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SUMMARY

This report investigates the use of coherent and non-coherent FM/PM detectors as
applied to recovery of PCM telemetry data. Given a PCM Manchester II encoded FM
carrier, a theoretically perfect bit detector was derived. A laboratory prototype was built
and evaluated under simulated threshold conditions. Agreement with theory was
obtained within 1.50 db, using a coherent demodulator without a limiter stage.
Amplitude and phase characteristics are shown in addition to the filter circuit and
component values. Several commercial demodulators are compared against the
theoretical model. The results of the comparisons are discussed, and recommendations
concerning deficient areas are submitted.

INTRODUCTION

An investigation of a False-Code Modulated, Phase-Shift Keyed, Phase Modulated
(PCM/PSK/PM) telemetry system has been conducted to develop an S-band telemetry
system with a very high data reliability. Since the application that prompted this
investigation required a bit error rate (BER) of less than 10-6, it was desired to learn
exactly hot much degradation would be experienced in the BER using various coherent
and noncoherent demodulation systems. For the purposes of this work, it was assumed
that no further improvements were obtainable in transmitter power, receiver noise
temperature, or other radio frequency aspects of the data link. Then., the investigation
was confined to the conditions at or near signal threshold to simulate the “worst case.”
With these constraints, the ratio of average bit energy to noise power spectral density at
the demodulator system input was used as a “common denominator” -- the independent
variable against which the corresponding bit error rates could be compared.



ENCODING TECHNIQUE

The nonreturn-to-zero (NRZ) PCM data is used to phase-shift key a square-wave
subcarrier having a repetition rate equal to the bit rate. The same technique is sometimes
referred to as PCM Manchester II encoding. The resultant baseband signal is then
filtered to restrict the bandwidth and is applied as modulation to a phase-modulated S-
Band transmitter. The peak phase deviation is restricted to ±1.5 radian to retain sufficient
carrier power to permit the use of a receiver with a modulation-restrictive phase-locked
loop demodulator.

The use of Manchester II encoding might be challenged because it produces an RF
spectrum nearly twice as broad as would be produced by simple NRZ encoding. The
broader spectrum, however, does not degrade the system performance if coherent
demodulation is employed. The principle advantages to be claimed for Manchester II
encoding are:
1. The baseband spectrum is shifted upward in frequency so that low-frequency

components do not exist, regardless of the bit pattern.

This greatly simplifies the handling of the baseband signal, particularly through a
tape recorder, since ac coupling may be used without distorting the signal. Also,
the system is less susceptible to low-frequency noise produced either by the tape
recorder or by phase instability in the transmitter and receiver. The latter becomes
a very important consideration in an S-band system because of the high-order
frequency multiplication that necessarily must follow the crystal oscillator in both
the transmitter and receiver.

2. The baseband signal shows at least one zero-crossing per bit. In contrast, PCM-
NRZ contains no zero-crossings if there are no changes of state. The guaranteed
minimum number of zero-crossings in a PCM Manchester II system insures rapid
lock-up and sustained synchronization of the bit synchronizer, regardless of bit
pattern. This is because the bit rate information is invariably derived from zero-
crossings alone. Reliable synchronization is extremely important iq this system
because the bit error rate should not exceed 10-6. With poor synchronization, large
amounts of data could be lost if the bit pattern displayed a relatively small number
of zero-crossings.

3. The isolated carrier, characteristic of a PCM Manchester II system due to the lack
of low-frequency baseband components, is highly desirable. When coherent
demodulation is used, it minimizes the possibility of acquiring phase-lock to one
of the sidebands instead of the carrier. This phenomenon, commonly termed
“falselock,” yields a receiver output that is totally undecipherable and is therefore
useless.



