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Power spectra and necessary bandwidth for 
simultaneous FDM and PSK signals 
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1. Introduction 

The transmission of digital information, along 
with analog signals in a hybrid mode, has received 
a considerable attention. Data Above Voil:e (DAV) 
and Data Under Voice (DeV), [IJ-[3J. arc two 
examples of hybrid systems used today in many 
places. DA V uses the spectrum above the frequency 
division multiplexed (FDM) voice channels. of 
microwave or satellite channels, to transmit a dig­
ital stream of 1.544 Mb/s (r1) or 2.048 Mb/s 
(CEPT). While detailed analysis of the DA V sys­
tem can be found in [4]-(7), spectral analysis and 
necessary bandwidth were overlooked. As with 
most FM systems, Carson's rule is used for band­
width determination, However, as the radio spec­
trum gets more and more congested, some of its 
limitations are beginning to appear [8]. Carson's 
rule has been the subject of study by many authors 
[9]-[12], who have suggested more elaborate meth­
ods of calculating required FM bandwidth; how­
ever, only FDM was considered. 

In this paper we present detailed FM spectral 
analyses of the hybrid baseband comprised of 
FDM and DA V signals. To start. the power spec­
tral density (PSD) of a sinusoidal carrier frequency 
modulated by the PSK subcarrier is derived. We 
assume that the modulating signal is a stationary 
Gaussian process. The digital signal modulating 
the wbcarrier is clearly a non-Gaussian process 

0167·9J6H/85/S3.30' I<)XS. Ebevier Seiem:e Puhlishers B.V. (North·llolI'lIldl 
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(since it has a finite set of values). However. it is 
shown in [13] that the Gaussian approximation 
remains plausible for low deviation FM. a condi­
tion well satisfied by the PSK signal. 

The PSD of a sinusoidal carrier frequency mod­
ulated by the FDM signal is then derived in a 
closed form. utilizing the Middleton expansion 
[14]. and assuming idealized pre-emphasis, The 
idealized pre-emphasis will result in a flat phase 
modulating signal. for which the spectrum is dif­
ferent from the actual spectrum. of the CCIR 
pre-emphasised signal only in the carrier vicinity 
[15]. Finally. the total spectrum is ohtained by 
convolving the individual spectra of the two inde­
pendent modulations (15]. 

The FM spectra are derived in Section 2 and 
utilized to determine the necessary bandwidth in 
Section 3. The necessary bandwidth is defined by 
the regulatory bodies as the frequency band con­
taining a certain percentage of the total RF power. 
or. the bandwidth out of which the total power is 
less than a certain percentage. say. one percent. 
For 600. 960 and 1800 FDM voice channels. the 
out-of-band power is plotted verSUi> bandwidth for 
different data subcarrier frequencies and powers. 
Finally bandwidth computations using the curves 
are compared to those obtained by applying Car­
son's rule. The principal conclusion is presented as 
a modification of Carson's rule that seems more 
meaningful for the case of a hybrid baseband. For 
FDM only. our results agree with Car"on's rule 
and with previously published results [9]. 

2. FM spectra 

Consider a sinusoidal carrier. phase modulated 
by a Gaussian random signal </>( I) as 

x ( I ) COs( We I + </> ( I ) ). (1 ) 

The correlation function of x( I) is given by [17J 

R,(T) R,(T)(C05WOT)j2 

where 

(1) 

where R,'( T) is the autocorrelation of the phase 
modulating signal and R",(O) is the mean square 
phase modulation. The power spectrum W, (f) of 

x( I) is the Fourier transform of R ,( T). hence. 

W,(f) {OC exp[-R,)O)+R.;.(T)]e T. 
~-X; 

Let R.;.(O) = p. eq. (2) can be expanded as 

R,(T)=e pi] + R.,,(T) + 
\ l' 2! 

R~( </» I 
+ -3-'-+ "'1' 

(3) 

(4) 

Equation (4) may now be transformed term by 
term, Since R,.( T) is the autocorrelation of the 
baseband. it~ transform is Py( f), the power spec­
trum of ¢(t), and W, (f) IS now written in the 
form 

W, (f ) = e I' { 0 ( f) + P,> (f) + ~ __ -=-..:.(f_) 

Py (n ~ p.!> (f) 
+ . + 

31 } . (5) 

where o( f) is the delta function and p,;J f) ~ P) f) 
denote!. P",( f) convolved with itself (11 I) times. 
The expansion in (5) is expressed in terms of the 
normalized baseband spectrum w,>( f). 

