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Summary.   Rate 1/2 constraint length 7 convolutionally encoded PCM/QPSK techniques
offer significant Bit Error Probability versus Signal to Noise Performance improvements
compared to unencoded PCM/BPSK and yet require no increase in system bandwidth and
little increase in hardware cost. This applications oriented paper explains the effects on
those factors which determine realistic coded modem degradation e.g.: PSK carrier and
PCM bit synchronization, phase ambiguity, and coding gain in the presence of noise, jitter,
transition density, and offset and gain variations. Measured performance is presented, and
pitfalls are identified which can lead to misinterpretation of empirical data.

Introduction.   Although it has been known for decades that PCM/PSK is the optimum
digital modulation technique, only recently has it approached the familiarity of PCM/FM.
The deep space probes with heavy noise and the need for wider link error margin
demanded a changeover to PCM/PSK with its 3 db advantage in bit error probability
versus signal to noise ratio. The insure the success of these early uncoded PCM/PSK links,
PSK Demodulators and PCM Bit Synchronizers were developed providing Eb/No
synchronization thresholds to 0 db peak signal to RMS noise. Of course, matched filter bit
error probability at 0 db approaches one error in ten and at +2 db is still only 3 errors per
hundred bits. In classical engineering leap-frog style, the desire to use this ability to sink
and detect “in the mud” spawned the need for practical Forward Error Encoding. One of
the most useful hardware implementations was the Viterbi Decoder. This convolutional
technique not only improved the heavy noise bit error probability by an order of magnitude
but; in the meantime, when applied to lighter noise systems, for example +6 db Eb/No,
achieved 3 orders of magnitude improvement in error probability. Mediocre 10-3 type
channels were transformed to highly reliable 10-6 error probability data communications
channels. The price is often an increase in required channel bandwidth. However, if the
original uncoded system were PCM/BPSK, converting to PCM/QPSK along with Rate 1/2
convolutional encoding provides the same error improvement with no increase in system
bandwidth. Understandably, system designers have shown an increased interest in
PCM/BPSK and convolutional encoded PCM/QPSK. To clarify some of their most



frequent questions, this paper discusses the fundamentals of BPSK/QPSK modulation and
how applying convolutional encoding/decoding affects systems considerations such as
bandwidth, Signal to Noise threshold and Bit Error Probability and carrier and bit clock
stability. It includes the something for nothing by-products and the skeletons in the closet.
Since this is an applications oriented paper, the summary consists of test results using off
the shelf hardware. The published manuscript contains some test results gathered in early
1975. The presented paper will contain more current and extensive test data.

Fundamentals of BPSK and QPSK.   BPSK can be explained referring to the modulation
techniques and waveforms of Figures 1 and 2. In Figure 1, a PSK (±90E) modulated
waveform results from multiplying a carrier by a PCM signal. If the PCM is NRZ-L the
resultant modulation is usually called BPSK or somtimes PSK. In BPSK one of the carrier
states represents a binary one and the other state is a binary zero. Unfortunately, since the
absolute phase reference of the carrier is unknown at the demodulator, the reconstructed
PCM signal can be either the original NRZ-L or its compliment. This phase ambiguity can
be removed by using a frame synchronizer with automatic polarity correction (APC) but
the more common solution is to use Differential Phase Shift Keying (DPSK). DPSK results
when the multiplying PCM signal is NRZ-M (or NRZ-S) Code. The binary 1 (or 0 for
NRZ-L) is determined by a change of state. In DPSK there is no phase ambiguity;
however, in an unencoded system, DPSK suffers from the inherent doublet error
associated with mark and space codes. The errors always occur in pairs. For uncoded
systems this contributes as little as a few tenths DB degradation at Eb/No of 10 db or as
much as 2 db degradation at 0 db.

