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ABSTRACT

In this contribution, the performance of trellis
coded modulation (TCM), bit-interleaved coded
modulation (BICM), BICM with iterative de-
coding (BICM-ID) and turbo trellis coded mod-
ulation (TTCM) is studied in comparison to the
pan-European terrestrial Digital Video Broad-
casting (DVB) system. The decoding complex-
ity and bandwidth efficiency trade-offs of the
various systems under study are quantified.

1. INTRODUCTION

Since the invention of trellis coded modulation (TCM)
in the 1970s by Ungerboeck and Csajka [1, 2], coded
modulation schemes have been popular since they achieve
coding gain without bandwidth expansion. The first
application of TCM can be found in the area of digi-
tal transmission over telephone lines, notably in the In-
ternational Telecommunication Union’s (ITU) 9.6/14.4
kbps trellis coded modem [3]. TCM has also been
found to be suitable in mobile communications sce-
narios [4, 5], where bandwidth efficiency is at a pre-
mium. Turbo trellis coded modulation (TTCM) [6]
has a structure similar to that of the family of power
efficient turbo codes [7], but utilises TCM codes as its
constituent codes. Both schemes employ set partition-
ing based signal labelling, in order to increase the min-
imum Euclidean distance between the encoded infor-
mation bits.

A more recently discovered member in the coded
modulation family is Bit Interleaved Coded Modula-
tion (BICM), which uses Gray-coded signal labelling
[8]. It combines conventional convolutional codes with
several independent bit interleavers. The number of
bit interleavers equals the number of bits represented
by a modulation symbol. Each bit interleaver is inde-
pendent of the other bit interleavers.

Recently, Li and Ritcey proposed a BICM enhance-
ment employing iterative decoding [9, 10, 11], where

Reed- Conv

Conv/ITCM/TTCM/
| ot = = Interl —= Modul
?% g(r)zg? Interleaver BICM Encoder nterleaver odulator
OFDM
Modulator
OFDM
Demodulator
BICM-ID
——————————————————— Interleaver t-----------------»~
Reed- Conv
Solomon=— Deinterlea- (=4 Conv/TCM/TTCM/ ‘—1 Deinterleaver H Demodulator
Decoder ver BICM Decoder

Figure 1: Block diagram of the different coded modu-
lation systems.

the BICM decoder feeds its soft output metrics back
to the input of the demodulator a number of times, be-
fore hard decision is invoked. The signal mapping is
based on set partitioning.

The aim of our work is to study the decoding com-
plexity and bandwidth efficiency trade-offs struck by
these coded modulation schemes in comparison to the
pan-European terrestrial DVB system [12, 3, 13]. We
are particularly interested in comparing the performance
of these coded modulation schemes and the convolu-
tional coded terrestrial DVB scheme [12]. In the DVB
standard [12], the convolutional code acts as the inner
code, which is concatenated to an outer Reed-Solomon
code [14].

2. SYSTEM OVERVIEW

The block diagram of the coded modulation schemes
used in this study is shown in Figure 1. Pseudo-random
source bits are generated and fed into the Reed-Solomon
(RS) encoder. The RS encoder forms a concatenated



coding scheme with one of the inner channel encoders,
namely the convolutional, TCM, BICM or TTCM en-
coder. The RS encoder adds 16-byte on parity symbols
to the 188-byte input symbols in order to correct eight
erroneous bytes for each 204-byte packet. The convolu-
tional interleaver adopted in this study is defined in the
terrestrial DVB standard [12]. The coded bitstream is
interleaved prior to being mapped to the modulation
symbols based on their respective mapping strategies.
For convolutional and BICM encoding, the mapping is
based on Gray labelling. On the other hand, TCM,
TTCM and BICM-ID use set partitioning based map-
ping of the bits to modulated symbols. In order to
counter the effect of dispersive multipath fading chan-
nel, we have adopted the DVB standard’s Orthogonal
Frequency Division Multiplexing (OFDM) scheme [3].
The parameters of the OFDM DVB system are pre-
sented in Table 1, while those of the convolutional en-
coder are summarised in Table 2.

