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Abstract

An improved pragmatic approach to coded modulation de-
sign which provides higher coding gains especially for noisy
channels is proposed in this paper. The basic pragmatic ap-
proach previously proposed by Viterbi et al. is adopted, but
integrated with the multiple carrier frequency concept. An
optimum rate L convolutional code is used to design a gen-
eral coded modulation system which can be implemented
easily. This new scheme is shown to perform much bet-
ter than the original pragmatic approach at low to modest
signal-to-noise ratio(SNR) conditions. It provides signifi-
cant coding gains for practical channel conditions but at a
price of slight loss in asymptotic coding gain(ACG). The
system performances with respect to various design issues,
factors and parameters including the signal constellations,
mapping rules, ACG’s and minimum Euclidean distances
are analyzed and illustrated in detail. Extensive simulation
results also support the concept and demostrate the validity
of the analysis.

1 Introduction

Trellis coded modulation(TCM) has been used as a
very attractive bandwidth efficient technique for digital
transmissions[1]. However, it is well known that the bursty
error is inevitable for TCM, especially at noisy channels
with low SNR. This is because the multi-branch unmerged
paths very often have competible metric values with the
correct path. For trellis codes with parallel transition-
s, the number of single signal-error events also increases
as well. This makes it relatively difficult to directly ap-
ply conventional TCM schemes in power-limited channels
or noisy communication environments. A pragmatic de-
sign of encoder /modulator has been proposed by Viterbi et
al.[2]. This design provides almost equivalent coding gains
to the best Ungerboeck codes using an optimum rate %, 64-
state binary convolutional code, which is VLSI implement-
ed aboundingly. But the performance of this design also
inevitably degrades at low SNR because the basic signal
constellations used are not changed. In this paper, an im-
proved encoder/modulator design with higher coding gains
especially at noisy channels is therefore proposed based on
the previous pragmatic design, but integrated with the con-
cept of multiple carrier frequencies(3].

In the following, the backgrounds including the pragmat-
ic approach to encoder/modulator design and the concep-
t of multiple carrier frequencies are first very briefly re-
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viewed in the next section. In section 3, the improved en-
coder/modulator design will be presented and explained in
detail. The system performance analysis and simulation re-
sults are then given in section 4 and section 5 respectively.
The concluding remarks are finally made in section 6.

2 Background Review

2.1 Pragmatic Approach to Encoder/

Modulator Design

The pragmatic approach to encoder/modulator design(2]
provides the means to achieve reasonable coding gains using
a single existing good convolutional encoder and a very sim-
ple signal mapping only. The design issues are summarized
below.

An ”industry standard” rate %, 64-state binary convo-
lutional encoder is used to encode one out of the & — 1
information bits to obtain two coded bits to select one sig-
nal from a four-point sector {X10,X11, X01, X00}, which
is taken from a total of 2%~2 sectors according to the other
k — 2 uncoded bits, where X indicates the k — 2 uncoded
bits. Therefore, there are 22 parallel transitions on each

branch of the trellis structure. Figure 1 is an example of
signal constellation for 8ASK (k = 3, M = 8).
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Figure 1: Signal constellation of a pragmatic design for cod-
ed MASK scheme for M = 8.

For the optimum code chosen, the ACG for transmis-
sion over additive white Gaussian noise(AWGN) channel
can be obtained for a coded MASK scheme, for example, as
follows(2],

M2_4 7
ACG > l0log{d: ——
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2.2 Multiple Carrier Frequency Concept in
Coded Modulation

Coded frequency/phase modulation was first proposed by
Padovani and Wolf[3]. In this technique, binary FSK and
M _ary PSK schemes were combined to replace the conven-
tional MPSK scheme in coded modulation. The two carrier
frequencies are chosen as (w, + 4F) and (w. — 5F) rad/s,
where h is the modulation index. The signal space for such
schemes is four-dimensional in general. Using the orthonor-
mal bases {4;(t),s = 1 ~ 4} previously chosen by [3] to
span the space, the signal constellation of 2FSK/4PSK as
shown in Figure 2, for example, can be represented as

Sit) = \/%cos[(wct:b%:t)-—d)i], 0<t<T
8 €10, 5m )

and the eight signal vectors are given by

SO: (11 0: 0:0); Sl: (Clac2a\/-570)

S3: (0,1,0,0); Sy: —¢2,¢1,0,v/D)

54: (_1y 01 010): SE: (_011_62:_\/530)
(0,-1,0,0)
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Figure 2: Signal constellation of 2FSK/4PSK scheme.

