 Oe0 .
2 =13,46 180,48
_ 3 RARBRR ' 222 1
T T e T T Te2Te44 T T 180,00 0 T T
] 222 2T #HNRRS
- R ) -34,80 ° 18040 ) -
7 wRBRER RGBS
[] «39.90 180,0
- 9 222223 ARBRRR
I (I ~43.83 180.0 - -0 7
11 T 3I Y] RERRRE
- T T B ¥ =47:02 180.0 ottt T
13 ARBRRY #ARRRR
14 LY T2 T 18060
15 BRERRY E2T TN
T T TTTIE T T T T =52605 180,0 -t T T
17 REERRR HRZRRR
- T I T =B4410 18040 - T T
19 #RNRRY 9494324
20 ~55.9% 1806,0
21 ARRRBR 12227
) 22 T =BY.60 18040 I
23 #RRNER HRR RN
-7 T T2 «3%.11 18040
25 #RRBER RERERE
- 28 =60+50 T80.,0
e 1 27 einiobaiebedi HRAN RS
E I { ) «6le79 180.0 ) T T
4 29 #RBXNE HRRXRAR
e o TTTTT T30 7T =82.99 T 180.0 o T o
e 31 22222 e 2222 2
= 32 “ohsll 18C.0
i . 33 HERERE a2 2]
TT T TT3& T T =65.17 T 18040 ‘ T T T
& 33 RN 9+ R 0%
3 T T 36 T T «68.16 1800 T T
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