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Bandwidth Analysis of Phase-Locked Loop(PLL) Frequency Modulation(FM) Modulator
for Digital Data Transmission
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ABSTRACT

In this paper the frequency bandwidth for two kinds of PLL FM modulator, which are Voltage Controlled Oscillator(VCO)

PLL FM modulator and VCO-Reference PLL FM modulator, has been analyzed.

The VCO PLL FM modulator has high-pass filter characteristics. If digital data is injected into it, frequency components of that

data below the 3 dB bandwidth will be rejected. But the VCO- Reference PLI. FM modulator can pass low frequency compo-

nents near DC. If the ratio of the reference oscillator gain to the VCO gain is equal to one with the damping factor=0.5, it would

have uniform amplitude response and could be applied for digital data transmission.
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[. Introduction

In VHF/UHF band, FM radio transceiver
has been used for the purpose of military tac~
tics, police group. business and leisure,
etc. Recently FM radio transceiver has been
mainly implemented by PLL synthesizer. And
it is .needed to send or receive both analog
voice and digital voice signals.

There be two advantages if FM radio trans-
ceiver is able to send or receive the digital
voice signal. First. users expect that data
information service will be supported by using
the existing radio sets. Secondly users expect
that critical information could be protected
from an unauthorized party. To protect
user’s voice information it is recommended
that the encryption technique be used rather
than the scrambling technique’.

The conversion of an analog voice signal
into a digital voice signal results in frequency
bandwidth expansion.

The bandwidth of analog voice signal is
normally from 300 Hz to 3,000 Hz. but the
bandwidth of the digital voice signal is from
DC to 1.5 times the sampling frequency of
NRZ signal format. If the digital voice signal
is transmitted by analog FM modulator and
demodulated by the modulation analyzer,
some data loss will happen for the data below
300 Hz. Therefore if the digital voice signal
is transmitted. the FM modulator’s band-
width must be extended to meet the digital
voice signal bandwidth.

There are two kinds of analog FM PLL
modulators, which are VCO PLL FM modula-
tor and VCO-Reference PLL FM modulator™.
VCO PLL FM modulator is configured that
the modulating signal is injected into VCO
input. but VCO-Reference PLL FM modulator

is configured that the modulating signal is
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injected into both VCO input and reference
oscillator input. This paper discusses frequen-
cy characteristics of both VCO PLL FM mod-
ulator and VCO-Reference PLL FM modulator
for the digital data transmission. If the ratio
of the reference oscillator gain to the VCO
gain in the PLL FM modulator is one and the
damping factor is 0.5, it would have the ideal
filter characteristics to send the digital sig-

nal.

I. Frequency Characteristics of Digital
Random Signal

An analog signal is converted into a digital
signal through A/D converter. and the digital
signal is added to the random digital source
to generate the encrypted signal.

[f the encrypted signal is NRZ data, then
its power spectrum is shown in Figure 1. The
power spectrum for the analog signal consists
of frequency components from 300 Hz to
3.000 Hz. But power spectrum of the encrypt-
ed signal has the frequency components not
only from 300 Hz to 3,000 Hz, but also from
DC to 300 Hz. Hence, the bandwidth of the
FM modulator must be extended to send the

digital voice signal.
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Fig. 1. Power Spectrum of NRZ Signal
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. Bandwidth Analysis of VCO PLL FM
' Modulator

The VCO PLL FM modulator is widely used
in the existing analog FM transceiver. Its
block diagram is shown in Figure 2, which
the modulating signal and the loop filter out-
put signal are added and injected into VCO
input. To analyze the bandwidth characteris-
tics of the VCO PLL FM modulator, the fol-
lowing parameters are defined.

K, : Phase Detector Gain [V/rad)

K, : VCO Gain (rad/sec.V)

F(s) : Transfer Function of Loop Filter

V4 ' Error Voltage

Va @ Modulating Signal

6, : Phase of Reference Oscillator

8, : Output Phase of VCO

4w, Output Frequency of VCO

The VCO PLL FM modulator’s characteris-
tics is determined by analyzing the relation-
ship between the external modulating signal
and the VCO output signal. The VCO output
frequency is represented by equation (1) and
its Laplace transform is represented by equa-
tion (2).

LY
Aw,, = @ (1)
Awm(:)=s.00(s) (2)

Now suppose that the phase of reference
oscillator is fixed and N value of N-divider
might be one in Figure 2, then the output

O— prase  |[ Loop Ven
REFERENCE [.DETECTOR FILTER
OSCILLATOR
N-DIVIDER vco

Fig. 2. Block Diagram of VCO PLL FM Modulator

phase of VCO is given as the equation (3)

(s)
0 (s )_3+KZ Ié" F(s) (3)
Since VCO gain and phase detector gain are
constant the VCO output phase characteristics
mainly depends on the loop filter transfer
function F(s). Loop filter which is a low-pass
filter can be implemented by RC circuit or
operational amplifier. If loop filter in Figure
3 is used, the transfer function F(s) becomes
’:2:—1 (4)
where, 7, = R;.C,1, = R,.C
By substituting equation (2) and (4) into

F(s)=

equation (3) the transfer function of PLL
modulator is given as follows

A K

(t) _—_ S (5)

Vm(") s +25w S, 2

where, &=-2. [Ko' Ky = LAY
2 7, 7,

The transfer function of PLL FM Modulator
is the second order closed loop system and its

performance is determined by the damping
factor and resonant frequency.

To determine the frequency response of PLL
FM Modulator the amplitude response and 3
dB bandwidth should be anayzed.