The same concept can be applied to combine 2FSK and
%-ary ASK modulation. For example, the signal constel-
lation of 2FSK/4ASK scheme as shown in Figure 3 can be
represented as

So,1,45(t) = (i +— )A\/rcos wct+ )

1 hm
55,7’2,3(t) = (:{: += )A\/;COS(WC *—T-t)

where A is the Euclidean distance between the neighboring
signals at the same carrier frequency. After normalizing the
average signal energy E, to unity (A% = 0.8), the signal
vectors are given by

So1,45 = (£0.4472,41.3416)(1,0,0,0)
Ser23 = (£0.4472,41.3416)(cy, cz, VD, 0)

Apparently two vectors instead of four will be enough te
represent these signals. This is useful in reducing the num-
ber of matched filters in receiver design.
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Figure 3: Signal constellation of 2FSK/4ASK scheme.

3 The Proposed New Scheme

The encoder/modulator of the proposed new scheme is
shown in Figure 4 (a) and (b) when coded 2FSK/#-ASK

or coded 2FSK/2L-PSK is used, respectively. The basic
structure is very similar to the original pragmatic approach.
One out of the k¥ — 1 information bits is encoded by the
optimum convolutional encoder with rate -;— and 64 states.
The two generating polynomials producing the two cod-
ed bits bg, by are Go(D) = 1+ D + D? + D® 4 D%, and
G1(D) = 1+ D? + D® + D5 + D® respectively[4]. Paral-
lel transitions apparently exist in the trellis structure for
M = 2% > 8. In order to simplify the mapping rules of
coded bits to channel signals, we use a specific bit to selec-
t one of the two carrier frequencies fi, f2, and it is found
that the Euclidean distances between parallel transitions
will be maximized when the second bit, by, is used for cod-
ed 2FSK/2-ASK scheme, while the least significant bit, bg
for coded 2FSK/#.PSK scheme. As it is shown in Figure 4
(a) and (b), they are marked with an ”F”and an ”X” respec-
tively. This is because the signals associated with parallel
transitions with maximum distances on the constellation
belong to the same carrier frequency. The two coded bits
bo and b; are then used to select one signal from the four-
point sector, which is in turn selected by the other uncoded
bits. The rest of mapping rules for assigning bit patterns
to signals are summarized below.

1. In order to minimize the bit error probability, the as-
signment of uncoded bits to signals associated with
parallel transitions should be in such a way that bit
patterns with smaller number of different bits are as-
signed to signals with smaller Euclidean distances.

2. For exactly the same reason as above, the assignment
of the two coded bits to one signal in the four-point
sector should also be in such a way that (10,01) or
(11,00) are mapped to the signals with larger distances
while (10,11) or (01,00) to those with smaller distances
and so on[2].

3. Another mapping rule in fact depends on the modula-
tion index h. For example, in the signal constellation
of Figure 3, d%(S1, S7) > d%(S1, Sz) when k > 0.5, but
this situation is reversed, i.e., d*(S1, S7) < d*(S1, S2),
when h < 0.5. The assignment of the two coded bits
to signals S; and S given the bit pattern assignmen-
t of Sy should therefore consider such dependence of
distance on modulation index k. The mapping shown
in Figure 4 is actually based on the assumption that
h > 0.5.

In this situation of Figure 4, it can be easily seen that
only k — 1 gates are need to perform the XOR operation
between the frequency bit and the others respectively in
choosing the amplitudes transmitted for -—I‘ZLASK, and even

none is needed in choosing the phases for %-PSK.
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Figure 4: The encoder/modulator for the proposed new
scheme with (a) coded 2FSK/¥-ASK, and (b) coded
2FSK/M-PSK for M = 4, 8, 16.

4 System Performance Analysis

Free distance df... and the minimum squared Euclidean
distance A% between any two signals are two important
parameters in estimating the system performance in TCM
design. The former is lower bounded by the minimum val-
ue of Euclidean distances for single signal-error events and
multi-branch unmerged paths if parallel transitions exist,
while the latter is decided by the selected signal constella-
tion. These two parameters for the proposed new schemes
have been analyzed in detail. In the following, analysis for
coded 2FSK/%-ASK will be presented as an example, but

the results for coded 2FSK /%I—-PSK will also be provided
as well.

Here we consider coded 2FSK/#-ASK only. Because the
MASK signals have unequal energy, normalization of the
squared Euclidean distance with respect to average signal
energy E, is necessary. In fact here E, is further normalized
to unity for simplicity so that it suffices to compare d?,,,
only. The minimum normalized squared Euclidean distance
(NSED) between the pair of nearest neighbors within the
same parallel-transition bundled branches obviously equals
to 4A%.

