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CARRIER SYNTHESIS FROM PERTURBED DSB /SC SIGNALS

R. S. SIMPSON and W. H. TRANTER
Department of Electrical Engineering

University of Alabama

Summary    In suppressed-carrier AM-baseband systems, the process of synthesizing
carriers necessary for demodulation usually constitutes a difficult problem, especially
when noise or recorder flutter is present. In this paper a particular scheme1, which
synthesizes a demodulation carrier directly from a DSB/SC signal, is investigated for the
purpose of determining the effect of noise and recorder flutter upon each of the various
elements in the carrier synthesis loop. Curves are presented which illustrate the
relationship between phase error in the demodulation carrier and various system
parameters.

Introduction    A block diagram of the carrier synthesis scheme under consideration is
illustrated in Figure 1. The channel filter output is assumed to have the spectrum
illustrated, which consists of data and a pilot tone, both translated to the channel
frequency, Tc. The pilot insures that the input signal to the carrier synthesis loop exists
when there is no modulation and provides a means for automatic gain control. In the
carrier synthesis loop the DSB signal is limited, differentiated, and rectified to produce a
series of impulse functions, which are used as triggers for a monostable-multivibrator
(MSMV) of duty cycle A. The phase-locked loop (PLL) is assumed to track the
fundamental of the resulting pulse train, which, after phase correction and division by
two, yields the desired demodulation carrier. The need for phase correction results from
the inherent 90E phase shift in the PLL and the phase shift caused by the MSMV if ) is
different from 50 percent.

This carrier synthesis scheme can be adversely affected by noise and tape recorder flutter
as well as by zero crossings of the modulating signal. In this paper several problems
resulting from these phenomena are analyzed to determine the duty cycle of the MSMV
and to predict the relative magnitude of the phase error attributable to each source. 

Specifically, the analysis concerns the effect of
(a) modulation zeros,
(b) flutter on sinusoidal modulation,
(c) large ) in the presence of noise and flutter, and
(d) channel noise on the PLL output.



Effect of Modulation Zeros    An understanding of the mechanism by which modulation
zeros affect the carrier synthesis scheme can be obtained from Figure 2. The limited
DSB/SC signal is a periodic pulse train except in the region of a modulation zero
crossing. When this signal is differentiated and rectified, a series of impulses are formed,
which act as triggers for the MSMV. The MSMV output consists of a pulse train whose
leading edges correspond to the carrier zero crossings except for the pulses perturbed by
modulation zeros. Observation reveals that modulation zeros result in shifted pulses
when they occur during the MSMV “off” time and have no effect otherwise. The shift is
always in the same direction, and the PLL responds to these pulses in a manner
dependent upon the loop bandwidth. If the loop bandwidth is sufficiently large,
significant phase errors in the demodulation carrier may result.

The probability that a pulse in the MSMV output will be shifted is of interest. If we
consider the modulating waveform to have an “ideal” low pass spectrum of bandwidth
" Hz, the average number of zero crossings per second2 may be written as

(1)

If the MSMV duty cycle, ), is 50 percent or greater, no additional pulses can be inserted
in the MSMV output by modulation zeros, and the number of pulses per second in the
MSMV output is constant at 2fc. Therefore, the probability of a shifted pulse, P(SP), is
the ratio of perturbed pulses to total pulses in the MSMV output or

This yields

(2)

which is plotted in Figure 3 for three different values of MSMV duty cycle.

It is necessary to examine the behavior of the PLL to determine the effect of a shifted
pulse on the demodulation carrier. To accomplish this requires consideration of the
statistics of the shifted pulse. A modulation zero has equal probability of falling
anywhere in a carrier period. Therefore, the probability density function describing the
time shift will be uniform from zero to the total “off” time, (1 - ))/2fc. The average time
shift is therefore (1 - ))/4fc, which corresponds to a phase shift of B(1 - )) radians at 2fc.

The peak phase shift of the PLL output corresponding to the average shift of an input
pulse can be obtained by considering the perturbed pulse to be a phase pulse, of 1/2fc

duration, applied directly to the PLL. The amplitude of the pulse will be B(1 - )) radians.