Amplitude characteristics is given as equa-
tion (6) by substituting for complex number s
in the equation (5) and calculating the
absolute value. Also the 3dB bandwidth is

R1
Vi b Vo

Fig. 3. Circuit Diagram of Loop Filter
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given as equation (7) from the condition the

square of amplitude is equal to 0.5.

a)_lA“’m(ja)l_ Ko~a2
| Vm(ia) | \ﬁl_az)%(z&a)z

where, ¢ is defined as the normalized fre-

H( (6)

quency.

W(JdB)=w"-\/4-62—-l+\/2-—8-52+I6»64 @)

As the normalized frequency and the damp-
ing factor varies the amplitude characteristics
is shown in Figure 4. If the damping factor
approaches to zero, the gain for the low fre-
quency will be improved. but the locking time
will be inversely proportional to the damping
factor. therefore 3 dB bandwidth of VCO PLL
FM modulator should be determinined by con-
sidering both the damping factor and the the
locking time.The normalized 3dB bandwidth is
shown in Figure 5 according to the damping
factor.

From the figure the 3dB bandwidth will be
proportional to the damping factor. Even

though the damping factor approaches to zero

2 v
damping factor=0.3
1.5¢
0]
©
=
a 1 damping factor=0;
£
<
0.5 damping factor=1
0 i " a
0 1 2 3 4

Normalized Frequency(W/Wn)

Fig. 4. Amplitude Response of VCO PLL FM Modulator
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the 3dB bandwidth does not converges to
zero, that means the FM modulator can not
pass the low frequency componenents near
DC.

V. Bandwidth Analysis of VCO-
Reference PLL FM Modulator

If the modulating signal is injected into
both the VCO and reference oscillator we call
it VCO-Reference PLL FM modulator which is
shown in Figure 6.

Denoting reference oscillator gain and the
reference oscillator output phase, the VCO

output phase is given as equation (8).

K0~Vm(s)+K0-Kd-Kf-F(s)
s+K K F(s)

00(.v)= (8)

By substituting equation (2) and (4) into
equation (8), the transfer function of VCO-
Reference PLL modulator is given as equation
(9).

”
Amm(s)z Ko-s“+Kf~(2-5~m”-s+w"2) "
2

Vi (8) 52+2~&(un-s+wn

2.5

1.5¢

Normalized Bandwidth

0.5 .
0 0.5 1

Damping Factor

Fig.6. 3 dB Bandwidth of VCO PLL FM Modulator

www.dbpia.co.kr



#wX/HIAg Holel A4E $¥ PLL FM ¥x7]8 A4 % €4

195

PHASE l..] LOOP + vm
DETECTOR FILTER

REFERENCE
OSCILLATOR

vCo

Fig. 6. Block Diagram of VCO-Reference PLL FM
Modulator
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Fig.8. Amplitude Response of VCO-Reference PLL FM
Modulator for £ = 0.5

Amplitude characteristics is given as equa-
tion (10) by substituting for complex number
s in the equation (9) and calculating the
absolute value. Also the 3dB bandwidth is
given as equation (11) from the condition the

square of amplitude is equal to 0.5.

1<0-\/(1<-a:2 2 +(2K-5at)
Ji-a2)2 +(2-6a)2

WR(3a'B)=(un- a+Val+1-2.K 1)

Hp(a)=

3 .
_§ 2 k=2.0 damping factor=0.3
g k=10
<4
k=0.5
O k=0 - i A
0 1 2 3 4

Normalized Frequency(W/Wn)

Fig.7. Amplitude Response of VCO-Reference PLL FM

Modulator for § = 0.3
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Fig.9. Amplitude Response of VCO-Reference PLL FM
Modulator for § = 1.0

where, a=4-6"(1—K’)+2K—l,K=—§——’-

a is the normalized frequency and K is the
ratio of the reference oscillator gain to the
VCO gain.

As the damping factor and the ratio of ref-
erence oscillator gain to VCO gain varies, the
amplitude characteristics also varies as shown
in Figure 7, 8. 9 for the damping factor 0.3,
0.5, 1.0 respectively. As K value approach-
es to one, the amplitude response of VCO-
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Fig.10. 3 dB Bandwidth of VCO-Reference PLIL FM
Modulator

Reference PLL FM modulator has the uniform
amplitude and it is mainly effected by K
value rather than the damping factor, also it
has an ideal filter characteristics for K=1 and
¢ =0.5. The normalized 3 dB bandwidth is
shown in Figure 10 according to K value.
From the figure the 3 dB bandwidth will be
constant for K=1.0. Consequently, as K value
approches to 1.0, the 3 dB bandwidth does
converge to zero, which means the FM modu-
lator can pass the low frequency components
near DC.

V. Conclusions

The FM modulator which can transmit the
digital signal must be designed to have more
bandwidth than the bandwidth of the modu-
lating signal. Now existing VCO PLL modula-
tor has the high-pass filter characteristics.
For transmission of a digital signal the damp-
ing factor of the PLL modulator must
approach to zero, but this results in longer
locking time and unstable PLL opreation.

Therefore VCO PLL modulator get some
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data loss below the 3 dB bandwidth. The
characteristics of the VCO-Reference PLL FM
modulator mainly depends on the ratio of the
reference oscillator gain to the VCO gain and
the damping factor. If the ratio of the refer-
ence oscillator gain to the VCO gain is equal
to one for the various value of damping fac-
tor. the modulator can pass low frequency
components near DC.

The amplitude characteritics changes due to
the damping factor. if the damping factor is
equal to 0.5, it has uniform amplitude for
the normaized frequency.

Since the resistor and the capacitor compo-
nents are used in the FM modulator design
and there is tester’s performance limitation
to measure frequency component near DC, it
is difficult to design the modulator which can
modulate the digital signal without any loss
in practice.

Thus the VCO-Reference PLL modulator is
an alternative method for the digital data
transmission by the simple circuit modifica-

tion.
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