On the other hand, for any rate % binary convolutional
code with given constraint length achieving maximum free
Hamming distance, dy, the first and last unmerged branch
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pairs always differ from the corresponding branches for cor-
rect path in both the two coded bits. Because the mini-
mum Euclidean distance of the branch associated with two
Hamming weights is less than two times that of the branch
associated with one Hamming weight, the worst case is that
each pair of non-identical branches differs in both the two
coded bits (this is not exactly true for coded 2FSK /4 -PSK
for some values of M and modulation index h). Therefore,
the NSED between multi-branch unmerged paths is lower
bounded by

2
NSED > %i{%u —a)} M>4, h>05
And the free NSED is lower bounded by
d; A?
dfree 2 min{4A?, L[S-(1—er)} M >8, 205

Because the minimum Euclidean distance between equal-
ly spaced signals for the uncoded %—ASK is also A, the
ACG is given as

d
ACG > 10log{min[4, 711'_(1 —e)]} M>8, h>05
For the code we used, df = 10,
5
ACG > 10log{min[4, =(1—c1)]} M 28, h205

For M = 4, there is no parallel transition and thus the
ACG is lower bounded by the minimum NSED between
multi-branch unmerged paths.

Let the minimum Euclidean distance between equally s-

paced signals for the coded MASK scheme is A’, the average
signal energies of the two coded schemes are given as

{

For E, being normalized to unity, one has
12
(M) =

(8)=3p7
The parameter A2 of the coded MASK scheme is obviously

1
12

equal to A", For the parameter A3 of the coded 2FSK/%-
ASK scheme, we need to consider the NSED between the
nearest signals at different carrier frequencies. It is found
that the parameter AZ is equal to -ATQ(I + ¢1) for coded
2FSK/Y-ASK for h > 0.5.

The analysis results for coded 2FSK/#-ASK and coded

2FSK/ %—PSK are summarized in Tables 1, 2 respectively
for M = 4, 8, 16. The numbers in parentheses in the right
column of the tables for AZ are the improvements of coded
2FSK/Y-ASK(PSK) with respect to coded MASK(MPSK)
in terms of numbers of dB, i.e.,

(a0 Mt
(8- B=

Coded MASK scheme
Coded 2FSK/%-ASK scheme

E,

48
M2 -4

2 of coded 2FSK/ ¥-ASK (PSK)

A
10log — T Fcoded MASK (MPSK)

For the data for coded 2FSK/#.ASK as shown in the
left column of ACG values in Table 1, except that coded



2FSK/2ASK at h = 0.75 has 0.35 dB of improvement in
ACG, the new scheme in general has degraded ACG. This
is in fact a very natural result because we have adopted the
most conservative estimation of the minimum NSED value
for multi-branch unmerged paths which consist of branch-
es with two Hamming weights only. However, in Table 1,
one can see that the proposed new coded 2FSK/—-ASK

scheme always provides larger A2, with an improvement of
2-4 dB with respect to coded MASK. This is very helpful in
reducing the decoding errors due to given truncation length
for the Viterbi decoder, as will be verified by the simulation
results discussed below.

For the coded 2FSK/#-PSK scheme, we can see in the

left column of Table 2 that in general the coded 2FSK/

PSK achieves the same ACG as the coded MPSK scheme
for M > 8 because both of them are decided by the min-
imum Euclidean distance for the same signals associated
with parallel transitions, but on the other hand the pro-
posed coded 2FSK/ M _PSK scheme provides improved A2
(0.9-5.8 dB) with respect to the coded MPSK scheme for
M > 8. As for the coded QPSK (M = 4), because &£

ffee
lower bounded by the multi-branch unmerged paths and A2
is better than the coded 2FSK/2PSK, the latter is not rec-
ommended but listed here for reference purpose only. Some
recent work also studied the possible improvements obtain-
able by carefully adjusting the twisted phase angle (here
is assumed to be 0°) between the corresponding signals at
the two carrier frequencies|3, 5], which is also a possible di-
rection for further analysis. All the above analysis results
indicate that the new proposed scheme has a better ability
in noise immunity such that it is especially suitable at low
SNR conditions. This will be demonstrated by simulation
results discussed below.

5 Simulation Results

In practical situation, the actual coding gain is often
more useful than the ACG. Computer simulation has been
performed for the coded 2FSK/X-ASK(PSK) and coded
MASK(MPSK) schemes over the AWGN vector channels
with the two-sided noise spectral density being N,/2, and
the average energy per bit is set to be E,. The results are
plotted in Figures 5 and 6.

