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2. SYSTEM OVERVIEW

ABSTRACT
Space-time block codes provide substantial diversity advantages for multiple transmit antenna systems at a low decoding complexity. In this study,
we concatenate both space-time block and trellis
codes with Turbo Convolutional (TC) coded Orthogonal Frequency Division Multiplexing (OFDM)
for achieving a high coding gain. The associated
performance and complexity of the coded OFDM
schemes is compared.

Figure 1 shows the schematic of our system. At the transmitter, the information source generates random information data bits. The information bits are then encoded by
TC codes, RS codes or left uncoded. Only the TC coded
bits are channel interleaved and the output bits are then
passed to the Space-Time Trellis (STT) or Space-Time Block
(STB) encoder of Figure 1. We will investigate the spacetime trellis codes proposed in [2]. The modulation schemes
employed are 4-level Phase Shift Keying (4PSK) as well
as 8-level Phase Shift Keying (8PSK). On the other hand,
from the family of space-time block codes only Alamouti's
G2 code is employed in our system, since we have shown
in [7] that the best performance is achieved by concatenating the space-time block code G2 with TC codes. Di erent modulation schemes could be employed [5], such as 16level Quadrature Amplitude Modulation (16QAM) and 64level Quadrature Amplitude Modulation (64QAM). Graymapping of the bits to symbols was applied and this resulted
in di erent protection classes in higher-order modulation
schemes [5]. The mapping of the data bits and parity bits
of the TC encoder was chosen such that it yielded the best
achievable performance along with the application of the
random separation channel interleaver of [8]. The output
of the space-time encoder was then OFDM [5] modulated
with the aid of the Inverse Fast Fourier Transform (IFFT)
blocks of Figure 1 and transmitted by the corresponding
antenna. The number of transmit antennas was xed to
two, while the number of receive antennas constituted a design parameter. Dispersive wideband channels were used
and the associated channels' pro les will be discussed at a
later stage.

1. INTRODUCTION

In recent years a range of transmit diversity techniques have
been proposed, in order to provide diversity gain for MSs by
upgrading the BSs, rather than producing millions of more
complex diversity-assisted handsets. Only a few years after
its invention, space-time coding has been proposed also for
employment in the third generation (3G) mobile communication standards [1]. In [2], Tarokh et al. proposed spacetime trellis coding by jointly designing the channel coding,
modulation, transmit diversity and the optional receiver diversity. The proposed space-time trellis codes perform extremely well at the cost of high complexity. In addressing
the issue of decoding complexity, Alamouti [3] discovered
a remarkable scheme for transmissions using two transmit
antennas. A simple decoding algorithm was introduced,
which can be generalised to an arbitrary number of receive
antennas. This scheme is signi cantly less complex, than
space-time trellis coding using two transmit antennas, although there is a loss in performance.
In this contribution, we concatenate turbo convolutional
codes [4] with the space-time block code G2 , which is also
known as Alamouti's code [3] for improving the performance of the system. The performance of the concatenated space-time block codes and TC codes will then be
compared to the performance of space-time trellis codes in
the context of Orthogonal Frequency Division Multiplexing
(OFDM) [5]. Conventionally, Reed Solomon (RS) codes are
also employed in conjunction with space-time trellis codes
for improving the performance of the system [6] which will
be invoked in our study. The employment of OFDM facilitated space-time coded transmissions over wideband channels.

At the receiver the signal of each receive antenna is
OFDM demodulated. The demodulated signals of the receiver antennas are then fed to the space-time trellis or
space-time block decoder. The space-time decoders apply
the Logarithmic Maximum A-Posteriori (Log-MAP) [9, 10]
decoding algorithms for providing soft outputs for the channel decoders. If no channel codecs are employed in the system, the space-time decoders apply the Viterbi Algorithm
(VA) [2], which gives a slightly lower performance compared
to the MAP decoder, but at a lower complexity. The decoded bits are nally passed to the sink, as seen in Figure 1,
for the calculation of the Bit Error Rate (BER) or Frame
Error Rate (FER).
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Figure 1: System overview.
such that all the coded bits of a speci c interleaved block
were hosted by one transmission burst. This enables burstby-burst turbo decoding at the receiver. In Table 3, we