OFDM Parameters

Total number of subcarriers 2048 (2K mode)
Number of effective subcarriers 1705
OFDM symbol duration T} 224 us
Guard Interval Ts/4 = 56us
Total symbol duration 280 us
(inc. Guard Interval)

Consecutive subcarrier spacing 1/T} 4464 Hz
DVB channel spacing 7.61 MHz
QPSK and QAM symbol period 7/64 us

Table 1: Parameters of the OFDM module [12].

Convolutional Coder Parameters

Code Rate 1/2
Constraint Length 7

n 2

k 1
Generator Polynomials (octal format) | 171, 133

Table 2: Parameters of the CC(n, k, K) convolutional
inner encoder of the DVB terrestrial modem [12].

Table 3 shows the generator polynomials of the TCM
and TTCM codes, which are presented in octal for-
mat. These codes are systematic codes and the en-
coder attaches only one parity bit to the information
bits. Hence, the code rate of the 2™*l-ary signal is
R=5.

Table 4 shows the BICM and BICM-ID codes’ gen-
erator polynomials in octal format. These are nonsys-
tematic codes, which also produces one parity bit only.

Hence, the code rates of these codes are similar to those

| Code Rate | State | m | H° | H' | H® | H? |

1/2 8 T]11]02] - | -
(QPSK)

2/3 8 2 [ 11 | 02 | 04 | -

(8PSK) | 16 2| 23|02 10| -

128% | 2 | 277 | 54 | 122 | -

3/4 8 311 [ 02 | 04 | 10

(16QAM) | 16 321 )02 0410

Table 3: Summary of the TCM and TTCM constituent
codes proposed by Ungerboeck [2] as well as Robertson
and Worz [6], where m refers to the number of coded
information bits. The code generator polynomial, H?,
is presented in octal format. The ‘¥’ symbol refers to
Ungerboeck’s code.

| Code Rate | State | ¢° [ ¢' [ 9% | g

[BY

1/2 8 517 - | -
(QPSK)

2/3 8 4126 -

(8PSK) 1|4 |7]-

16 714 -

2 5| 7] -

3/4 8 41444

(16QAM) 0|6]2]4

0l2]5]5

Table 4: Summary of the convolutional codes employed
in the BICM encoder. These codes were obtained from
page 331 of [15]. The code generator polynomial, g°, is
presented in octal format.

of the TCM and TTCM codes, seen in Table 3.

The DVB terrestrial convolutional code uses soft
decision Viterbi decoding, while the TCM, TTCM and
BICM codes invoke the Maximum A-Posteriori (MAP)
[16] decoding algorithm.

3. CHANNEL MODEL

The channel model employed in this study was the
twelve-path COST 207 [17] Hilly Terrain (HT) type
impulse response, with a maximal relative path delay
of 19.9 us. This channel was selected, in order to pro-
vide a worst-case propagation scenario for the DVB-T
system employed in our study, upon using a mobile
receiver.

In the system characterised here, we have used a
carrier frequency of 500MHz and a sampling rate of
7/64 us. Each of the channel paths was faded inde-
pendently obeying a Rayleigh fading distribution, ac-
cording to a normalised Doppler frequency of 1075 [14].
This corresponds to a worst-case vehicular velocity of
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Figure 2: COST 207 Hilly Terrain (HT) type impulse
response [17].

about 200 km/h. The unfaded impulse response is
depicted in Figure 2. For the sake of completeness
we note that the standard COST 207 channel model
was originally defined in order to facilitate the com-
parison of different GSM implementations [14] under
standard conditions. The associated GSM bit rate was
271 kbit/s. By contrast, in our investigations the bit
rate of DVB-quality transmissions can be as high as 20
Mbit/s, where there is a higher number of resolvable
multipath components within the dispersion-range con-
sidered than at the GSM rate of 271 kbit/s. However,
the performance of various wireless tranceivers is well
understood by the research community over this stan-
dard COST 207 channel and hence its employment is
beneficial in benchmarking terms. Furthermore, since
the OFDM modem has 2048 subcarriers, the subcar-
rier signalling rate is effectively 2000-times lower than
our maximum DVB-rate of 20 Mbit/s, corresponding
to 10 kbit/s. At this subchannel rate, the individual
subchannel can be considered nearly frequency-flat. In
summary, in conjunction with the 200 km/h vehicular
speed the investigated channel conditions constitute a
pessimistic scenario.