Figure 2 shows the spectrum of BPSK whether PSK or DPSK. This spectrum is identical
to Double Sideband Suppressed Carrier AM (DSB-SC). No energy is wasted in
transmitting carrier. The absence of carrier accounts for the demodulator’s phase
ambiguity when DPSK is not used. The entire spectrum of the NRZ waveform is present
on each side of the suppressed carrier (SC). The absence of carrier accounts for the
demodulator’s phase ambiguity. In synchronous demodulation, the phase lock loop uses
the information in the side bands to reestablish the carrier frequency and phase. Any
imperfection in amplitude or phase between the upper and lower sidebands will cause a
phase error and or jitter in local rederived reference clock. Reference 1 shows how the
double sideband suppressed carrier structure permits the use of linear multipliers and
premodulation baseband filtering for bandpass spectrum control. Similarly the multiplying
waveforms could have been other PCM codes instead of NRZ-L, M or S with their
inherent bandwidth reflected in the sidebands.

QPSK can be explained by referring to Figures 2 and 3. In Figure 3 the original PCM bit
stream used in the BPSK channel is applied to a serial to parallel converter which provides
two half-rate symbol streams: channel M and channel N. Each of these half-rate symbol



streams multiplies a separate quadrature carrier providing its own channel M or channel N
half-rate BPSK signal. When these two quadrature BPSK channels are linearly summed
together the result is one QPSK channel. Since channels M and N are BPSK channels
formed by half-rate symbol streams, each channel has the same spectral shape as the
BPSK in Figure 2 but half the bandwidth. Furthermore, since channels M and N are
quadrature channels, their linear summation occupies the same spectral bandwidth as
either of them individually. For a given bit rate the net QPSK spectrum has the same shape
as the BPSK spectrum but requires only one half of the bandwidth. As explained further in
Reference 2, the quadrature relationship between channels M and N means that the noise
is uncorrelated between M and N. The detected symbol streams have their symbol error
probability referenced to signal to noise ratio in the symbol noise bandwidth. Each symbol
stream can be detected independently with its own detector matched to the symbol rate
and the associated symbol bandwidth requirement. Another way of explaining this is:
although the energy in each quadrature stream is half the total, the matched filter time
duration is twice as long as the bit rate. The channel M detector will provide X errors per
M total symbols. Likewise, the channel N detector will provide Y errors per N total
symbols. Of course, statistically X and Y are equal. When the M and N symbol stream are
recombined (parallel to the serial conversion) to arrive at the original PCM bit rate, the net
error probability will be (X + Y) errors per (M + N) symbols. Since X and Y are equal and
M and N are equal, the final bit error probability is the same as the symbol error
probabilities. Therefore, the final bit error probability is the same as the BPSK case and it
was accomplished in one half the bandwidth. Of course all of the above assumes perfect
carrier demodulation. As discussed below, a given phase error in the demodulator’s
regenerated carrier will degrade symbol or bit error probability more for QPSK than
BPSK. Another minor disadvantage of QPSK over BPSK is that QPSK introduces
quadrature channel ambiguity, i. e. , when the M and N channels are demodulated, M and
N can be interchanged. Differential phase encoding (DQPSK) eliminates the ambiguities
but again causes doublet errors.

Choice of Rate One-Half Constraint Length 7 Convolutional Encoding.   In space
communications where noise tends to be Gaussian, one of the most useful decoding
algorithms is Viterbi Decoding of convolutional codes. The introduction of hardware
decoders for this algorithm not only freed computer time but has made real time decoding
at megabit and higher bit rates practical. The theory and implementation of convolutional
codes has been covered in References 3 and 4. Only the available performance will be
described here.

Three factors determine the coding gain realized by the convolutional codes. The
constraint length (the number of encoding shift registers), the Rate (the ratio of uncoded
bits to coded symbols) and quantizing levels (use of soft or hard bit decisions). The coding
gain increases as constraint length and number of quantizing levels increases and as rate



decreases. Unfortunately the system complexity grows almost exponentially with
constraint length and hardware decoders have tentatively settled on constraint lengths of 7
as a practical compromise (from here on this paper will assume constraint length 7 unless
noted). Choice of rate is primarily dictated by available system bandwidth. Since the
number of symbols transmitted increases directly as the rate fraction decreases, the
bandwidth requirements follow accordingly.