The PLL is assumed to have a response with exponential envelope, exp (-(TnT), where (
is the loop damping and Tn is the loop natural frequency.3 The response n
to the pulse will therefore be

(3)

for

Therefore, for the average phase shift, the peak phase error, 2p, in the demodulation
carrier (at a frequency fc) is

(4)

which is plotted in Figure 4 for (=0.707, Tn =2B(500), and several values of ). As the
product (Tn increases, the PLL has less of a smoothing effect, and the peak phase errors
become correspondingly higher. This analysis is based upon the linear model of the PLL
and assumes that lock is maintained.

Figure 3 indicates that for reasonable values of fc/" the probability of a shifted pulse is
low. Figure 4 indicates when a shifted pulse does occur, the peak phase error for the
average shift is small, particularly if the MSMV duty cycle and the carrier frequency are
high. As a rough rule it is concluded that the effect of modulation zeros will be
negligible, i.e., the peak phase error will be less than approximately three degrees, if fc is
greater than 5 " and 15 kHz, and if ) is greater than 70 percent.

Effect of Flutter Upon Sinusoidal Modulation    Ideal tape recording assumes that the
tape velocity is constant during the record and,playback processes. In actual practice this
is never attained, and all recorded signals are perturbed by recorder flutter, which is
defined as the normalized instantaneous variation of the tape velocity from the mean tape
velocity. The most significant effect of flutter is a perturbation of the time base, which is
usually represented by h(t) and called time-base error (TBE).4 For example, if a recorded
signal is of the form

(5)
the playback signal is approximately given by the expression

(6)



or

(7)

where

(8)
Thus, the signal undergoes a phase perturbation which is proportional to its recorded
frequency, T. This approximation is valid for both predetection and post-detection
recording if the peak value of the flutter is small.

The representation for flutter given in (8) may be utilized to determine the effect of
flutter upon the system for sinusoidal modulation. It has been shown5 that if a DSB/SC
signal is perturbed by flutter and passed through a linear channel filter, the result is

(9)

where

This signal represents the input to the carrier synthesis loop.

The response of the carrier synthesis loop to e2(t) may be understood by recognizing the
fact that the limiter removes the amplitude information and retains the zero crossings. If
the zeros of the modulation are neglected, the limiter output consists of the carrier zeros
and has the same perturbations. Assuming the PLL to have sufficient bandwidth to track
the variations due to flutter, the demodulation carrier becomes (9) with Tm = 0, which
yields

(10)

In actual practice, the PLL bandwidth is made only large enough to track the flutter
components which yield the large phase errors. Bandwidths on the order of 200 Hz are
appropriate to meet this requirement. If this bandwidth is made too narrow, the



demodulation carrier does not have the proper phase relationship, and additional
distortion terms result.

Multiplying (9) and (10) and filtering out the 2Tc components, yields

(11)

for the demodulated output. Term A is the desired output since the modulating signal
was cos Tmt , Term B is a time delay, and Terms C and D are distortion terms resulting,
from flutter. An analysis of an older recorder indicates that Terms C and D have typical
peak values of 10 degrees and 0.1 degrees, respectively, for an Tm of 3 kHz and an S of
10-4 seconds. Thus, Term C is of significance and Term D is negligible.

Effect of Large ) in the Presence of Noise and Flutter    Increasing ) to minimize the
effect of modulation zeros can lead to other difficulties, the most important of which
results from additive noise in the baseband. To analyze this difficulty let the modulating
signal be constant at unity. Under this condition, the expression for the input to the
limiter is

(12)
where n(t) represents the additive noise which is narrowband by virtue of
the channel filter. Therefore, e2(t) may be written as

(13)

(14)



exceeds Tc/). Thus, PDO occurs when

(15)

Since PDO can have an adverse effect on the PLL such as causing it to lose lock or to
lock on the wrong frequency, it is of interest to determine the probability of the
occurrence of the condition stated in (15) given fc , ), and the noise statistics.

