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Abstract

In a PCMFM FM FM nodul ati on schene, one pul se code
nodul ated (PCM signal is added to a series of FM subcarrier
nodul ated signals, and the sumis nodul ated on one FM
carrier frequency. After the signal is carrier denodul ated
at the receiver and the signals nodul ating the subcarriers
are individually filtered and denodul ated, the information
carried by the subcarrier frequencies may be distorted or
| ost due to interference power of the PCMsignal that is
passed by the subcarrier signals’ bandpass filters. The
effect of the interference power nmay be reduced when the
subcarrier frequencies are chosen to coincide with the zero
crossing frequencies of the PCMsignal. It will be shown
that this choice results in a lower interference power than
when the subcarrier frequencies cone between the zero
crossings. The PCM signal used in this study is of polar
nonreturn to zero format.

| nt roduction and Background | nformation

Bef ore di scussing PCMFM FM FM the schenmes of PCM FM
and FM FMw ||l be introduced. PCM FM nodul ati on nodul ates a
pul se-code nodul ated (PCM signal my(t), of a polar
nonreturn-to-zero format, anplitude A, bit rate R, and



period T, on the FMcarrier frequency f.. A block diagram of
the circuit that produces this nodul ation schene is given in
Figure 1.
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Figure 1: PCM Modul ati on Schene

The equation describing the nodul ated signal y(t) is given
as

""'_:"_"’ T '"’”"7:"”’,’ 7“;’"
y(t)—cos(Zu(fct+kfo m(t’)de’y) (1)
where k is the gain of the FM nodul ati on box. k has units of

Hertz per volt. The derivative of the argunent of the cosine
gi ves the instantaneous frequency of the nodul ated signal.

Thi s i nstantaneous frequency shows that the peak deviation
in frequency is given by

f =Ak (2)

The FM FM nodul ation schene is shown in the black box
design in Figure 2. FMFM has n signals m(t) nodul ati ng n
FM subcarrier frequencies. The signals are then sumred, and
the sum nodul ates a single FM carrier frequency. The FM FM
signal is described as Equation 3.
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Figure 2: FM FM Modul ati on Schene

t [
y(t)=kcos[21t(fct+fd1f cosmsclt’dt’+fd2f CoOSw,  t/dt! +-
t
ot dnf Ccosw ., t'dt)) ] (3)

In Equation 3, f, =A, where A, is the anplitude of m(t) and
k is the gain, in Hz/volt, of the FMcarrier nodul ati on box.

PCMFMFM FM i s |ike the FM FM nodul ati on scheme, but
the PCM signal m(t) is summed with the other n signals
after they nodulate the n subcarriers. Figure 3 is the black
box design of the new nodul ati on schene, and Equation 4 is
t he PCM FM FM FM si gnal .
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Figure 3: PCM FM FM FM Schene

Equation 4 introduces several new paraneters. f_, is the
carrier frequency, and f, is the peak frequency devi ation of
my(t), as introduced in Equation 2. f,, is the frequency
devi ation of the carrier by the nth subcarrier frequency.
For m(t), f, is usually chosen to be .35R, where R, is the
bit rate of the signal. f,, is determ ned according to the
design’s objectives, and the subcarrier frequencies f, are
specifications of the nodul ati on schene desi gn.

For the remai nder of this paper, the | owest frequency
subcarrier signal wll be considered. The rnms power
associated with the | owest frequency subcarrier of the PCM
FMFM FM signal, m(t) , after carrier denodulation is given
in Equation 5. This shows that the weight of the subcarrier
in the frequency domain is f,, (See Figure 5).

(fdsl) 2
Ve (5)

The PCM FM FM FM denodul ati on schene is shown in Figure 4.
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Figure 4. PCM FM FM FM Denodul ati on

After carrier denodul ation, the subcarrier nodul ated by
m(t) is filtered by an IF filter, which is a bandpass
filter wth a central frequency equal to f,,, and with a
bandwi dth of 15% of the central frequency, 7.5% on each
side. This filter may be consi dered ideal. These percentages
are the | RI G standard bandw dt hs of bandpass filters. This
filter al so passes any conponents of my(t) that fall within
t he bandwi dth, which could interfere with the power of the
subcarrier signal and either distort or destroy the

I nformati on associated with m(t).

The interference power associated wth the conponents
of m(t) that fall within the subcarrier’s IF filter is the
i ntegration over the IF filter bandw dth of the energy
spectral density (ESD) of my(t) divided by T, the period of
my(t). This expression is shown as Equation 6,

Prar 2 [ _s(£) |H(D) 2, (6)

where S(f) is the ESD of one period of m(t). Note that the
integration is nultiplied by 2 to achi eve the double sided
ESD of m(t). S(f) is expressed as

S(£) = (£,T)2S1inc? (£T)

(7)

I f any prenodul ation filtering was perforned on the PCM
signal before it was added to the other signals and



nodul ated (see Figure 3), then H(f) in Equation 6 is the
transfer function of the filter. If no prenodul ation
filtering was done, then H(f) is unity, or the filter is an
all pass filter.

