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ABSTRACT

Decision Feedback Equalizer (DFE) aided wideband
Burst-by-Burst (BbB) Adaptive Trellis Coded Mod-
ulation (TCM), Turbo Trellis Coded Modulation
(TTCM), Bit-Interleaved Coded Modulation (BICM)
and BICM with Iterative Decoding (BICM-ID) are
proposed and characterised in performance terms
over the COST 207 Typical Urban (TU) wideband
fading channel. These schemes are evaluated using
a practical modem mode switching regime. System
I represents schemes without channel interleaving,
while System II invokes channel interleaving over
four transmission bursts. A substantially improved
Bit Per Symbol (BPS) and Bit Error Rate (BER)
performance was achieved by System II in compari-
son to System I. BbB-adaptive TTCM was found to
give the best performance, when aiming for a target
BER of below 0.01 %.

1. INTRODUCTION

The radio spectrum is a scarce resource. Therefore, one
of the most important objectives in the design of a digital
cellular system is the efficient exploitation of the available
spectrum in order to accommodate the ever-increasing traf-
fic demands. Trellis Coded Modulation (TCM) [1], which
is based on combining the functions of coding and modula-
tion, is a bandwidth efficient scheme that has been widely
recognized as an excellent error control technique suitable
for applications in mobile communications. Turbo Trellis
Coded Modulation (T'TCM) [2] is a more recent channel
coding scheme that has a structure similar to that of the
family of power efficient binary turbo codes [3], but employs
TCM codes as component codes. TCM and TTCM schemes
invoked Set-Partitioning (SP) based signal labeling, in order
to achieve a higher Euclidean distance between the unpro-
tected bits of the constellation. By contrast, parallel trellis
transitions are associated with the unprotected data bits,
which reduces the decoding complexity. In our TCM and
TTCM schemes, random symbol interleavers were utilised
for both the turbo interleaver and the channel interleaver.

Another powerful coded modulation scheme utilising
bit-based channel interleaving in conjunction with Gray sig-
nal labeling, which is referred to as Bit-Interleaved Coded
Modulation (BICM), was proposed in [4]. It combines con-
ventional convolutional codes with several independent bit

interleavers, in order to increase the associated diversity or-
der. With the aid of bit interleavers, the code’s diversity
order can be increased to the binary Hamming distance of
a code, and the number of parallel bit-interleavers equals
the number of coded bits in a symbol [4]. The performance
of BICM is better, than that of TCM over uncorrelated
(or perfectly interleaved) fading channels, but worse than
that of TCM in Gaussian channels due to the reduced Eu-
clidean distance imposed by the associated “random mod-
ulation” inherent in a bit-interleaved scheme [4]. Recently,
iteratively decoded BICM using SP based signal labeling,
referred to as BICM-ID has also been proposed [5, 6]. The
philosophy of BICM-ID is to increase the Euclidean dis-
tance of the BICM code and to exploit the full advantage
of bit interleaving by a simple iterative decoding technique.

However, the above fixed mode transceivers failed to ex-
ploit the time varying nature of the mobile radio channels.
By contrast, in BbB-adaptive schemes [7] a higher order
modulation mode is employed, when the instantaneous es-
timated channel quality is high in order to increase the num-
ber of Bits Per Symbol (BPS) transmitted and conversely,
a more robust lower order modulation mode is employed,
when the instantaneous channel quality is low, in order to
improve the mean Bit Error Rate (BER) performance. Un-
coded adaptive schemes [7] and coded adaptive schemes [8]
have been investigated for transmissions over narrowband
fading channels. Finally, a turbo coded wideband adaptive
scheme assisted by a Decision Feedback Equalizer (DFE)
was investigated in [9].

In our practical approach, transmitter A obtains the
channel quality estimate generated by receiver B upon re-
ceiving the transmission of transmitter B. In other words,
the modem mode required by receiver B for maintaining a
certain target integrity is superimposed on the transmission
burst of transmitter B. Hence a delay of one transmission
burst duration is incurred.

Over wideband fading channels the DFE employed will
eliminate most of the intersymbol interference (ISI). Con-
sequently, the mean-squared error (mse) at the output of
the DFE can be calculated and used as the channel quality
metric invoked to switch the modulation modes [7]. This
ensures that the performance is optimised by employing
equalization and BbB-adaptive coded modulation jointly,
in order to combat the signal power fluctuations and the
IST of the wideband channels.
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Figure 1: The non-interleaved System I and System II using a channel interleaver length of 4 TDMA/TDD bursts. In
System II the equalizer’s output SNR of the 4°" burst is used to select a suitable modulation mode and fed back to the

transmitter on the reverse link burst.