3. SPACE-TIME AND CHANNEL CODEC
PARAMETERS

In Figure 1, we have given an overview of the proposed
system. In this section, we present the parameters of the
space-time trellis codes and the channel codecs employed
in the proposed system. We will employ the set of various space-time trellis codes proposed in [2]. The associated
space-time trellis coding parameters are summarised in Table 1.
Modulation
scheme
4PSK

BPS
2

Decoding
algorithm
VA

8PSK

3

VA

No. of
trellis
states
4
8
16
32
8
16
32

Code
TC(2; 1; 3)

No. of
termination
symbols
1
2
2
3
1
2
2

TC(2; 1; 3)

Octal
generator
polynomial
7,5

No.
of
states
4

Decoding
algorithm
Log-MAP

R
0.50

Modulation
Mode
16QAM
64QAM

BPS

2
3

Random
turbo
interleaver
depth

256
384

Random
separation
interleaver
depth

512
768

Table 3: Additional system parameters associated with the
TC(2; 1; 3) code.
summarised the modulation schemes and interleaver sizes
used in the proposed system. Again, the random separation
based channel interleaver of [8] was used. The mapping of
the data bits and parity bits into di erent protection classes
of the higher-order modulation scheme [5] was carried out
such that the best possible performance was attained [8].

Table 1: Parameters of the space-time trellis codes [2].
In this treatise, we will concentrate on using the simple half-rate TC(2; 1; 3) code. Its associated parameters are
shown in Table 2. As seen in Table 3, di erent modulation
Code

Code
Rate

Code
RS(63,42)

Galois
Field
26

Code
rate
0.67

Correctable
symbol errors
10

Table 4: The coding parameters of the Reed-Solomon codes
employed.
Following the rationale of [6], Reed-Solomon codes were
employed in conjunction with the space-time trellis codes.
Hard decision RS decoding was utilised and the coding parameters of the Reed-Solomon codes employed are summarised in Table 4.

No.
of
iterations
8

Table 2: Parameters of the TC(2; 1; 3) codec.
schemes are employed in conjunction with the concatenated
space-time block code G2 and the TC(2,1,3) code. Since the
half-rate TC(2,1,3) code is employed, higher-order modulation schemes such as 16QAM and 64QAM were chosen, so
that the Bits Per Symbol (BPS) throughput of the system remained the same as that of the system employing
the space-time trellis codes without additional channel coding. It is widely recognised that the performance of TC
codes improves upon increasing the turbo interleaver size
and near-Shannonian performance can be achieved using
large interleaver sizes exceeding 10,000 bits. However, this
performance gain is achieved at the cost of high latency,
which is impractical for a delay-sensitive real-time system.
On the other hand, space-time trellis codes o er impressive
coding gains [2] at low latency. The decoding of the spacetime trellis codes is carried out on a transmission burst-byburst basis. In order to make a fair comparison between the
systems investigated, the turbo interleaver size was chosen