The efficient performance of this system is predicated on the use of coherent
demodulation in the receiver. One shortcoming of most common coherent demodulators
is the inability to acquire phase-lock to the carrier unless that carrier is significantly
larger than the closest sidebands. As pointed out above, the use of PCM Manchester II
encoding helps to minimize this problem. The problem still exists, however, and false-
lock becomes more probable as the receiver tuning error (at t6 time of acquisition)
increases, and also an the bit pattern includes a larger number of 101010 . . . transitions.
The latter condition concentrates more sideband power closer to the carrier. Even under
the best conditions, operator skill is an important factor in successfully acquiring phase-
lock to the carrier. There are many schemes incorporating “anti-sideband circuits” to
prevent false-lock. However, at this time, these special circuits have not been evaluated
and it does not appear that they are in common use at any of the various test ranges.

MODULATION TECHNIQUE

Transmitter efficiency is usually an important consideration. If solid-state design with
varactor frequency-multiplication is used, then linear power amplification is impractical.
Using this as a ground rule, the system designer is forced to employ a constant-envelope
angle-modulation system, i.e., PM or FM.

If the best possible system performance is demanded for a given transmitter power, given
antenna system gain, and given receiving system noise temperature, then the logical
modulation technique is no doubt phase modulation since it is more amenable to
coherent demodulation. This is particularly true if the modulation bandwidth is large,
because the coherent frequency demodulator requires that the entire phase-locked loop
respond to the modulation. The coherent phase demodulator, by comparison, requires
only that the loop respond to carrier variations, greatly simplifying the receiver design.

If phase modulation is used, and If a coherent demodulator is used, then it is desirable
that the peak deviation angle be as close to 90 degrees as possible, provided that
sufficient carrier remains to permit the receiver to reliably acquire phase-lock. For the
specific system considered in this report, a peak deviation of ±1.5 radians (86 degrees)
was found to be a good choice. In other systems where the ratio of permissible RF
bandwidth to bit rate is greater, and where faster bit transitions my therefore be tolerated,
a somewhat smaller angle might be more desirable.

If sufficient power is available so that the losses associated with noncoherent
demodulation can be tolerated, then better performance will be obtained with a peak
phase deviation near ±60 degrees. Also, under these conditions, there is little reason for
selecting FM or FM. The optimum phase deviation angle for both is near ±60 degrees
and the two perform equally within a small fraction of db.



1 G. E. Miller, “Design and Performance of a Bandwidth Limited PCM/PSK/PM Telemetry
System,” The Boeing Company, Document Number D2-125505-1.

If, as in this specific system, both coherent and noncoherent demodalators are used for
their separate advantages, then the choice of deviation angle should be based an which
demodulator is most likely to succeed. If they appear equally likely to succeed, then a
compromise of ±75 degrees is perhaps in order, even though this choice is sub-optimum
for both demodulators.

The bit detection process requires that all modulation waveform, zero-crossings coincide
closely with the regenerated bit rate in the bit synchronizer. The regenerated bit rate is
periodic so it is important that the zero-crossings all occur midway between the bits,
regardless of the direction of transition. The ideal premodulation. filter in this sense is
one which has a cosine response to a step function. It has been found that this
characteristic can be approached very closely with a Gaussian lowpass premodulation
filter of fifth order or higher. It was found that an optimum value for the ratio of -3 db
bandwidth to bit-rate was 1.2 for all Gaussian lowpass filters regardless of order. For the
same filter in a PCM-NRZ system, the optimum ratio would be 0.6. This optimum ratio
is the minimum ratio that will allow the amplitude of the narrowest pulses to remain
closely equal to the amplitude of the widest pulses. In this particular system a ninth-order
filter was found necessary to confine the RF spectrum within the allotted channel
bandwidth.

Comparisons with the theoretical performance of the noncoherent demodulator were
purposely avoided because the results of known analysis methods have seldom been
realized in practice -- most likely because of the large number of simplifying
assumptions that must be made to make the problem manageable.