2. SYSTEM OVERVIEW

The block diagram of the BbB-adaptive coded modulation
System I, where no channel interleaving is used, can be
seen in Figure 1, the buffers and channel interleavers are
by-passed. Transmitter A extracts the modulation mode
required by receiver B from the reverse-link transmission
burst in order to adjust the adaptive modulation mode suit-
able for the instantaneous channel quality. This incurs one
TDMA/TDD frame delay between estimating the actual
channel condition at receiver B and the selected modula-
tion mode of transmitter A. We invoke four encoders, each
adding one parity bit to each information symbol, yield-
ing a coding rate of 1/2 in conjunction with the modula-
tion modes of 4QAM, and a rate of 2/3 for 8PSK, 3/4 for
16QAM and 5/6 for 64QAM.

The design of coded modulation schemes for fading chan-
nels relies on the time and space diversity provided by the
associated encoder [10]. Diversity may be achieved by repe-
tition coding (which reduces the effective data rate), space-
time coded multiple transmitter/receiver structures (which
increases cost and complexity) or by simple interleaving
(which induces latency). Here, we invoke interleaving to
achieve extra diversity in System II. Explicitly, Figure 1
also shows the block diagram of System II, where channel
interleaving over four transmission bursts is utilised, in or-
der to disperse the bursty channel errors. Hence, the coded
modulation module assembles four consecutive bursts using
an identical modulation mode, so that they could be inter-
leaved using a random channel interleaver without the need
of adding dummy bits. Then, these four-burst packets are
transmitted to the receiver. Once the receiver has received
the 4" burst, the equalizer’s output SNR estimated for this
most recent burst is used to choose a suitable modulation
mode. The selected modulation mode is fed back to the
transmitter on the reverse link burst. Upon receiving the
modulation mode required by receiver B (after one TDMA
frame delay), the coded modulation module assembles four
bursts of data from its input buffer for coding and interleav-
ing, which are then stored in the output buffer ready for the
next four bursts’ transmission. Thus the first transmission
burst experiences one TDMA/TDD frame delay and the
fourth transmission burst exhibits four frame delay, which
is the worst-case scenario.

The complexity of the coded modulation schemes is
compared in terms of the number of decoding states and the

number of decoding iterations. For a TCM or BICM code of
memory M, the corresponding complexity is proportional
to the number of decoding states S = 2. Since TTCM
schemes invoke two component TCM codes, a TTCM code
with ¢ iterations and using an S-state component code ex-
hibits a complexity proportional to 2.t.S or t.2M*!. As for
the BICM-ID schemes, only one decoder is used, but the
demodulator is invoked in each decoding iteration. How-
ever, the complexity of the demodulator is assumed to be
insignificant compared to that of the decoder. Hence, a
BICM-ID code with ¢ iterations using an S-state code ex-
hibits a complexity proportional to ¢.S or t.2™. A com-
ponent TCM (BICM) code memory of 3 was used for the
TTCM (BICM-ID) scheme. The number of iterations for
TTCM (BICM-ID) was fixed to 4 (8) and hence the itera-
tive scheme exhibited a similar decoding complexity to the
TCM (BICM) code of memory 6 in terms of the number of
coding states.

The fixed-mode coded modulation schemes that we in-
voked in our BbB-adaptive schemes are Ungerboeck’s TCM
[1], Robertson’s TTCM [2], Zehavi’'s BICM [4] and Li’s
BICM-ID using soft-decision feedback [6]. In order to re-
duce the decoding memory, the BICM and BICM-ID codes
used in 64QAM were obtained by puncturing the rate-1/2
codes following the approach of [11]. Soft decision trellis de-
coding utilizing the Log-Maximum A Posteriori (Log-MAP)
algorithm [12] was invoked for decoding. The Log-MAP al-
gorithm is a numerically stable version of the MAP algo-
rithm operating in the log-domain, in order to reduce its
complexity and to mitigate the numerical problems associ-
ated with the MAP algorithm [13].

The multi-path channel model is characterized by its
discretised symbol-spaced COST207 Typical Urban (TU)
channel impulse response [14], as shown in Figure 2. Each
path is faded independently according to a Rayleigh distri-
bution and the corresponding normalised Doppler frequency
is 3.25 x 1073, the system’s Baud rate is 2.6 M Bd, the car-
rier frequency is 1.9 GH z and the vehicular speed is 30 mph.
The DFE incorporated 35 feed-forward taps and 7 feedback
taps and the transmission burst structure used is shown in
Figure 3. When considering a Time Division Multiple Ac-
cess (TDMA)/Time Division Duplex (TDD) system of 16
slots per 4.615 ms TDMA frame, the transmission burst du-
ration is 288 us, as specified in the Pan-European FRAMES
proposal [15].