The third factor affecting coding gain is the Quantization (Q) or detection supplied by the
PCM Bit Synchronizer. In uncoded systems the optimum bit detector is a matched filtered
detector which simply operates (usually integrates) on the signal plus noise during the bit
interval and makes a “Hard” binary decision whether the net result is closer to the 0 or the
1 level. In this case Q equals two. Hard bit detection weighs all decisions equally
regardless of how marginal the decision is to the threshold of the matched filter output at
decision time. Soft decision schemes, Q $ 4, apply an A/D converter to the matched filter
output so that multiples thresholds are presented to the decoder. Each bit decision
therefore is tagged with its own confidence level and therefore the decoder can select
which bits are most likely in error thereby correcting more effeciently and providing higher
coding gain. Typically Q = 8 provides a 2 db improvement over Q = 2 and about 0.5 db
improvement over Q = 4. Since Viterbi decoding picks up less than 0.5 db more from
Q = 8 to infinity, Q = 8 has been the most common quantization. Table 1 is reproduced
from the Linkabit LV series brochure. This performance, with less than 1 db degradation,
has been experimentally verified at 1.024 Mbps using a Model 335 PCM Bit Synchronizer
with Q = 8 and a Linkabit LV7026 Encoder/Decoder.

Convolution Encoded PCM/BPSK and QPSK.   Convolution codes work well with
BPSK or QPSK because they can be made transparent to the 180E phase ambiguity
discussed previously. They do not depend on the use of differential coding. Note however
the subtle difference between “transparent to data inversion” and “correcting for data
inversion”. Transparent means it will correct errors equally well when the received
encoded data is normal or inverted from the original encoded data. The decoder does not
remove the inversion. If the received data is inverted the decoded corrected data will also
be inverted. If other equipments can not tolerate data polarity ambiguity, differential
encoding must be used just as for the uncoded systems. Even in this event, a proper
convolutional code results in additional performance improvements. In DPSK mode
(DBPSK or DQPSK), convolution systems exhibit less than one tenth db degradation
rather than the three tenths db or more for uncoded systems.

The substantial coding gain of Rate 1/2, coupled with the bandwidth savings of QPSK
makes an excellent marriage. If Rate 1/2 encoding is added to a previously uncoded BPSK
link, the required bandwidth doubles. However, if that same link is then converted to
QPSK, the QPSK bandwidth reduction restores the original bandwidth. The coding can be



implemented with no change in channel assignment or receiver IF bandwidth. Since QPSK
does not degrade error probability from BPSK, the full coding gain is obtained. Assuming
access to the complete modem is possible, the shift from uncoded PCM/BPSK to Rate 1/2
coding and QPSK modulation contributes very little hardware complexity. Figure 4 is a
block diagram of a complete uncoded PCM/BPSK modem. Figure 5 is a block diagram of
a Rate 1/2 coded QPSK modem. The difference in modem cost depends on bit rate range
and whether single bit rate, or multiple bit rate. But typically the added cost is between 5
to 20K.

Another important by-product of the switch to Rate 1/2 convolutional encoded QPSK is: if
the QPSK phase states are properly chosen the decoder will automatically resolve the M
and N channel ambiguity without the need for special sequences.

Test Results and Applications Pitfalls.   As shown in Figure 5, the error correcting
modem consists of three distinct but interrelated functions: the Modulator/ Demodulator,
the PCM Bit Synchronizer/Detector and the Encoder/Decoder. It is obvious that the total
Bit Error Probability performance is determined by the algebraic sum of the gains or losses
of each section. However, when all effects are considered, the results are not so obvious.