4. SIMULATION RESULTS AND
DISCUSSIONS

In this section, first we compare the performance of
the coded modulation schemes to that of the DVB ter-
restrial system using the rate 1/2 inner code. Specifi-
cally, Figure 3 shows the performance of the rate 1/2
TCM, BICM, BICM-ID and DVB-T convolutional cod-
ing schemes over the wideband fading channel of Figure
2. The reader should note that these schemes have dif-
ferent decoding complexities. The rate 1/2 TCM code
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Figure 3: Performance of the rate 1/2 TCM, BICM,
BICM-ID and DVB-T convolutional coding schemes
having a different decoding complexity over the wide-
band fading channel of Figure 2. All schemes have a
useful throughput of 1 bit/s/Hz.

is shown to perform similarly to the DVB-T rate 1/2
convolutional code. However, the TCM scheme is less
complex, since its code memory is only half that of the
convolutional code. The convolutional code begins to
show coding gain over the rate 1/2 TCM scheme, when
the bit energy exceeds 12.7 dB in this case. On the
other hand, the BICM and BICM-ID schemes not only
exhibit a lower decoding complexity, than the convo-
lutional code, but also achieve coding gains of 3.5 and
4.9 dB, respectively, at a BER of 107%.

Figure 4 shows the performance of the TCM schemes,
over the dipersive fading channel of Figure 2 when em-
ploying rate 2/3 codes using 8-state, 16-state and 64-
state trellises. Again, we use the rate 1/2 and 3/4 con-
volutional codes employed in the DVB terrestrial sys-
tem as benchmarkers. The performance of the 8-state
and 16-state rate 2/3 TCM codes lies in between the
rate 1/2 and rate 3/4 convolutional codes’ performance.
This implies that that these rate 2/3 TCM codes per-
form over the dispersive fading channel of Figure 2 sim-
ilarly to the rate 2/3 convolutional code adopted by
the DVB standard (not shown in the graph). Hence,
these TCM codes can achieve the same performance
as the convolutional codes, but at a lower computa-
tional complexity. This observation was also valid for
the rate 1/2 TCM scheme. When the code memory of
the rate 2/3 TCM code was increased to 7, the asso-
ciated performance was similar to that of the 64-state
rate 1/2 convolutional code. Furthermore, we note that
this TCM scheme transmitted using 8PSK modulation,
which carries two information bits and one parity bits.
On the other hand, the rate 1/2 convolutional codec of
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Figure 4: Performance of rate 2/3 TCM in comparison
to the rate 1/2 and 3/4 DVB-T convolutional codes
exhibiting different decoding complexity for transmis-
sions over the wideband fading channel of Figure 2.
The coded modulation scheme has throughput of 2
bits/s/Hz. The DVB scheme employing rate 1/2 con-
volutional code and QPSK modulation has throughput
of 1 bit/s/Hz, while the rate 3/4 inner code case has
throughput of 1.5 bit/s/Hz.

the DVB system transmitted using QPSK modulation,
which carries one information bit and one parity bit
within the same bandwidth. Therefore, the rate 2/3
TCM code is capable of transmitting at twice the use-
ful bitrate compared to the DVB system for the same
bandwidth and similar codec complexity.

Let us now compare the performance of the rate
2/3 BICM and BICM-ID codes to that of the DVB
convolutional codes, which is shown in Figure 5. The
8-state and 16-state rate 2/3 BICM codes perform simi-
larly to the 64-state rate 1/2 convolutional code. When
the code complexity of the rate 2/3 BICM code is in-
creased to 64 states, it achieves spectral efficiency of
2 bits/s/Hz, while also providing a coding gain of 1.3
dB over the 64-state rate 1/2 convolutional code, which
only has a bandwidth efficiency of 1 bit/s/Hz. The 8-
state and 16-state rate 2/3 BICM-ID codes exhibit an
even better performance, as shown in Figure 5. Apart
from possessing better spectral efficiency than the rate
1/2 convolutional code, the 8-state rate 2/3 BICM-ID
code requires only half the decoding complexity, while
exhibiting a coding gain of 2.4 dB at a BER of 10~*.