Let pli~,( n = P~,( n. The total rms deviation is 
defined as 

(6) 

Then 

{X: Ii"",(f )df = 1 
~ 7': 

(7) 

and the FM spectrum is finally given by 

W, (f ) = e -I' { 0 ( f) + pwJn + 2' li'~, (f) ~ Ii.;, (f ) 

+ P'w (f) ~ \i',(f)+ ... \. (8) 
3! ,0 . " .. J 

This expansion has been studied by many re­
searchers. [15] for example. It has been pointed 
out that the expansion fails if the modulating 
spectrum is not zero at the origin (P,,(O) * 0). If 
the modulating spectrum does not vanish at the 
origin. the rms phase deviation p is infinite and 
the expansion has to be written in terms of the 
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frequency parameters instead of phase. Thus eq. 
(2) is rewritten as 

(9) 

where 

K('T) -R)O)+R,)'T), 

and. noting that PfdC{). the spectral density of the 
instantaneous frequency deviation. is related tl) 

P.,,( f), the spectrum of the instantaneous phase 
deviation, by the relation 

(10) 

we can write K( 'T) as 

(11 ) 

Evaluating FM spectra when the modulating sig­
nal is non-zero at / 0 requires evaluating the 
integral in (11) and finding the Fourier transform 
of eq. (9). In the remainder of this section we 
determine the FM spectrum of the FOM signal, 
based on expansion (8). For the PSK signal p( f) 
'* 0 at f= O. Hence the FM spectrum due to the 
PSK signal may be obtained following the analysis 
of eqs. (9)-( 11 ). 

:!.1. COl1lrihuriOI1 0/ the P SK signal to the FM 
spectrum 

Because of its advantages in hoth power and 
handwidth efficiency. PSK digital modulation [16] 
has been used extensively. We consider the cases 
of 2 or 4 level phase modulation as the method of 
su hcarrier modu la tion. The spectral densi ty for il 2 

S,jBCARRIER 

Fig. 1. Tran,mission system block Jiagram. 

or 4-level PSK modulated 
pressed as [5] 

. Djr l Il 
PI'" ( j ) = 2B llsJl1c~' B 

carrier PH (/) IS ex-

) (J 
( 12) 

where DJ is the subcarrier power at the FM 
modulator input. B is the symhol rate of the 
digital signal ( B = B R for 4-level and B = B R for 
2-level modulation, and BR is the bit rate), 1:1 is 
the ~ubcarrier frequency and sinc x (sin 'ITX l/'lTx. 
The PSK sub-carrier may be inserted after the 
pre-emphasis and extracted before the de-empha­
sis network. However, if the FOM signal and data 
suhcarrier are combined before the pre-emphasis. 
the emphasis network loss at the subcarrier 
frequency 1:1 must be accounted for. when setting 
the subcarrier power D}. The system block di­
agram is shown in Fig. 1. 

To find the FM spectrum of a sinusoidal carrier 
frequency modulated by the PSK signal having the 
spectrum Pr,,(/) of (12), we follow egs. (9) and 
(10) to get 

R p" ( 'T) expl- 2 {: Pp,k (f) Sit~~f'T df J. (I 3) 

Equation (13) is exact for Gaussian modulation. 
However, for low modulation indices (total 
frequency deviation/bandwidth of frequency de­
viation) the use of (13) remains plausihle for non­
Gaussian modulation [17]. For typical values of 
modulation parameters, it can be shown that the 
data modulation index q - 0.01. hence. q« 1. 
Now suhstituting for Prd(/l from (12) into (13) 

Ffil Mod:Jlator 

if c 

Microwave 
El~u.ll...tr;ent 
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<lnd integrating we get 

q[l (1 BIT!)cos 2
'IT/d T-

where 

2D2 
d q= ......... ~ ..... , 

1..1-

. , 
SIn-

C = sinc '["~;I sinc B . 

B' 
(14 ) 

The power spectral densi ty Wr ,,, (/) of the data 
subcarrier about the FM carrier Ie is now found as 
the Fourier transform of R I"" (T): 

f l/B 
W~'" (f ) = 2 R r'" ( T ) cos 2 'IT lTd T 

o 

+ j'X: R P" ( T) cos 2'ITIT d T (15) 
l/B 

= WI(f) + W2(f)· (16) 

The integral from I I B to 00 can be readily 
evaluated as 

W2 (f) = 2: e I 

a cos 
x-----~----~~------~-

(17) 
where 

and the value of WI (/) is found by first expan­
ding the exponential function in a power series of 
T and integrating term by term to get 

, 5:)1 }, 
m. 