The first surprise is the severe demands placed on the PCM Bit Synchronizer and PSK
Demodulator threshold performance at low error rates resulting from the realizable coding
gain. As in Table 1, an uncoded system realizing a 10-6 Bit Error Probability operates at
Eb/No approximately 10.5 db (actually 12 db if 1.5 db degradation is allowed for the
modem). Rate 1/2 encoding can provide a net coding gain of 5.3 db. The modem will then
provide a 10-6 channel at Eb/No = 6.7 db. Superficially, this prompts the erroneous
conclusion that the demod and bit sync are operating at an effective 6.7 db. What is
overlooked is that the net coding gain equals the gross coding gain minus the coding loss
resulting from the increased symbol rate after encoding. For example, for Rate 1/2, the
symbol rate is twice the bit rate and the coding loss is 3 db. (For Rate 1/3, the bandwidth
is tripled and the loss is about 4.8 db). To achieve the net coding gain of 5.3 db the total
coding gain is 8.3 db to make up for the 3 db coding loss. This reflects itself in the modem
operating level. The demodulator and bit synchronizer know nothing about coding. They
see only the symbol bandwidth and rate. They are operating on Es/No, which due to the
coding loss, is 3 db worse than Eb/No. The modem is really operating at Es/No of 3.7 db.
The test setup in Figure 6 was used to generate the bit synchronizer performance data in
Table 2. For a jitter free but noisy signal, a well-designed modem will synchronize and
degrade little to 0 db. But its a taste of “Future Shock” to contemplate how quickly we
have gone from a 10-6 system operating at Eb/No = 12 db to a 10-6 system operating at
Es/No = 3.7 db. Its more disturbing when we consider the presence of bit or symbol rate
clock jitter on the incoming signals as shown in Table 2. Under test conditions B through
H, the unit will not be able to handle the baseband jitter plus noise at Es/No of 3.7 db. Had



we ignored the coding loss effect we may have concluded that we could handle the jitter
with at least 0.7 db margin to spare. Incidentally, Tests I, J, K, L, and M for transition
density are irrelevant for coded systems because the coding introduces randomness to the
data and eliminates low transition densities.

Similarly the phase demodulator is effected by the change of Es/No. The test setup of
Figure 7 was used to obtain the data on Demodulator Degradation versus SNR shown in
Table 3. The demodulator degradation must be added to the synchronizer’s expected
Es/No to determine the modem input Es/No required to meet the desired error rate. It
should be noted that the data was taken using a standard demodulator with a stock phase
lock loop bandwidth of 1% of the symbol rate. The test data can be improved by 3 db for
every octave reduction in loop bandwidth since its the signal to noise in the loop which
causes the degradation. Likewise for QPSK, similar results to Table 4 result if the QPSK
bandwidth is one octave narrower than the respective BPSK bandwidth.

Failure to consider that the demodulator operates on an incoming Es/No of 3.7 db (plus
modem degradation) rather than Eb/No of 6.7 db would lead to 0.2 db over-optimism in
expected modem performance.

The above coding gain considerations are dramatically summarized in Figure 8 which
shows the Bit Error Probability versus Eb/No theoretical performance for coded and
uncoded QPSK/BPSK link. Note how much steeper the slope of the coded curve is than
the uncoded curve. Therefore a given amount of modem SNR degradation causes a much
larger change in the number of bit errors in coded links as shown in Table 4. A 0.7 db
additional degradation in performance increases the errors by 50% in an uncoded modem
but by ten to one in a coded system.

Conclusions.   This paper described the ideal relationships for a class of convolutional
encoded PSK links. It also identified pitfalls to avoid when applying these techniques.
Measured test results were used to substantiate the critical effects of degradation in
modem signal to noise performance. As published here, this paper presents test results and
conclusions obtained using Demodulators/Bit Synchronizers in tandem and Bit
Synchronizers/Viterbi Decoders in tandem which were available off the shelf in late 1974.
The presented version of this paper will contain more extensive test results obtained from a
completely integrated modem; i.e., a BPSK/QPS modem with modulator, demodulator, bit
synchronizer and Viterbi decoder integrated within one design to provide less than 1.5 db
degradation from the coded error probability curves with the noise measured at the modem
input thereby simplifying the system designer’s problem.
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TABLE 1