We continued our evaluation of the coded modula-
tion schemes’ performance with rate 3/4 codes. The
8-state and 16-state rate 3/4 TCM schemes’ perfor-
mance is similar to the 64-state rate 3/4 convolutional
code, but at a lower decoding complexity. However,
when the rate 3/4 BICM code having a memory of 3 is

BERVSBISNR_bicm_rate23_codes.gle

0

R2/3 code memory 3 and 8PSK
R2/3 code memory 4 and 8PSK
R2/3 code memory 6 and 8PSK

ogo

10 BICM
---- BICM-ID
107
-3
o 10
i
10"
10°
= ~»<>
-6
10 4 DVB-T: Conv R1/2 code memory 6 and QPSK
@® DVB-T: Conv R3/4 code memory 6 and QPSK o
107
4 6 8 10 12 14 16 18 20
Eb/No (dB)

Figure 5: Performance of rate 2/3 BICM and BICM-ID
in comparison to the rates 1/2 and 3/4 DVB-T convo-
lutional codes exhibiting different decoding complex-
ity for transmissions over the wideband fading chan-
nel of Figure 2. The coded modulation scheme has
throughput of 2 bits/s/Hz. The DVB scheme employ-
ing rate 1/2 convolutional code and QPSK modulation
has throughput of 1 bit/s/Hz, while the rate 3/4 inner
code case has throughput of 1.5 bit/s/Hz.

employed, it exhibits a coding gain of 5.4 dB at a BER
of 10~ over the rate 3/4 convolutional code. We can
attain further coding gain, if we employ the 8-state rate
3/4 BICM-ID code, which increases the coding gain by
an additional 2.1 dB.

Figure 7 shows the performance of the coded mod-
ulation systems, when TTCM is employed. The rate
1/2 TTCM having a code memory 3 constituent TCM
scheme, is seen to perform on par with the rate 1/2
turbo code, which we proposed in [13] as a replace-
ment for the convolutional code. However, the TTCM
code employs a smaller interleaver size of 8000 bits,
instead of the 17952 bit memory of the turbo code’s
interleaver. This is equivalent to a potential saving of
60 % of storage space and latency. The rate 2/3 TTCM
scheme’s performance is observed to be between that of
the DVB systems employing QPSK and 64QAM mod-
ulation modes using rate 1/2 turbo codes. This indi-
rectly implies that the rate 2/3 TTCM scheme exhibits
similar performance characteristics to the 16QAM DVB
system employing the same rate 1/2 turbo code. From
Figure 7, we also observe that the rate 3/4 TTCM code
has a bandwidth efficiency gain of 50 % in comparison
to that of the rate 1/2 turbo coded DVB-like system
utilising 64QAM modulation. Furthermore, it also ex-
hibits a coding gain of 2.1 dB at a BER of 10 4.
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Figure 6: Performance of rate 3/4 TCM, BICM, BICM-
ID and the DVB-T convolutional codes at different de-
coding complexity over the wideband fading channel of
Figure 2. All schemes have a useful throughput of 3
bit/s/Hz.

5. SUMMARY

In this contribution, we have studied coded modulation
schemes for transmissions over the COST 207 disper-
sive wideband channel of Figure 2. The TCM schemes
can attain a performance similar to that of the convo-
lutional codes adopted by the DVB standard, albeit at
a lower decoding complexity. The BICM codes consis-
tently outperformed the convolutional code at the same
code rate. The coding gain of BICM can be further in-
creased, if we employ iterative decoding. Comparing
the four coded modulation schemes, the TTCM ssys-
tems provide the best performance in terms of power ef-
ficiency. In higher-order constellation modes, the TTCM
scheme is seen to have a better spectral efficiency, than
the turbo coded DVB-like system. However, in low-
order constellation modes their spectral efficiency is
similar.
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