APPROACH TO THE PROBLEM

Theoretical models were developed1 for the ideal coherent integrating bit detector, and
for the ideal modulation-restrictive phase-locked loop demodulator. Because, in both of
these models, only the best possible performance is of interest, many of the degrading
factors encountered In practical systems are intentionally ignored. The theoretical
performance does not include degradation due to any of the following non-ideal
conditions:

1. Phase noise (jitter) and phase error in the transmitter and receiver.
2. Phase noise and phase (timing) error IN the bit detector reference.
3. Amplitude and/or phase nonlinearity in the transmitter, receiver and bit detector.
4. Background noise other than Gaussian.



The theoretical bit detector performance is compared with the measured performance of
a laboratory model bit detector. The laboratory model is then used in a number of
subsequent tests where the comparative performance of various demodulators is
determined. Extreme care was taken in the design of the model bit detector so that its
performance would approach the ideal as nearly as possible.

Tests are then conducted on a variety of demodulators, both coherent and noncoherent,
(a) with different types of filters, (b,) with different filter bandwidths, and (c) with and
without limiters. In all cases the measured performance is compared to that of the
theoretical model in terms of the average bit energy to noise power spectral density ratio
at the demodulator input, and in terms of bit error probability at the bit detector output.
Because of the differences in the signal spectrum and in the bit energy distributionY all
tests were conducted with a 1010---repetitive bit sequence and again with a random bit
distribution.

The equipment used in the laboratory tests was largely in breadboard configuration. A
large number of optimizing adjustments were thus available that eliminated or minimized
many of the imperfections normally encountered in operating system hardware. It was
found that theoretical performance was approached closely only after a number of
adjustments were carefully made, and even then only after the demodulation system
configuration was carefully selected. Because of the idealized conditions of these tests,
the results may seldom be duplicated in practice. However, they do represent limits
which may be approached in practice, provided that sufficient care is taken.

SYSTEM DESCRIPTION

The operational system is described by the functional block diagram of Figure 1. The
laboratory model is described by the functional block diagram of Figure 2. This model
differs from the operational system in that attenuation and noise injection are substituted
for the RF link, and hard-wire synchronization is substituted for part of the bit
synchronizer function.

Figure 3 shows the amplitude and phase characteristics and the schematic diagram for
the premodulation filter used in all laboratory tests. The output of the premodulation
filter is shown in Figure 4 (a). The resultant modulation spectrum and RF spectrum are
shown in Figures 4 (b) and 4 (c) respectively.

PERFORMANCE OF THE LABORATORY MODEL BIT DETECTOR

The purpose of the first test was to determine how closely the theoretically predicted
performance could be approached in practice using a carefully-adjusted integrated-and-
dump type bit detector and an essentially perfect communications link. A second purpose



of this test was to gain accurate knowledge of the Bit Generator, Bit Detector, and Bit
Error Detector performance. These elements would then be used in subsequent tests to
determine the degrading effects of non-ideal communications links.

 Description of Model

The test setup shown in Figure 5 included the following basic elements:

1. PCM Generator. This unit generated PCM-NRZ with a bit rate of 345.6 KBPS. It
was capable of generating either a 1111 sequence, a 1010 sequence, or a random
sequence, the latter being accomplished by sampling the output of a random noise
generator. The PCM-NRZ output was used by the bit error detector as a
comparison reference for determining the presence of bit errors.

2. Biphase Converter. This unit converted the PCM-NRZ data into PCM Manchester
II format.

3. Low Pass Filter. This was a nine-pole linear-phase lowpass filter. The amplitude
and phase characteristics are shown in Figure 3. The noise bandwidth, determined
by planimeter integration of the amplitude characteristic, was 450 KHz.

4. Noise Source. A commercially packaged noise source with the necessary flat
spectrum was not available. Consequently, the noise source shown was used. Two
70 MHz IF amplifiers with a bandwidth of 10 MHz were cascaded and the input to
the first was terminated in its characteristic impedance. The output spectrum of the
second amplifier was applied to a broadband double balanced modulator and
converted by a 70 MHz oscillator down to a center frequency of zero. An analysis
of the resulting spectrum showed it to be very flat to approximately 3 MHz. The
noise level was adjusted by varying the AGC control voltage on the second IF
amplifier.