3.1. Complexity Issues

In this section, we will address the implementational complexity issues of the proposed system. We will however focus
mainly on the relative complexity of the proposed systems,
rather than attempting to quantify their exact complexity.
In order to simplify our comparative study, several assumptions were stipulated. In our simpli ed approach, the estimated complexity of the system is deemed to depend only
on that of the space-time trellis decoder and turbo decoder.
In other words, the complexity associated with the modulator, demodulator, space-time block encoder and decoder
as well as that of the space-time trellis encoder and turbo
encoder are assumed to be insigni cant compared to the
complexity of space-time trellis decoder and turbo decoder.
In [7], we have derived our complexity estimates for the
TC decoder and the reader is referred to [7] for further
details. The estimated complexity of the TC decoder is
2
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4.1. Systems Having A Throughput Of 2 BPS
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In Figure 2, we show our FER performance comparison
between the various 2 BPS e ective throughput schemes,
namely the 4PSK space-time trellis codes and the spacetime block code G2 concatenated with the TC(2,1,3) code
and the 16-state 8PSK space-time trellis code concatenated
with the RS(63,42) code over GF(26 ) using one receiver
and the 128-subcarrier OFDM modem. More explicitly, the
TC(2; 1; 3) code is a half-rate code and hence 16QAM was
employed for absorbing its parity bits, in order to support
the same 2 BPS e ective throughput, as the 4PSK spacetime trellis codes using no channel codes. Similarly, the
RS(63,42) code has a coding rate of about two-third and
hence the 16-state 8PSK space-time trellis code was employed for maintaining a similar e ective throughput. We
can clearly see that at FER= 10 3 the performance of the
TC(2,1,3)/G2 concatenated scheme is at least 7 dB better, than that of the 4PSK space-time trellis codes. The
concatenation of the 16-state 8PSK space-time trellis code
and the RS(63,42) code improves the performance and outperforms the 4PSK space-time trellis codes. However, its
performance is still inferior to the TC(2,1,3)/G2 scheme.
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Figure 2: FER performance comparison between various 4PSK

space-time trellis codes and the space-time block code G2 concatenated with the TC(2,1,3) code and the 16-state 8PSK spacetime trellis code concatenated with the RS(63,42) code over
GF(26 ) using one receiver and the 128-subcarrier OFDM modem over a channel having a CIR characterised by two equalpower rays separated by a delay spread of 5s. The maximum
Doppler frequency was 200 Hz. The e ective throughput was 2
BPS and the coding parameters are shown in Tables 1, 2, 3 and
4.
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assumed to depend purely on the number of trellis transitions per information data bit and this simple estimated
complexity measure was used in [7] as the basis of our comparisons. Here, we adopt the same approach and quantify
the estimated complexity of the space-time trellis decoder
also on the basis of the number of trellis transitions per
information data bit.
From the state diagrams shown in [2], we can see that
the number of trellis transitions leaving each state is equivalent to 2BP S , where, again, BP S denotes the number of
transmitted bits per modulation symbol. Since the number
of information bits is equal to BPS, we can approximate the
complexity of the space-time trellis decoder as:

compfSTTg =

2BP S  No. of States
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Figure 3: Coding gain versus estimated complexity for the vari-

ous 4PSK space-time trellis codes and the space-time block code
G2 concatenated with the TC(2,1,3) code using one as well
as two receivers and the 128-subcarrier OFDM modem over
a channel having a CIR characterised by two equal-power rays
separated by a delay spread of 5s. The maximum Doppler frequency was 200 Hz. The e ective throughput was 2 BPS and
the coding parameters are shown in Tables 1, 2 and 3.

(1)

4. SIMULATION RESULTS

In this section, we provide simulation results for space-time
coded OFDM schemes using 128 subcarriers. Each OFDM
symbol has a symbol duration of 160s and a cyclic pre x
of 40s duration. In these simulations, the Jakes model was
adapted for modelling the fading channels [11]. We assume
an equal-power two-path Channel Impulse Response (CIR),
where the CIR taps are separated by a delay spread of 5s.
Furthermore, in our simulations we also present results over
two-ray channels separated by various delay spreads, up
to 40s. The maximum Doppler frequency was 200 Hz.
All multipath components undergo independent Rayleigh
fading and the receiver has a perfect knowledge of the CIR.