(18) 

where 

S (I) I { ! C ( 'J 
m = 22111 'I 2 'm .I 

\ (m') 
m-l 

+ L ( 

(19) 

where C",( I) is given by the recurrence relation 

2m , [1 C
m 
(f ) = ---------, 

B(2'ITIIBf 

III ?- 2, (20a) 
l 

GuLf) = j sine 211B, (20b) 

'(/') 1. 'I G I. = B SlOe lB. (20c) 

The total power spectral density of the PSK 
signal is now written as 

W (I) = e '1/ ~ 
r" \ L.-

" III 

,S,)f) 
m. 

+ 2A I a cos 2'ITI/E! 2'IT[1 B sin 2'IT.I/ B 'j\. 
B \ (2'ITIIBf+a 2 d 

(21) 

The above expression for WI'" (I) is similar to 
the Middleton expansion (eq. (8». since both are 
made up of infinite series of normalized terms 
(IX xS",(/ )dl = 1) with weighting coefficients 
given by terms of the Poisson distribution 
e Ilq!llIM!. We note that the total power in Wc(/) 

is zero and since S:" (/) is a set of normalized 
functions, the Poisson coefficient add to one, giv­
ing a total power of unity in the PSK- FM spec­
trum, as one expects. 

To answer the question of how many terms 
should be considered in (21), we first recall that 
the Poisson distribution has a maximum when 
m q. Hence, for small q only the first terms need 
be <.:onsidered; for large q. only those terms for 
which q - m need be considered. For small mod­
ulation index, q« I, a simplified expression for 
the PSK- F\1 spectrum Wp" (/) <.:an be written 
with q2 and higher power neglected to get 

WI'" (I) = e - 'i {Su (I) + qSI (I) 

For typical DA V systems. the rms frequency 
deviation Del - 0.4 MHz; I..! - 6 MHz, yielding 
q - 0.01. For frequencies around the RF carrier, 
higher than the signaling rate 2'ITI I B ~> a and 
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A - 1. the PSK-FM spectrum ;,implifies to 

1" , f 
4Bi 2 sine-jj 

\ 

. ,( / 
Sine I . \ B 

. ,i/+ )' 
slne( B !J.(23} 

To summarize our results. three expres>.ions for 
the PSK-FM spectrum have been derived: an 
exact formula given by (21). an approximation for 
low deviation given by eq. (22) and the spectrum 
away from the carrier given by eq. (23). We note 
that the power neglected in eq. (22) is below 50 
dB down from the total power. for q - 0.003. 

!.!. ContribUl101l of the FDlv! signal to Ihe FA! 
spec/rllm 

Spectral characteristics of FOM- FM signals 
have received continuing attention for over two 
decades. In most of the published work [111)-[25], 
the FOM signal is modeled as a band-limited 
Gaussian noise, with the proper emphasis applied 
before modulation. For low deviation modulation, 
the spectrum is given by the first rew terms of 
Middleton expansion which requires the evalua­
tion of repeated convolutions of the pre­
emphasized baseband [12]. For large modulation 
indices (the quasi-stationary case), the probability 
density function of the baseband signal is a rea­
sonable approximation to the power spectrum in 
the carrier vicinity: however. its accuracy is ques­
tionable in the tails [23]. 

In this section we present a closed form expres­
sion for the FM spectrum for FOM signal with 
idealized emphasis. Although the recommcnded 
CCIR emphasis characteristics is not ideal. the 
difference in the spectral shape is only appreciable 
in the vicinity of the carrier. Unlike existing meth­
ods, no numerical evaluation of the repeated con­
volutions of the pre-emphasized signal arc re­
quired. The present method is not restricted to low 
deviation modulation. The FOM spectrum can be 
modeled by a band-limited Gaussian signal as 

IJ';; III ';;/2' 

otherwise. 
(24) 

If we assume that the pre-emphasi~ network has 

idealized characteristics, then the phase spectrum 
Pc, ( I) or the modulating signal can be written as 
[ 15] 

2( .I~ II ) 

0, otherwise 

(25) 

\vhere the mean square phase deviation p IS re­
lated to the mean square frequency deviation ..l F 
by the relation 

p (26) 

The PSO abou t a sinusoidal carrier frequcncy 
modulated by the FOM signal can now be written 
using the Middleton expansion of eq. (8) to get 

W1'!)[\IIIl e l'(d(I)-I- PIt ,dm (I) 

-L 2' It'ldlll ( f) ~ I{ 'Id,,, ( f ) -I- ... } 

(27 ) 

where 

(28) 

otherwise. 