5. Bit Detector. This unit included a synchronous demodulator operating at the bit
rate to convert the PCM-Manchester II into a standard NRZ format. Bit decisions
on the resultant PCM-NRZ were made by an integrate-and-dump detector
followed by four stages of hard limiting. The reference bit rate for the synchronous
demodulator and the integrator discharge pulses were both derived., with
appropriate timing adjustments, from the original clock which drove the PCM
generator. Because of this connection, bit synchronization was essentially perfect
and no errors could be attributed to imperfect sync.

6. Bit Error Detector. The NRZ output of the PCM Generator was delayed through a
multi-tapped delay line to coincide in time with the output of the Bit Detector.



Immediately prior to discharging the integrator, a comparison was made of the two
signals and all polarity dissimilarities were counted as bit errors by an electronic
counter. The counting interval used was five minutes, corresponding to 1.0368
(108) bits. Five minutes was found to be long enough to yield repeatable results
and yet short enough to allow the measurements to be made in a reasonable length
of time.

7. Clock. The basic clock was a Hewlett-Packard Oscillator, Model 650A. This
oscillator in turn drove three separate pulse generators (Data Pulse Model 106) to
provide the necessary delayed clock pulses.

Laboratory Seating

Two tests were conducted., one with an alternate 1010 bit pattern, and the second with a
random bit pattern. In each case, the rms noise voltage and rms signal voltage were
measured independently at the output of the low pass filter with a true rms voltmeter.
From the rus values, the average bit energy (E) and noise spectral density (No) were
calculated from the following relationships:

where:
Vs = rms sigma voltage
Vn = rms noise voltage
Bn = filter noise bandwidth = .45 (106)

Because it was known that some manufacturers of bit synchronizers include a limiter
rather than an AGC ahead of their integrator, the above tests were repeated with a hard
limiter ahead of the bit detector. The limiter had a limiting ratio of approximately 60 db.
Figure 6 (curves c and d) shows the performance with the hard limiter included ahead of
the integrator. For both the equal-energy case and the random bit case, the limiter
degraded performance by about 2.8 db at a BER of 10-6.

The results of the above tests without the limiter are shown In Figure 7 (curves c and d)
for the tvo cases of equal energy bits (1010---) and random bits respectively. In both
cases the experimental data falls within 0.25 db of the theoretically predicted
performance. However, this agreement was attained only after very carefully adjusting
the demodulator reference phasing, the integrator gate timing-and the decision threshold
level in the bit decision circuit.



The most critical adjustment was that of the decision threshold level. The best method
found for making this adjustment was to apply noise only (no signal) and then to make
the adjustment for Pe = 0.5; that is, for a bit error rate equal to one-half the bit rate.
Having conducted these tests, it is now firmly believed that any specification for a bit
synchronizer should include a specification giving acceptable tolerances on the indicated
bit error rate in the presence of noise only. This is a very sensitive test.

Agreement with theory was good enough that the circuits could be used in subsequent
tests for determining the amount of degradation caused by various non-ideal
communications links.

PERFORMANCE OF THE SYSTEM MODEL

In the following tests, the performance of a system model was empirically determined. A
block diagram of the system model is shown in Figure 1. In all cases, the baseband signal
was generated, detected and evaluated in terms of bit error probability using the
equipment described earlier. However, an RF link and noise source as shown in Figure 8
was included between the baseband generator and the bit detector. The principle
independent variable in all tests was the ratio of bit energy to noise power spectral
density which was measured in the PF transmission band. A second independent variable
in most tests was the predemodulation (IF) bandwidth.