In Section 3.1 and [7], we provided the complexity estimates of the TC decoders and space-time trellis decoders,
respectively. By employing Equation 1 and the corresponding equations in [7], we compare the performance of the proposed schemes by considering their approximate complexity. Our performance comparison of the various schemes
in Figure 3 was carried out on the basis of the coding
gain de ned as the Eb =N0 di erence, expressed in decibels
(dB), at FER= 10 3 between the proposed schemes and
the uncoded single-transmitter, single-receiver system having the same e ective throughput of 2 BPS. Speci cally, in
3

see that at FER=10 3 the performance of the concatenated channel coded scheme is at least 7 dB better in terms
of the required Eb =N0 , than that of the space-time trellis
codes. The performance of the space-time block code G2
without the concatenated TC(2; 1; 3) code is also shown in
the gure. In Table 3, we can see that although there is
an increase in the turbo interleaver size, due to employing
a higher-order modulation scheme, nonetheless, no performance gain is observed for the concatenated TC(2; 1; 3)-G2
scheme over the space-time trellis codes using no channel
coding. We speculate that this is because the potential gain
due to the increased interleaver size has been o set by the
increased BER of the more vulnerable 64QAM scheme.

Figure 3, we show our coding gain versus estimated complexity comparison for the various 4PSK space-time trellis
codes and the space-time block code G2 concatenated with
the TC(2,1,3) code using one as well as two receivers. The
128-subcarrier OFDM modem transmitted over the channel
having a CIR of two equal-power rays separated by a delay
spread of 5s and a maximum Doppler frequency of 200 Hz.
The estimated complexity of the space-time trellis codes
was increased by increasing the number of trellis states.
By contrast, the estimated complexity of the TC(2; 1; 3)
code was increased by increasing the number of turbo iterations. Therefore, the coding gain of the concatenated
G2 /TC(2,1,3) scheme using one, two, four and eight iterations is shown in Figure 3. It can be seen that the concatenated scheme outperforms the space-time trellis codes using
no channel coding, even though the number of turbo iterations was only one. Moreover, the improvement in coding
gain was obtained at an estimated complexity comparable
to that of the 32-state 4PSK space-time trellis code using
no channel coding. From the gure we can also see that the
performance gain of the concatenated G2 /TC(2,1,3) channel coded scheme over the space-time trellis codes becomes
lower, when the number of receivers is increased to two.

5. THE EFFECT OF DELAY SPREAD

In this section, we will study how the variation of the delay
spread between the two paths of the channel a ects the system's performance. Figure 5 shows the baseband represenx1
x2

x2
x1

Tx 1

Tx 2

4.2. Systems Having A Throughput Of 3 BPS

h1;2
h1;1

FER against Eb/N0

h2;2
h2;1

0

10

n1
n2

5

2

10

-1

Channel h1;1 h1;2 Combiner
estimator h2;1 h2;2
x~1
x~2

FER

5

2

10

-2

Maximum likelihood
detector

1 Tx 1 Rx, 8PSK
8-state, 8PSK
16-state, 8PSK
32-state, 8PSK
G2, 8PSK
G2, TC, 64QAM

5

2

10

y1 = h1;1 x1 + h2;1 x2 + n1
y2 = h1;2 x2 + h2;2 x1 + n2

-3

0

2

4

6

8

10

Figure 5:

Baseband representation of the simple twintransmitter space-time block code G2 using one receiver over
varying fading conditions.
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tation of the simple twin-transmitter space-time block code
G2 using one receiver. The two transmission instants of the
G2 code can are no longer assumed to be associated with
the same complex transfer function values. This is because
the two original time-slots of the G2 code are now mapped
to two adjacent OFDM subcarriers, which may have di erent complex transfer factors due to the dispersive channel's
frequency selective fading. Hence at the receiver, we have
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Figure 4: FER performance comparison between various 8PSK

space-time trellis codes and the space-time block code G2 concatenated with the TC(2,1,3) code using one receiver and the
128-subcarrier OFDM modem over a channel having a CIR characterised by two equal-power rays separated by a delay spread
of 5s. The maximum Doppler frequency was 200 Hz. The effective throughput was 3 BPS and the coding parameters are
shown in Tables 1, 2 and 3.

y1 = h1;1 x1 + h2;1 x2 + n1
y2 =
h1;2 x2 + h2;2 x1 + n2 ;