Although an exact, closed form expression for 
the repeated convolutions in eq. 27 can be derived, 
a simplified expression can be obtained if we let 
the lower frequency IJ extend to zero. Define 

W" ( I) = W1dm ( f) ~ Wldm ( / ) . (29) 

A closed f Ofm exp ression of Jt;, (j) can be derived 
in the form 

r!(n~··r)' 

O<r<n. 

0, y ~ /1 

" I 

(30) 

where I:" I, is the highest modulating frequency 
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and r 
get 

Substituting from (30) into (27) we 

e 
:to (p)" 

--w (f) 
n=O n! II 

n l 
1/ 0 

n 

" I (-} , 
X L -'----'---'--"--------'-

r! ( 11 

(31a) 

(31 b) 

The summation over r sums up different sections 
of the convolved signal. while the summation with 
respect to n is carried over the sidebands of the 
modulated signal, The total power in the II th order 
sideband is given by e-"(p)"/n!. Hence for a 
given modulation index p, the number of terms 
can be found for a prescribed accuracy. For 1800 
channels having a mean square phase deviation of 
0.05 rad 2, the distortion resulting from deleting 
third and higher order sidebands is 47 dB; ad­
ding the third order lowers the distortion down to 

-65 dB. 

:!. J. The total spectrum 

The power spectral density about a earrier which 
is frequency modulated by the sum of two statisti­
cally independent phase modulations is the con­
volution of the spectra about two individual car­
riers modulated by each phase disturbance sep­
arately [15]. Since the FDM and PSK are statisti­
cally independent. we can apply the above prop­
erty to find the total spectrum W, (/) of the 
simultaneous FDM and PSK data above voice 

(32) 

Substituting for f,y'FD'vl(/) from eq. (31) into 
eq. (32) we get 

OC ()" 

WpsK(/)* Lei'. ~w,,(/) 
11=0 n. 

WpsK (/)*[eI'8(f)+e-1' f. I w,,(f)l 
11 In. J 

= e "WpSK (I) + ~'VPSK ( I ) * W;I)M ( I ) (34) 

where 

W;D'vt(/)= W1D\1(/)-e 1'8(1)· 

W;J)M (/) is the FDM power spectrum exclud­
ing the carrier component 0(/). Equation (33) can 
be written as 

/ y:;. III Il " 

+(e'I/I'ifi'\' '\' !I_LS (/)*\\' (;-)) 
'-- ~ nl! n! til IJ 

, Nt Jl= 1 

(1' cos I) 
X ---"-'-----~---~~ * w" (f), . 

(21TI/B)2 + (1'1 

(35) 

The convolution in eq. (35) can be evaluated 
analytically by first obtaining the Fourier trans­
form of both \\;,(/) and Sm(/) and then the 
inverse transform of their product. However, it is 
sufficient in the low data modulation index to 
have 

It; (f) ~ e-I'WpSK (f) + e 'IW~'[)M (f) 

+e -I f. ~ rEI (2~n) 
m=l 2- f1I fn! t \ t " 

X [W;D!\-1(1 (m r)!..I) 

+ W;DM ( I + ( III - r )!..I ) 

I') m \ ,]) 
+ \ -m ) WiDM (f) ( (36) 

The total spectrum w,U) of (36) is an infinite 
series expansion, as expected for most FM spectra. 
The main part of the spectrum is formed by the 
two individual spectra, where the weights e 1', e (/ 
indicate that the total power is constant. Hence, as 
p increases, the effect of the FDM signal dominates 
the spectrum, and similarly for q. The remaining 
part of w,U) represents the higher order side 
bands due to the interaction between the PSK and 
FDM spectra and shows up in the FDM spectrum 
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at the harmonics of the data subcarricr frcquencv 
1:1' Two limiting cases are derived from eq, (36) as 
follows: . 