DESCRIPTION OF THE MODEL BY LINK

Phase-Modulated Transmitter

A phase-modulated transmitter was simulated using a wideband microwave subcarrier
modulator (RCA Model MM-600-A-6). Being basically an FM modulator, it was
preceeded by a passive differentiator to make the conversion from FM to PM. This
instrument had a modulation bandwidth of approximately 6 MHz and an RF bandwidth
of approximately 50 MHz. Consequently, the transmission bandwidth was controlled
almost entirely by the premodulation lowpass filter. The RF output frequency was 70
MHz and, with most receivers, it was necessary to convert to a different frequency using
a balanced modulator (Hewlett-Packard Model 10514A) and a conversion oscillator
(Hewlett-Packard Model 3200B). In all tests the premodulation filter shown in Figure 3
was used and the peak phase deviation was 1.5 radians.



Calibrated Noise Source

RF system noise was generated by cascading two broadband IF amplifiers. The input to
the first was terminated in 50 ohms and the noise level was adjusted by varying the AGC
control voltages. The flat spectrum width was approximately 6 MHz centered about
70 MHz.

Linear Mixer

Linear mixing of the 70 MHz sigma and noise spectra was accomplished at the two
differential inputs to a third 70 MHz IF amplifier (LEL Model 6058). This amplifier
featured a voltage-controllable bandwidth which was useful in several tests where
bandwidth was a variable. In the standardizing of signal and noise powers at the output
of this amplifier, the bandwidth control voltage was always set to a value for which the
noise bandwidth was precisely known. The unmodulated carrier power was then
measured with the noise generator removed and the noise input terminated in its
characteristic impedance. The noise power was then measured in a similar manner.

Power Comparator

The unmodulated carrier power and noise power were set equal by comparing them
separately through a power comparator. This consisted of a balanced modulator and
conversion oscillator combination which converted the spectra center frequency from
70 MHz down to 5 MHz. At this Point the level was indicated by a true rms voltmeter
(Hewlett-Packard Model 3400A) having a flat frequency response from 10 Hz to
10 MHz. This combination was much more stable and consistent than other RF power
meters used in earlier tests.

Variable-Bandwidth -IF Amplifier

This 70 MHz IF amplifier (LEL model 6058) had a normal bandwidth of approximately
10 MHz. It included a single-pole voltage-controllable network permitting the -3 db
bandwidth to be varied from approximately 0.5 to 10-0 MHz. The bandpass
characteristic of this amplifier was determined at a number of different control voltages
using a vector-voltmeter (Hewlett-Packard Model 8405A). The characteristic was
carefully platted and integrated with an analytical balance to determine the effective
noise bandwidth.

Four commercially manufactured receivers were selected to be compared against an ideal
demodulator. Principle characteristics of these items were as follows:



A. This was a standard range receiver capable of demodulating both PM and FM
either coherently or noncoherently. Tests on this receiver were conducted in three
different modes of operation. In all cases the 70 MRz transmitter signal was
converted down to 10 MHz and injected into the 10 MHz second IF filter and
amplifier.

One series of tests was conducted in the normal coherent PM mode. In this mode,,
the demodulator was in the modulation-restrictive phase-locked loop
configuration. The phase detector was preceded by a limiter.

A second series of tests was conducted in the coherent PM mode but without a
limiter. Actually, this coherent demodulator incorporated two phase detectors
driven in quadrature. One was preceded by the limiter and served as the normal
phase detector. The second was driven by a linear amplifier and normally served
as a coherent AM demodulator. In those tests involving a “coherent phase
demodulator without a limiter,” the phase reference to the quadrature phase
detector was rotated to 90 degrees to enable it to perform the function of a phase
demodulator., but without a limiter. In this mode., the loop error voltage was still
supplied by the normal phase demodulator, preceded by a limiter.

A third set of tests was conducted with this receiver operating as a noncoherent
phase demodulator. This was done by operating the receiver in the noncoherent
FM mode and following it with an external passive integrator.

In some tests, the normal plug-in IF filters were used. In other tests, IF filtering
was provided externally by the LEL 6058 variable bandwidth IF amplifier.