At the receiver, the Channel Impulse Response (CIR)
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Figure 2: The impulse response of a COST 207 Typical
Urban (TU) channel [14].
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Figure 3: Transmission burst structure of the FMA1 non-
spread data as specified in the FRAMES proposal [15].

is estimated, which is then used to calculate the DFE coef-
ficients [7]. Subsequently, the DFE is used to equalize the
ISI-corrupted received signal. In addition, both the CIR es-
timate and the DFE feed-forward coefficients are utilized to
compute the SNR at the output of the DFE. More specif-
ically, by assuming that the residual ISI is near-Gaussian
distributed and that the probability of decision feedback
errors is negligible, the SNR, at the output of the DFE,
Ydfe, is calculated as [7]:

Wanted Signal Power
Residual ISI Power + Effective Noise Power

Ydfe

B[l 0L Ot

Sy n B[ Cobnasimal?| + No 3L 1Cal?

(1)

where C,, and h,, denotes the DFE’s feed-forward coeffi-
cients and the CIR, respectively. The transmitted signal is
represented by sg, while Ny denotes the noise spectral den-
sity. Lastly, the number of DFE feed-forward coefficients is
denoted by Ny.

BER < 0.01 % Switching Thresholds
Adaptive System Type fi I fa
TCM, Memory 3 System I | 19.56 | 23.91 | 30.52
System IT | 17.17 | 21.91 | 29.61
TCM, Memory 6 System I | 19.56 | 23.88 | 30.07
System IT | 17.14 | 21.45 | 29.52
TTCM, 4 iterations System I | 19.69 | 23.45 | 30.29
System IT | 16.66 | 21.40 | 28.47
BICM, Memory 3 System I | 19.94 | 24.06 | 31.39
BICM-ID, 8 iterations | System II | 16.74 | 21.45 | 28.97

Table 1: The switching thresholds were set experimentally
in order to achieve a target BER of below 0.01%. System
I does not utilise a channel interleaver, while System II
uses a channel interleaver length of 4 TDMA /TDD bursts.

The BbB-adaptive coded modem mode switching mech-
anism is characterised by the comparison of the equalizer’s
SNR, 74fe, in Equation 1 to a set of switching thresholds,
as follows:

4QAM, Io :684,R0 =1/2 if Y S f1
Mode = 8PSK,I, = 21y, R1 22/3 if fi<y<fo

].GQAM, I, = 310,R2 =3/4 if f2 <7 S f3

64QAM, I3 = 51y, R3 =5/6 if v > f3,

@)
where f,,n = 1...3 are the equalizer’s output SNR thresh-
olds, while I,, represents the random TTCM symbol-interleaver
size in terms of the number of bits, which is not used for
the other schemes. The switching thresholds f, were cho-
sen experimentally, in order to maintain a BER of below
0.01% and these thresholds are listed in Table 1.

The following assumptions are stipulated. Firstly, we
assume that the equalizer is capable of estimating the CIR
perfectly from the equaliser training sequence of Figure 3.
Secondly, the CIR is time-invariant for the duration of a
transmission burst, but varies from burst to burst according
to the Doppler frequency, which corresponds to assuming
that the CIR is slowly varying. The error propagation of
the DFE will degrade the estimated performance, but the
effect of error propagation is left for further study.

3. SIMULATION RESULTS AND
DISCUSSIONS

Let us consider the BbB-adaptive TTCM scheme in order to
investigate the performance of System I and System II.
The BER and BPS performances of BbB-adaptive TTCM
in both systems are shown in Figure 4, where we observed
that the throughput of System II was superior to that of
System I. Furthermore, the overall BER of System II
was lower than that of System I.

Figure 5 shows the BER and BPS performance of Sys-
tem I for BbB-adaptive TTCM, BbB-adaptive TCM of
memory 3 (which was the component code of our TTCM
scheme) and BbB-adaptive TCM of memory 6. All these
codes exhibited a similar performance in the BbB-adaptive
schemes of System I. Even the TCM scheme of memory 3
associated with a lower complexity could give a similar BER
and BPS performance to the more complex schemes. This
shows that the equalizer plays a dominant role in System
I, where the coded modulation schemes could not realise
their full potential due to their insufficient diversity, when
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Figure 41 BER and BPS performance of BbB-adaptive
TTCM in System I and in System II, over the Rayleigh
fading COST207 TU channels of Figure 2 for a target BER
of less than 0.01 %. The legends indicate the associated
switching thresholds expressed in dB, as seen in the round
brackets.
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Figure 5: BER and BPS performance of BbB-adaptive
TCM and TTCM without channel interleaving in Sys-
tem I, over the Rayleigh fading COST207 TU channels
of Figure 2. The switching mechanism was characterized
by Equation 2. The switching thresholds were set exper-
imentally, in order to achieve a BER of below 0.01%, as
shown in Table 1.

no channel interleaver was used over the slow fading COST
207 wideband channel.