lim ~~ (f) WIIl\1 (f). 
iJ ---'*0 

lim 11~ ( l ) = lVI'S': ( l ). (37) 
I' .(j 

3. Necessary bandwidth 

Necessary bandwidth is defined by the ITU 
(International Telecommunication Union) as: 
",. ,bandwidth sufficient to insure the tran~mis­
sion of information at the rate and with the qual­
ity required for the system employed ... " [8]. For 
radio systems this bandwidth is often speci fied as 
the frequency band containing a ccrtai n fraction 
of the total RF power. Regulatory bodies specify 
99 percent, 99,5 percent. etc .. as the required in­
band power. permitting a maximum of 1 or 0.5 
percent of the power to fall outside the 'allocated' 
or 'authorized' band. The concern is that the out­
of-band power will fall into neighbouring channels 
causing adjacent channel interference. Interference 
cases can be resolved by comparing the power 
spectra of the' wanted' and' unwanted' or ' victim' 
and 'interfering' channels. The expressions pre­
sented in Section 2 are intended for such applica­
tions. On the other hand, it was found that out­
of-band powers in the range of 30-60 dB belm\. 
the unmodulated carrier may cause interference 
into adjacent channels. This figure was based on 
the assumption that cross polarization and nearly 
equal power are used on the co-channel. 

Our aim now is to define the necessary band­
width for transmitting the hybrid FDM and PSK 
baseband based on the calculation of out-of-band 
power. Hence, a set of curves will be drawn for the 
out-or-band power versus bandwidth. Bandwidth 
calculation from these curves and Carson's rule 
will be compared. 

3.1. Our·oj-hal1d power for PSK-FM .lpeClrum 

The total power WpSK (F) contained in a band 
extending from - F to F around the carrier can be 

found as 
I 

I1l'sK(F)= f Wps.:C(Jdf (38) 
.. I 

fFWi(f)df+f' (F)df 
-/ -f 

W1(F) W,(F) (39) 

and similarly, 

til 0 

.5,,,( F) can be found from (19) with S( F) and 
C(F) replacing SU) and CU) respectively, 
Straightforward. hut lengthy, manipulations can 
be used to show that G ( F) is given by 

( . 
m-l -1 r X2r'1 I x " SII1 x- I: /' I r~O 

(2r + 1)! 

G2"" l( F) G::",( F)..:-
( 1) '" (2m)! 

w ..... l 

x 'II cos .\' - t (-nix" 'I ( 40 ) 
\ r~O (2r)! J' 

To determine the contribution of W:c(/) to the 
transmitted power \Ve first expand the denomina­
lOr of W2 (f) using the binomial theorem and 
integrating to get 

~V, ( F) t We ((Jdl 
-/ 

=.10( I Si(x)) 

+ I/~l ( .- 1 )" [------- ;'11 1 

( 41) 

where 

" IX L , . .10 r, 
.1 1 

en.., en 1.. .. 
r= f1 

and Si( x) is the sine integraL i.e 

S·( .) -1' sin td I .\ - .. _- f. 
I) t 
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3.]. Out -of band power /(Ir FD M ~ F M specrrum 

The total power contained in a hand extcnding 
over F to - F around a sinusoidal carrier frequency 
modulated by the FDM signal is defined as 

W'I)\.l(F) frH/,Il\I(f)d/. (42) 

By suhstituting for WFD\I(f) from eq. (31) and 
then integrating we get 

_ 'l: (P)" 
WID\, ( F) = c !' L -,-

" () 11 , 

1 
x- " 2" L.. 

(he;; r< ( \'+ n 

where 

r!(n r)! 

A (r) 
( ( 11 

lo. 
2r)". O<r< ~11. 

3.3. Total spectrum 

(43) 

Applying the same definitions of the total in­
hand power given in eqs. (38) and (42). we get for 
the total signal spectrum. (using eq. (36). 

W. ( F) = e WI'S" ( F) -+ e '! W,m.l ( F) 

x [WiD\1 ( F - (m r )/, ) 

-+ W;f)\l ( F -+ ( m r ) /;1 ) 

/2 ,- ]) + I m) W' (F) \ \ m fIlM j (44) 

WpSK ( F) and ~}7 H)'>l ( F) are given hy eqs. (41) 

and (43) respectively, and are used. together with 
eq. (44). to obtain the out-of-hand power as a 
function of bandwidth for different PSK and FDM 
loading conditions. In Figs. 2, 3 and 4 we consider 
the simultaneous transmission of 600, 960. 1800 