The simulation results for the coded 2FSK/#-ASK (h
= 0.5), coded MASK, and the exact BER’s of the uncoded
M _ASK for M = 4, 8, 16 are plotted in Figure 5. It is clear
that the performance of the original pragmatic approach
to encoder/modulator design inevitably degrades at low S-
NR, while the new proposed scheme provides significant im-
provements in these situations. The coded 2FSK/2ASK al-
ways has better performance than the coded 4ASK. The
higher coding gain at lower SNR is apparent, and the im-
provement remains at about 1.36 dB even at a BER of
10~%. The much larger values of A2 in Table 1 explain
this phenomenon. Figure 5 also clearly shows that the new
proposed scheme provides an actual coding gain of about
2.24 dB than the coded MASK at a BER of 103, and still
keeps satisfactory performance when the channel becomes
noisy. Although the original coded MASK has good perfor-
mance at high SNR, its actual coding gain degrades rapidly
when SNR becomes lower. But the the proposed coded
2FSK/ ——--ASK degrades much slower. For examples, when
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the x* E" value decreases from 10.5 dB to 7.5 dB, the BER

for the coded 8ASK increases from the order of 10~ to the
order of 1072, while the coded 2FSK/4ASK can maintain
a performance on the order of 10~%. When the f," value
decreases from 14.5 dB to 11.5 dB, the BER for the coded
16ASK drops dramatically from the order of 107° to the
order of 1072, while the coded 2FSK/8ASK does sustain
the level of 105, A;ure 6 shows the simulation results
for the coded 2FSK/%-PSK (h = 0.5, 0. 75), coded MPSK,

and the exact BER’s of the uncoded -PSK for M = 4,
16. We can see very similar performance behaviors as those
in Figure 5 except that the coded QPSK has better perfor-
mance than the coded 2FSK/2PSK , but this situation has
been discussed in the previous section. In Figure 6, we can
see that the coded 2FSK/8PSK not only has a much more
attractive performance at low SNR, but also is about 1.45
dB better at 10~ BER.

As shown also in Figure 6 is the effect of carefully choos-
ing the modulation index h on the system performance. An
improvement of about 0.5 dB, more or less, is obtainable if
the modulation index was selected properly for the adopted
signal constellation and the mapping rules for bit patterns
to signals, although this also implies slightly different band-
width expansion[3].

6 Conclusion

A new pragmatic approach to encoder/modulator design
based on the concept of multiple carrier frequencies is pro-
posed in this paper. The performance at low to modest
SNR can be significantly improved. while the simple trellis
structure can be preserved such that it can be implemented
easily. The analysis and simulation results show that the
new approach provides higher actual coding gains and is
especially suitable to noisy channels. The new scheme also
provides further design parameters such as the modulation
index for the carrier frequency difference and bit pattern
mapping for signal constellation, etc.
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Table 1: Comparison of performance factors for coded MASK and 2FSK/ %—ASK

Modulation ACG (dB) over uncoded scheme A% (B, = 1.0)

M scheme h=05]A=075] h=10 F=05 | k=071 ] k=10
coded 4ASK 4.47 0.80

4 | coded 2F/2ASK 398 ] 482 ] 3.98 2.0 (3.98dB) | 1.576 (2.96dB) [ 2.0 (3.984B)
coded 8ASK 5.23 0.190

8 | coded 2F/4ASK 398 | 482 ] 3.98 0.40 (3.23dB) | 0.315 (2.20dB) [ 0.40 (3.23¢B)
coded 16ASK 5.39 0.047

16 | coded 2F/8ASK 3.98 | 482 | 3.98 0.095 (3.06dB) | 0.075 {2.03dB) [ 0.095 (3.06dB)

Table 2: Comparison of performance factors for coded MPSK and 2FSK/ %”—-PSK

Modulation ACG (dB) over uncoded scheme A (B, =1.0)

M scheme h=05]A=07] k=10 E=05 | k=07 | h=10
coded QPSK 6.99 2.0

4 [coded 2F/2PSK | 398 | 482 [ 3.98 50 (0.0d4B) | 1.576 (-1.024B) | 2.0 (0.0dB
coded 8PSK 3.0 0.586

8 [coded 9F/APSK | 2.6 | 30 [ 3.0 0737 (0.94dB) | 1.576 (4.30dB) | 2.0 (5.33dB)
coded 16PSK 5.33 0.152

16 [coded 2F/8PSK | 533 | 533 | 533 | 0.586 (5.8545) | 0.586 (5.854B) | 0.586 (5.85dB
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Figure 5: BER for (A) : uncoded 2ASK, (B) : coded 4ASK, (C) : coded 2FSK/2ASK at h = 0.5, (D) : uncoded 4ASK, (E):
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Figure 6: BER for (A) : uncoded 2PSK, (B) : coded 4PSK, (C) : coded 2FSK/2PSK at h = 0.5, (D) : coded 2FSK/2PSK

at h = 0.75, (E) : uncoded 8PSK, (F) : coded 16PSK, (G) : coded 2FSK/8PSK at h = 0.5, (H) : coded 2FSK/8PSK at h =
0.75.
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