B. This item used a conventional Foster-Seeley type FM discriminator preceded by a
limiter. The IF bandwidth was 60 MHz and the post detection bandwidth was
9.5 MHz. Since the IF center frequency of this demodulator was 70 MHz, no
frequency conversion was necessary. IF bandwidth restriction was provided by the
LEL 6058 variable bandwidth amplifier and, for the demodulation of PM, an
external passive integrator was used.

C. This receiver incorporated a standard Foster-Seeley type FM discriminator and an
internal integrator which enabled it to function as a noncoherent FM demodulator.
The transmitter sigma was converted to 10 MHz and injected into the second IF
filter and amplifier.

D. This receiver also incorporated a Foster-Seeley type FM discriminator and an
internal integrator. As with item C. the transmitter signal was converted to
10 MHz and injected into the second IF filter and amplifier.



TEST PROCEDURE

In all tests the S/N ratio was standardized by first setting the control voltage of the
variable bandwidth amplifier to 10 volts which provided an effective noise bandwidth of
1.08 MHz. The signal input was then connected to the unmodulated transmitter, the noise
generator was removed the noise input was terminated in 50 ohms, and the carrier
frequency was adjusted for a maximum indication on the power comparator, thereby
centering the carrier in the passband. The indicated transmitter power vas then noted.
Then the signal source was removed, the signal input vas terminated in 50 ohms, and the
noise input was connected to the noise source with the step attenuator set-at zero db. The
noise amplitude was then adjusted for a power comparator indication equal to that
obtained with the transmitter. The foregoing procedure was repeated as necessary until
equality was achieved. Both signal and noise inputs were then connected and the output
vas connected to the demodulator being tested. Care was taken to ensure that the variable
bandwidth amplifier vas operating within its linear range on the mixture of signal plus
noise. Care was also taken to maintain input levels such that neither the variable
bandwidth amplifier nor the demodulator under test were contributing significantly to the
total noise.

The noise level was then adjusted using the step attenuator to provide the desired S/N
ratios. The bit energy to noise density ratio was calculated from the following
relationships.

When standardized:

For step attenuator settings equal to X db,

Bc/No = 4.96 + X db

The bit errors in all cases were counted for a period of five minutes and the bit error
probability was computed from the relationship:



In each situation, all timing functions in the bit detector were carefully adjusted for a
minimum bit error rate.

TEST RESULTS AND CONCLUSIONS

The test results are shown in Figures 9 through 16. Because of the large number of
curves on some of these sheets, the individual data points are not shown. It was
extremely unusual, however, for a data point to be displaced from the plotted curve by
more than 0.2 db. Many of these curves are identified by letters appearing at each end.
These letters denote tests made at the following IF bandwidths:

Figure 16 compares the best performance achieved with the following demodulator and
filter combinations. Letters A through D identify the commercial units described earlier.

A - Coherent phase demodulator without limiter. IF - 3 db bandwidth = 1.61 MHz. IF
integrated noise bandwidth 2.36 MHz.

A1- Coherent phase demodulator preceded by limiter. IF - 3 db bandwidth = 0.79
MHz. IF integrated noise bandwidth = 1.19 MHz.

A2- Noncoherent frequency demodulator preceded by limiter and followed by
integrator. IF - 3 db bandwidth = 1.61 MHz. IF integrated noise bandwidth = 2.36
MHz.

B - Noncoherent frequency demodulator preceded by limiter and followed by
integrator. IF - 3 db bandwidth = 1.61 MHz. IF integrated noise bandwidth = 2.36
MHz.



C - Noncoherent frequency demodulator preceded by limiter and followed by
integrator. Plug-in IF filter - 3 db bandwidth = 1.5 MHz.

D - Noncoherent frequency demodulator preceded by limiter and followed by
integrator. Plug-in IF filter - 3 db bandwidth = 1.5 MHz.

The curves labeled “Theoretical” apply to the ideal coherent demodulator system.