FDM voice channels: together with Data Ahove 
Voice signaL The DAV signal has a rate of 1.544 
Mh/s. which is the standard T1 bit stream of 24 
PCM voice channels. The data power for many 
working systems carrying DAVis typically 3 dB 
ahove test tone leveL For 600 and 960 channels. an 
rms test tone deviation of 200 Kllz is used. while 
1800 channel radios have a test tone rms deviation 
of 140 KHz. In Fig. 2. for 600 voice channels. four 
cases are considered. namely, FDM only in Fig. 
2(a) and in Figs. 2(b)2(d) results for 3 different 
data suhcarrier frequencies. For each frequency. 
five different data powers are considered. The data 
loading is related to the test tone deviation hy 

. I j.F \ 

10 logl j.}~) ! 3. O. 3. 6. 9 dB (45 ) 

where is the mean square test tone deviation 
and j.F is the subcarrier mean square deviation. 
Figures 3 and 4 are similar to Fig. 2 but 960 and 
1200 voice channels are considered respectively. 

3.4. Necesson' bandWidth 

To calculate the necessary bandwidth for qual­
i ty transmission of FM signals. Carson's rule has 
been used as a rule of thumb. providing satisfac­
tory estimate of handwidth in the case of FDM 
signals. The rule states that the necessary band­
width BN is 

BN = 2( -+ Dn») (46) 

where F.ll and Dill are the highest modulating 
frequency and peak frequency deviation. respec­
tively. In the case of FDM only. the peak devia­
tion Dill is a well defined parameter. However. 
such is not the case for hybrid modulation com­
prised of FDM and PSK. and Carson's rule fails 
to yield satisfactory results. For instance. the nec­
essary bandwidth calculated from (46) for 960 
FDM channels and PSK data with a subcarrier 
frequency of /d 5 MHz is 21.5 MHz. for data 
loading of 3. 0, 3 dB above the test tone leveL 
The reason why the rule is . insensitive' to variation 
in data loading power is because a much higher 
deviation signal (FDM) masks the effect of vary­
ing data power. On the other hand, for an out of 
band power of 44 dB with respect to the unmod-
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ulated carrier. the necessary bandwidth can be 
read from Fig. 3(b) as 19. 22.5 and 27 MHz for the 
- 3,0, 3 dB respectively. 

From the above discussion, it is seen that the 
use of Carson's rule in this case will result in a 
waste of spectrum for low deviation and adjacent 
channel interference for higher deviation. Such is 
actually the case whenever the rule is used to 

calculate bandwidth for a mixture of low deviation 
and high deviation signals transmitted simulta­
neously by FM. 

A glance over the curves in Figs. 2 through 4 
shows a discontinuity in the total power due to the 
first side-band WFDM (lid)' The curve for vari­
ous data powers are parallel and tends to level off 
beyond a certain frequency. For 600 channels (high 
modulation index), the saturation shape is reached 
after two discontinuities, indicating that first and 
second side-bands of the data subcarrier have to 
be transmitted. For 1800 channels, only the first 
side-band needs to be included. We assumed in 
the above discussion that the out-of-band power is 
45 dB below the unmodulated carrier. For 45 
dB out-of-band power or 'band-limiting distor­
tion' our results for FDM only agree with previ­
ously published results [9], see Table 1. 

4. Conclusions 

A closed form expression of the power spec­
trum for a sinusoidal carrier frequency modulated 
by PSK data subcarrier has been presented. As­
suming ideal emphasis characteristics, a closed 
form expression for the FDM spectrum is also 

Table 1 

~ecessary bandwidth 

derived. Then, utilizing the expressions of the indi­
vidual spectra, the power spectrum of simulta­
neous FDM and PSK data above voice is ob­
tained. 

The above results are used to calculate the 
out-of-band power as a function of bandwidth for 
different voice and data parameters. The result is a 
set of design curves covering most practical design 
situations from which we conclude that: 

(l) For FDM only. Carson's rule bandwidth 
corresponds to an out-of-band power of about 
- 45 dB, in close agreement with published results 
[9]. 

(2) For PSK only. the bandwidth is indepen­
dent of the subcarrier location. If all the first 
side-band is transmi tted. i.e. B N ~ 2(jd + l~,); the 
signal to distortion increases by 3 dB when the 
modulation index q is reduced by 2. 

(3) For simultaneous FDM and PSK the neces­
sary bandwidth is given by 2(jd + kFm) with the 
parameter k 1 for low modulation index p (as in 
1800 channels). k 2 for high modulation index 
(600 channels), and 1 < k < 2 for intermediate p 
(960, 1200 channels). 

(4) The given spectrum formulas are valid for 
the transmission of FDM and PSK over terrestrial 
microwave, satellite, and cable systems. 
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