Figure 6 illustrates that the probability of PDO is highly dependent upon the ratio of the
channel carrier frequency to the noise bandwidth, and thus it may be of signif icance in
wideband, low-carrier-f requency channels. The effect on such channels is illustrated’in
Figure 7 for the case of a 3 kHz channel at a carrier frequency of 15 kHz. As the signal-
to-noise ratio and the channel carrier frequency increase, the effect becomes negligible.

PDO results because of the frequency deviation due to noise. Tape recorder flutter also
produces frequency deviations, and it is interesting to compare the two. The analysis will
be performed by assuming the frequency deviation due to flutter to be approximately a
Gaussian distribution having zero mean. If the peak frequency deviation of a carrier due
to flutter is

(16)

(17)

From (15)

(18)



(19)

(20)

If (20) is placed in the form of a normal distribution, the result is

(21)

where

(22)

Substitution of (17) into (22) yields

(23)

which indicates that the P(PDO) due to flutter is dependent upon the MSMV duty cycle
and peak flutter. It is independent of the channel carrier frequency.

A typical value of gpeak is 0.12 percent which, when used with a ) of 90 percent, yields
> = 280. Substitution of this value into (21) illustrates that P(PDO) due to flutter is
negligible. Thus, noise is of principal interest in computing the probability of PDO.

The Effect of Channel Noise on the PLL Output    Noise which falls within the
channel bandwidth affects the stability of the demodulation carrier and is of interest in
predicting system performance. The perturbations of the signal zero crossings are
random and have an rms value iven by Rice’s work as

(24)



where S/N represents the average signal-to-noise ratio in the data channe . This equation
is plotted in Figure 8.

The rms value of jitter on the PLL output is less than that predicted by (24) because of
the additional bandlimiting action of the PLL. The variance of this jitter may be written
as

(25)

Other Effects of the MSMV Duty Cycle    Two other effects concerned with the
MSMV duty cycle are related to the reference phase and amplitude of the fundamental
frequency component of the MSMV output. The amplitude of the fundamental is
proportional to sin B) and is a maximum for a ) of 50 percent. Therefore, if a larger
duty cycle is used, less than maximum power is contained in the fundamental.

The reference phase of the fundamental is given by

(26)

If ) is 50 percent the fundamental has a zero reference, but for other values of ) the
reference phase is not zero and phase compensation is required. A dynamic phase term
also arises because of the change in ) as the instantaneous frequency varies, but the term
is negligible for signal-to-noise ratios greater than 15 db.

Conclusions    Modulation zeros cause perturbations in the form of shifted pulses in the
MSMV output, which yield phase errors in the synthesized demodulation carrier. As a
rough rule it may be stated that if the carrier frequency is greater than 5 times the
bandwidth of the modulating signal and if the MSMV duty cycle is 70 percent or greater,
the probability of a shifted pulse is low. For a carrier frequency greater than 15 kHz the
PLL response is negligible.

For low signal-to-noise ratios two additional problems arise. The first problem is pulse
dropout, which results from making the MSMV duty cycle large to minimize the effect
of modulation zeros. The perturbation depends upon the carrier frequency, the MSMV
duty cycle, the channel bandwidth, and the signal-to-noise ratio. For 3 kHz channels this
effect appears to be negligible for a carrier frequency greater than 15 kHz, a duty cycle



greater than 70 percent, and a signal-to-noise ratio greater than 15 db. The second
problem results from noise power on the PLL input giving rise to phase jitter on the PLL
output. This effect appears to be negligible for a signal-to-noise ratio greater than 20 db.

For high signal-to-noise ratios the perturbations due to noise appear negligible.
However, tape recorder flutter results in dynamic phase perturbations having peak values
as high as 10 degrees for a recorded 3 kHz sinusoid. The need for recorders with low
peak time-base-error is evident.
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Figure 1 - Block Diagram of the System

Figure 2 - Generation of the MSMV Output



Figure 3 - Probability of a Shifted Pulse

Figure 4 - Peak Phase Error Due to Modulation Zeros



Figure 6 - PDO Distribution Function



Figure 7 - Probability of PDO for a Low Frequency Channel

Figure 8 - RMS Phase Perturbation Due to Noise