Referring to Figure 16, curves A show the closest approach to the theoretical to be
realized with the coherent demodulators used in these tests. The random bit performance
is 1.5 db poorer than theoretical. This difference is believed to be largely attributable to
the nonlinear amplitude characteristic of the IF amplifier in this particular receiver and to
the poor phase linearity of the predemodulation filter. Also, with the IF amplifier gain set
for reasonably linear operation, the IF amplifier introduced some very slight additional
noise which is not accounted for.

Curves A1 show the best performance achieved when a limiter was included before the
coherent demodulator. The degradation introduced by the limiter was approximately 0.6
to 0.9 db. The degradation noted would probably have been closer to 2 db had the IF
amplifier and filter been more nearly perfect.

Curves A2, B, C and D show the best performance obtained with various noncoherent
demodulators and their associated predemodulation filters. There is a spread of about 3
db between these curves and this is believed due to the filters, since the demodulators are
all of the same basic form. It should be noted that in all cases the - 3 db bandwidth was
approximate1Y 1.5 MHz.

No curve has been shown in Figure 16 to define the performance of the ideal
noncoherent demodulator. The reason is simply that the problem is much too complex
for confident analysis. Many writers have presented mathematical models which define
with fair accuracy the performance above the threshold. Sam have predicted the
performance in the vicinity of threshold, but these are generally in poor agreement with
experimental results. In addition, none of these analyses consider application to a binary
system. The main problem is that the character of the noise changes abruptly when in the
vicinity of threshold. Above threshold the noise is basically distributed with a Gaussian
amplitude probability. In the presence of this distribution the performance of the binary
system may be accurately predicted. Below threshold the noise resembles Gaussian
distribution with a mixture of sharp impulses. The impulses are caused by noise peaks
which exceed the signal amplitude thereby causing momentary changes in the state of the
limiter. The results are phase transients with a total excursion near 360E. At the receiver
output these transients are predominately toward the center axis of the modulation
waveform, thereby subtracting from the modulation regardless of the polarity of the



modulation. This is therefore a destructive process rather than an additive process. That
is, the noise replaces the data rather than simply adding to it. The result is a much higher
bit error probability than would be expected from the rms value of the noise.

When the receiver is operating in the vicinity of threshold, the bit error probability may
be several orders of magnitude greater than that normally indicated by the familiar
noncoherent demodulator characteristic curves.

Also, the rate of occurrence of noise impulses at the demodulator output is proportional
to the radius of gyration of the predemodulation filter. Consequently, any bandwidth in
excess of that required to pass the signal will degrade the system performance.

In contrast, the coherent linear (non-limiting) phase demodulator treats both signal and
noise in a linear manner with the result that the output noise remains purely Gaussian
and purely additive. Also, the output noise spectral density in the modulation band is
independent of the bandwidth of the predemodulation filter. The bandwidth of the
predemodulation filter therefore need only be wide enough to accommodate the signal
and narrow enough to prevent overloading the receiver. Excess bandwidth between these
limits does not degrade the system performance.

Analytically determining the performance of a binary communications system that
involves a noncoherent frequency demodulator and integrator it a difficult problem,
because the SIN ratio over the entire range of interest lies either below threshold or in
the transition region. We are never concerned with the performance above threshold
because the bit error probability is always zero for all practical purposes.

The impulsive nature of the noise near threshold is inherent and unavoidable in the
limiter-discriminator combination. It follows that the only means available for improving
the system performance when using a noncoherent demodulator is to reduce the
threshold. This requires that the radius of gyration of the predemodulation filter be
reduced. This in turn is somewhat equivalent to reducing the noise bandwidth of the
filter. Since the filter bandwidth also must be great enough to pass the most significant
sidebands of the signal, the optimum bandwidth is that which provides the highest S/N
power ratio at the limiter output. The filter should also offer a constant time delay over
the band of frequencies occupied by the more significant sidebands. Most commercial
receiver IF filters evaluated having optimum bandwidths do not have a sufficiently
constant time delay. This causes distortion of the modulation waveform.