A conpari son of the power associated with the
conponents of my(t) within the bandpass filter’s bandw dth
to the power of the subcarrier nodulated by m(t) is best
expressed as a ratio of the powers. This ratio is shown here

i n dB.
Ppey
101
Og{ deIZ ) ( 8)

Enpl oying logarithm c properties, renmenbering the IF filter
Is ideal, and using the expression for power in Equation 7,
the rati o becones

£

2
3 ds1

10log[ f2 Tsinc? (£fT) |H(E) |2df

where the integration is perforned over the bandw dth of the
| F

2
ds1

2

=1olog{ Lq ]+1010g(ﬁTsincz(fT) |H(£) lzdf) (10)
filter. Notice the first termof Equation 10 does not depend
on f ., but the second term does because it contains the
I ntegration over the bandw dth of the IF filter. If f_,, and
consequently the IF filter, were changed, any change in the
rati o of PCM signal power to subcarrier signal power would
show in this second termonly. It is the second termthat is
used to nonitor the effect of changing the |location of the
subcarrier in the PCM FM FM FM nodul ati on schene.

Appr oach

A sanple PCM signal used in this analysis is of polar
nonreturn to zero format, with anplitude A =1, bit rate R,
= 11 kbits/second, and T = 1/R,. The gain of the FMcarrier
nodul ation box is set to k = 1 Hz/volt. Three different



prenodul ation filters are enployed in the nodul ati on schene
of Figure 3. The first has a transfer function H(f) =1, to
pass all frequencies. The second filter is a single-pole |ow
pass filter wwth a transfer function of

L 11
1+7 R, (11)
where R, the -3dB cutoff frequency, is the bit rate of
my(t). The final filter is a six-pole Bessel |ow pass
filter, designed for the sane -3dB cutoff frequency and
normal i zed. Its transfer function is

w c ®
HOE) < 1039’52.,7 (12)
bnlbnzbn3

where w, is R, expressed in radi ans/sec, and

- . W,
bm:[(Jm)2+8.4967339f1§.so;}3](757?)

=[(jw)2+7.471427w+20 85282](—92-)2

. , W, .,
b ,=[(jw)2+5.03186jw+26.51402] ( > 7)

The subcarrier frequencies were first chosen to fall
bet ween the zero crossings of the frequency representation
of m(t). This puts the first subcarrier frequency at
f;=16.5 kHz. Figure 5 is a sketch of the frequency domain
representation of the PCMFM FM FM si gnal after carrier
denodul ati on.

For each H(f) , the second term of Equation 10 was eval uated
for f.,. The integration was perforned over the limts of
the bandwidth of the IF filter centered at f,.

Then the subcarrier frequencies were chosen to coincide
With the zero crossings, so f,, = R, = 11 kHz. This is shown
in Figure 6.
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Agai n, for each H(f), the PCM signal was integrated
over the bandwidth of the IF filter centered at f.,. The
follow ng table gives the calcul ations just described. A
powers are expressed in dB, according to Equation 10. The
cal cul ations were perfornmed using the Matlab software
package (see Appendi x).



Resul ts

Second Ter m of (10) (dB)
Type of Prenodulation Filter fscl=16.5 kHz fscl=11kHz

Al Pass ( H(f)=1) -17. 0997 - 32. 5030
Si ngl e Pol e -22. 1467 - 35. 4769
Si x Pol e -24. 3180 - 35. 4610

The data in the table shows that placing f,,; at the zero
crossing O my(t) causes the PCM signal power-to-subcarrier
power ratio to be lower in dB. The ratios cal culated for the
single pole low pass filter show a drop of over 10 dB when
fe, CcOincides with m(t)’'s zero crossing. The | ower the PCM
si gnal power being passed through the IF filter, the | ower
is the distortion of the subcarrier signal. The table data
al so shows that a high order prenodulation filter hel ps
reduce the power ratio. For exanple, in the second col um of
the table, the ratio associated with the all pass filter is
hi gher than that of the single pole | ow pass filter by over
5 dB.

There is an anonmaly in the results. The cal cul ati on of
the ratio given f;;;, = R, and the single pole |low pass filter
Is lower than that for the same subcarrier frequency and the
six pole filter. The difference is small, however, and may
have conme fromusing two different versions of Mtlab
software for the cal cul ations. Another run of all the Matlab
files on the sane conputer should correct this error.

Concl usi ons

The results of the cal cul ati ons perforned do show t hat
subcarrier frequencies placed at the zero crossings of the
PCM signal in a PCMFMFM FM format result in | ower
I nterference power. Choosing a higher order prenodul ation
filter for the PCM signal also |owered the interference
power. Making these choi ces when designing a PCM FM FM FM
systemw ||l help to insure that the signals m(t) are
received with mnimal interference by m(t). Choosing a
hi gher order prenodulation filter for m(t) should not



conprom se the signal, since the conponents of myt)
associated with frequencies higher than the filter’'s cutoff
frequency are snmal | .

Thi s paper exam ned an exanple of a PCM FM FM FM
nodul ati on scheme of R, = 11 kbits/sec. For an actual case
of PCM FM FM FM using I RI G standards, the bit rate would
have to be chosen as either 10.5 or 14.5 kbits/sec. The
subcarriers’ |F filters could not be ideal in an actual
case, but could be chosen as high order filters and
consi dered ideal for analysis purposes.
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Appendi x
I ncluded in the Appendi x are all the Matlab command

files used in conputing the data presented in the Results
section. PC-Matlab and Matlab for Maci ntosh were used.
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