In Figure 4, we show our FER performance comparison
between the various 8PSK space-time trellis codes of Table 1 and space-time block code G2 concatenated with the
TC(2,1,3) code using one receiver and the 128-subcarrier
OFDM modem. Since the TC(2; 1; 3) scheme is a half-rate
code, 64QAM was employed in order to maintain the same
3 BPS e ective throughput, as that of the 8PSK spacetime trellis codes using no channel coding. We can clearly

(2)
(3)

where y1 is the rst received signal and y2 is the second.
Both signals y1 and y2 are passed to the combiner in order
to extract the signals x1 and x2 . Aided by the channel estimator, which in this example provides perfect estimation
of the CIR, the combiner performs the required simple signal processing in order to separate the signals x1 and x2 .
Speci cally, in order to extract the signal x1 , we combine
4

the signals y1 and y2 as follows:
x~1 = h 1;1 y1 + h2;2 y2

= jh1;1 j2 + jh2;2 j2 x1 +

h 1;1 h2;1 h2;2 h 1;2 x2 + h1;1 n1 + h2;2 n 2 : (4)

was obtained using computer simulations and the associated SIR values are also shown in Figure 6, denoted by
the hearts and scaled on the right-hand axis. As we have
expected, the calculated SIR decreases upon increasing the
delay spread. We can see in the gure that the performance
of the 32-state 4PSK space-time trellis code does not vary
signi cantly with the delay spread. On the other hand, the
performance of the concatenated G2 /TC(2,1,3) scheme suffers severe degradation, when the delay spread is in excess
of 15s, as indicated by the near-vertical curve of Figure 6
marked by triangles. If we relate this curve to the SIR
curve marked by the hearts, we can see on the right-hand
side scale of the gure that the SIR is approximately 10 dB.
In conclusion, the G2 /TC(2,1,3) OFDM scheme signi cantly outperformed the STTC OFDM schemes at the
throughputs of 2 and 3 BPS, when stipulating the same system complexity at a CIR dispersion of 5s. However, the
SIR of the concatenated G2 /TC(2,1,3) scheme has to be
more than 10 dB, in order for it to outperform the spacetime trellis codes using no channel coding over strongly dispersive channels. Our future research will be considering
adaptive space-time coded OFDM modems.

In contrast to the prefect cancellation scenario of h1;1 =
h1;2 and h2;1 = h2;2 , we can see from Equation 4 that the
signals x1 and x2 now interfere with each other. Hence
we can no longer cancel the cross-coupling of signals x2
and x1 in Equation 4, unless the channel transfer factors
of the adjacent OFDM subcarriers satisfy the condition of
h1;1 = h1;2 and h2;1 = h2;2 .
At high SNRs, the noise power is insigni cant compared
to the transmitted power of the signals x1 and x2 . Therefore, we can ignore the noise terms in Equation 4. However,
the interference signals' power increases, as we increase the
transmission power. Assuming that both the signals x1 and
x2 have an equivalent signal power, we can then express the
signal to interference ratio (SIR) for signal x1 as:

jh j2 + jh2;2 j2 ;
SIR =  1;1
h1;1 h2;1 h2;2 h 1;2

(5)
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Figure 6: The Eb =N0 values required for maintaining
FER=10 3 versus delay spreads for the 32-state 4PSK spacetime trellis code and for the space-time block code G2 concatenated with the TC(2,1,3) code using one receiver and the 128subcarrier OFDM modem. The CIR exhibited two equal-power
rays separated by various delay spreads and a maximum Doppler
frequency of 200 Hz. The e ective throughput was 2 BPS and
the coding parameters are shown in Tables 1, 2 and 3. The SIR
of various delay spreads are shown as well.
We show in Figure 6 the Eb =N0 value required for maintaining FER=10 3 versus the delay spread for the 32-state
4PSK space-time trellis code and for the space-time block
code G2 concatenated with the TC(2,1,3) code using one
receiver and the 128-subcarrier OFDM modem. The CIR
exhibited two equal-power rays separated by various delay spreads. The maximum Doppler frequency was 200
Hz. The SIR associated with the various delay spreads
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