As was expected, the best performance was obtained in the laboratory tests using a
coherent phase demodulator without a limiter. The best performance obtained was 1.5 db
poorer than theoretical.



Placing a limiter ahead of the demodulator degraded the performance by an additional
1 db. The best noncoberent performance experienced was 4.7 db poorer than the
theoretical for coherent demodulation. A variety of noncoherent demodulators were
tested and a spread of about 3 db was found in their performance.

It was found that the most universally inadequate element in all receivers tested was the
predemodulation (IF) filter. Considerable work should be done to define properly the
ideal filter for this purpose and to develop a production model of this filter. It is believed
that the performance of the noncoherent demodulator in this application could be
improved by nearly 2 db by substituting a properly designed IF filter.

There remains some doubt as to the exact characteristics of the predemodulation (IF)
filter which might be considered “ideal” for use in this system. There is no doubt that the
ideal filter should have a linear phase characteristic, that is, it should show constant time
delay over the passband. Standard practice in critical pulse communications systems is to
use a bandpass filter with a linear phase characteristic, or to use one with a maximally
flat (Butterworth) amplitude characteristic and then linearize the phase characteristic
near the band edges with allpass phase-correcting networds.

For the ideal receiver using a linear phase detector and no limiter, the predemodulation
bandpass filter should have a linear phase characteristic and a flat amplitude
characteristic over a band including all significant sidebands. For this ideal receiver,
additional bandwidth beyond that required to Include all significant sidebands is in no
way detrimental, provided that the receiver and bit detector are not overloaded by the
out-of-band noise and continue to treat the mixture of sigma and noise in a linear
manner.

An ideal limiter tends to maintain a constant output power regardless of the amplitude or
spectrum of the input. It would therefore appear that.9 if the receiver employs a limiter,
the predemodulation filter should have an amplitude characteristic which maximizes the
limiter input signal/ noise ratio. Then the state of the limiter would be determined by the
noise for the least amount of time. Consequently, the bit energy would be least
frequently obliterated by the noise.

The coherent phase demodulators used in telemetry receivers for PCM could be
improved not only by improving the filters,,but also by improving the amplitude linearity
of the IF amplifiers and by eliminating the limiter from the signal path. The signal
amplitude variations resulting from the absence of the limiter would not be harmful if bit
detection were accomplished by a well-designed coherent integrating bit detector. This
form of bit detector is inherently insensitive to amplitude variations.



Bit Detection Process

It has been proven possible to approach theoretical performance within 1/4 db with a
properly designed coherent integrating bit detector, provided that a properly phased
noiseless reference is used. It has also been found that some commercial bit
synchronizere are available whose performance is within 1/2 db of theoretical. Certain
other bit synchronizers, notably those incorporating a limiter at the input, cannot perform
in an optimum manner. It has been found that inclusion of a limiter at the input alone
will degrade the performance by about 3 db. It has also been found that commercial bit
synchronizers which are free of manual timing adjustments., and which normally
perform very well on an undistorted input signal, do not necessarily perform in an
optimum manner when the input vaveform is distorted (for example, by a
predemodulation bandpass filter with inadequate phase linearity). In the usual bit
synchronizer, the regenerated bit rate is derived from the zero-crossings of the input
waveform. All timing functions such as integrator discharge and integrator output
sampling are subsequently derived from the regenerated bit rate. Filter phase nonlinearity
has a tendency to make the instant of zero-crossing a function of bit pattern. This makes
the crossings aperiodic. Under these conditions., the regenerated bit rate remains
periodic and phased with the average zero-crossing. The integration interval then spans
parts of two or even three bits, producing a form of intersymbol interference. This
enforces the recommendation that predemodulation filtering needs considerable
improvement.

It Was found that the simplest and most sensitive quick test for verifying the satisfactory
performance of a bit detector vas to apply an input consisting of noise only and no
signal. Under these conditions the probability of error is 0.5 so a bit error rate counter
should indicate a bit error rate equal to one-half of the bit rate for a properly functioning
bit detector.
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