When the channel interleaver was introduced in Sys-
tem II, the bursty errors were more efficiently randomised.
Figure 6 illustrates the BER and BPS performance of Sys-
tem ITI in conjuction with BbB-adaptive TTCM, BbB-
adaptive TCM of memory 3 and BbB-adaptive TCM of
memory 6. The performance of all these schemes improved
in the context of System II, as compared to the corre-
sponding schemes in System I. The TCM scheme of mem-
ory 6 had a lower BER, than TCM of memory 3, and also
exhibited a small BPS improvement. As expected, TTCM
had the lowest BER and also the highest BPS throughput,
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Figure 6: BER and BPS performance of BbB-adaptive
TCM and TTCM using a channel interleaver length of 4
bursts, in System II over the Rayleigh fading COST207
TU channels of Figure 2. The switching mechanism was
characterized by Equation 2. The switching thresholds were
set experimentally, in order to achieve a BER of below
0.01%, as shown in Table 1.

compared to the other coded modulation schemes.
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Figure 7: BER performance of the fixed modem modes of
4QAM, 8PSK, 16QAM and 64QAM utilising TCM, TTCM,
BICM and BICM-ID schemes in the context of System II.

Figure 7 shows the fixed modem modes’ performance for
TCM, TTCM, BICM and BICM-ID in the context of Sys-
tem II. As illustrated in the figure, the BICM scheme per-
formed marginally better, than the TCM scheme at a BER
below 0.01 %, except in the 64QAM mode. Hence, BbB-
adaptive BICM is also expected to perform better, than
BbB-adaptive TCM in the context of System II, when a
target BER, of less than 0.01 % is desired. This is because
when the channel interleaver depth is sufficiently high, the
diversity gain of the BICM’s bit-interleaver is higher, than
that of the TCM’s symbol-interleaver [4].

Figure 8 compares the BbB-adaptive BICM and TCM
schemes in the context of System I, i.e. without chan-



10° Adanii 5
laptive System | B
$3 TCM memory-3 (19.56, 23.91, 30.52) B
O BICM memory-3 (19.94, 24.06, 31.39) 'g -
10-1 Adaptive System |1 ¥ oo
B TTCM 4-iteration (16.66, 21.40, 28.47) L 4
4 BICM-ID 8-teration (16.74, 21.45,28.97) | = &.”
A O
010? Eayy
= L S
g 7 :
£
3 | [7p]
510 A 8 o
I . g
= 10,4 0.01 percent 2
m
10° 1
10°
0
0 5 10 15 20 25 30 35 40

Channel SNR (dB)

Figure 8: BER and BPS performance of the BbB-adaptive
TCM/BICM System I, using memory 3 codes and that of
the BbB-adaptive TTCM/BICM-ID System II, over the
Rayleigh fading COST207 TU channels of Figure 2. The
switching mechanism was characterized by Equation 2. The
switching thresholds were set experimentally, in order to
achieve a BER of below 0.01%, as shown in Table 1.

nel interleaving, although the BICM scheme invoked an in-
ternal bit-interleaver of one burst memory. As it can be
seen from the figure, BbB-adaptive TCM exhibited a bet-
ter BPS throughput and BER performance than BICM,
due to the insufficient channel interleaving depth of the
BICM scheme in our slow fading wideband channels. As ob-
served in Figure 7, BICM-ID had the worst performance at
low SNRs in each modulation mode compared to the other
coded modulation schemes. However, it exhibited a steep
slope and therefore at high SNRs it approached the perfor-
mance of the TTCM scheme. The BbB-adaptive BICM-ID
and TTCM schemes were compared in Figure 8 in the con-
text of System II. BbB-adaptive TTCM exhibited a bet-
ter BPS throughput, than BbB-adaptive BICM-ID, since
TTCM had a better performance in the fixed modem modes
at BERs below 0.01 %. However, BbB-adaptive BICM-ID
exhibited a lower BER, than BbB-adaptive TTCM due to
the high steepness of the BICM-ID BER curves in the fixed
modem modes.

4. CONCLUSION

In this contribution, BbB-adaptive TCM, TTCM, BICM
and BICM-ID were proposed for wideband fading chan-
nels both with and without channel interleaving and they
were characterised in performance terms over the COST
207 TU fading channels. When observing the associated
BPS curves, BbB-adaptive TTCM exhibited up to 2.5 dB
SNR-gain for a channel interleaver length of 4 bursts in
comparison to the non-interleaved scenario, as evidenced by
Figure 4. Upon comparing the BPS curves, BbB-adaptive
TTCM also exhibited up to 0.7 dB SNR-gain compared
to BbB-adaptive TCM of the same complexity in the con-
text of System II for a target BER of less than 0.01 %,
as shown in Figure 6. Finally, BbB-adaptive TCM per-
formed better than BbB-adaptive BICM in System I, while
BbB-adaptive BICM-ID was marginally worse, than BbB-

adaptive TTCM in System II, as seen in Figure 8.
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