BEP for Q = 2 & 8 for Rate = 1/2
Constraint Length = 7 Viterbi Encoding/Decoding

BIT
ERROR
RATE

Eb /No, (db) *

With Soft
Qty. Q = 8

With Hard
Qty. Q = 2

Theory
Alone

10-2

10-3

10-4

10-5

10-6

2.0
3.0
3.8
4.5
5.2

3.6
4.7
5.7
6.5
7.2

 4.2
 6.8
 8.4
 9.6
10.5

*For practical modem degradation add 1.5 db total
to all table values to include degradation through
the demodulator plus symbol detection.



TABLE 2
Model 335/336 Performance

TABLE 3
Measured Demodulation SNR Degradation

Symbol
Rate

SNR
(Es/No)

SNR
Degradation Carrier

200 Kbps +3
+4
+5
+6

.71

.56

.53

.5

600 kHz

50 Kbps +3
+4
+5
+6

.7

.58

.54

.5

600 kHz

Note:  Data = NRZ-L, Modulation BPSK

Column 1 Column 2 Column 3 Column 4 Column 5 
Test# Jitter* Baseline (Slnewave) Transition Allow Bit 

Mag to Rate (%BR) Density Error Degradation 
From Theory 

A None None 50% 
B Type 1 None 50% 
C Type 2 None 50% 
D Type 3 None 50% 
E None 100% to O. 1% BR 50% 
F Type 1 100% to 0.1% BR 50% 
G Type 2 100% to O. 1% BR 50% 
H Type 3 100% to 0.1% BR 50% 
I Type 1 100% to 0. 1% BR 20% 
J Type 1,2 or 3 25% to 0.1% 6% 

,K, L&M Type 1, 2 or 3 100% to O. 025% 6% 

*Jitter Type 1 = ;t.3% (three sigma) 0. 5 Hz to 200 kHz spectrum 
JltterType 2 = !.• 75% (three sigma) 200 Hz to 1 kHz spectrum 
JltterType 3 = ;t.1. 5% (three sigma) 1 Hz to 10 kHz spectrum 

**Or Lower 

1 db 
1. 25 db 
1. 25 db 
1. 25 db 
1. 25 db 
1.5 db 
1. 5 db 
1.5 db 
2.0 
2.0 
2. 0 

Column 6 
MIN SNR - To Maintain Sync 

and Meet BEP In Column 5 
(Es/No) 

1024 512 256 128 
KBPS KBPS ,KBPS KBPS** 

(db) (db) (db) (db) 
0 0 0 0 
6 4 3 3 
6 6 6 6 

10 10 6 3 
0 0 0 0 
6 6 6 6 
6 6 6 6 

10 10 6 6 
20 20 20 20 
20 20 20 20 
20 20 20 20 

Due to the nature of the jitter spectrum different bit rates will show different performance. Therefore, 
tests were run at bit rates 2. 5 Kbps to 1. 024 Mbps with the results shown in Table 3 above using a 
standard Model 335 (same performance as 336) PCM Bit Synchronizer. 



TABLE 4
Effects of Modem Bit Error Probability Degradation

Eb/No

Modem
Allowed

Degradation
BEP

Uncoded Link

BEP
Coded

(R=1/2, CL=7)

5.5 db
5.5 db
5.5 db
5.5 db

1.0
1.3
1.5
1.7

0.8 x 10-2
   1 x 10-2
1.2 x 10-2
1.3 x 10-2

1 x 10-5
3 x 10-5
4 x 10-5
1 x 10-4

Figure 2. Spectrum of PSK Modulated
by Random NRZ

Figure 1.  BPSK/DPSK Modulation

Figure 3. Forming a QPSK Channel
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Figure 4. Uncoded PCM/BPSK Modem

Figure 5. A Rate ½ Convolutional Coded QPSK Modem

Figure 6. Bit Synchronizer Tester
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Figure 7. Measuring PSK Demodulator BEP Degradation

Figure 8. Theoretical Modem Performance
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