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Abstract - This paper presents a reduced-complexity turbo
detector for convolutional-coding aided space-time trellis coded
(STTC) schemes. The proposed technique is based on the sepa-
rate in-phase/quadrature-phase (I/Q) detection principle devel-
oped for single-transmitter and single-receiver systems. Essen-
tially, the reduced-complexity 1/Q turbo detector (R-TD) decom-
poses the received signal into its constituent I and Q compo-
nents and detects these components separately, hence reducing
the number of possible signal combinations to be ‘tested’ by the
detector. It is observed that the R-TD is capable of approach-
ing the performance of the full-complexity turbo detector, while

achieving a complexity reduction factor of 4.2 for a R = 1

convolutional-coded 4-PSK 4-state STTC system communicatQ-
ing over two-path equal-weight Rayleigh fading channels. The
performance of the convolutional-coded STTC schemes is also
compared to that of the STTC benchmarker refraining from us-
ing channel coding, while maintaining a particular throughput.
It was found that the convolutional-coded STTC system achieved
a gain of 1.2 dB at BER=10"5, although at the expense of a sig-
nificant increase in complexity.

1. INTRODUCTION

In the 3rd Generation (3G) mobile radio standard, spatial diversity
has been proposed for increasing the link quality and therefore the
capacity of the system. Spatial diversity can be implemented with
the aid of multiple transmitters or receivers. However, for practical
reasons it is more cost effective to employ the multiple antennas at
the base station, rather than at the mobile station. Recently, transmit
diversity techniques known as Space-time Trellis Coding (STTC) [1]
have been advocated for providing additional diversity gains as well
as for overcoming the limited capacity offered by the hostile fad-
ing wireless channels [3]. STTC relies on the joint design of chan-
nel coding, modulation, transmit diversity and the optional receiver
diversity schemes. Typically, the detection of the STTC symbols
consists of independent channel equalization and space-time trellis
decoding operations.

Instead of implementing the channel equalization and STTC de-
coding operations independently, the performance of the STTC sys-
tem can be further improved by performing both operations itera-
tively. This philosophy is based on that of turbo equalization [2, 3],
which was first employed in a convolutional encoded BPSK sys-
tem transmitting over dispersive channels. This technique performs
channel equalization and channel decoding iteratively and has been
shown to successfully mitigate the effects of channel ISI. Bauch et
al. [4] adapted the turbo equalization technique for iterative chan-
nel equalization and STTC decoding. This approach yielded an im-
proved performance due to the intelligent exploitation of the soft-
decision based feedback from the STTC decoder output to the equal-
izer’s input.
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Motivated by these trends, Reference [5, 3] improved the perfor-
mance of the STTC system by employing additional channel encod-
ing and turbo detection. However, due the high complexity of the
turbo detector, investigations were limited to Channel Impulse Re-
sponses (CIR) associated with low dispersions. In this paper, we
demonstrate, how the complexity of the turbo detector proposed in
[5] can be reduced by employing the separate In-phase/Quadrature-
phase (I/Q) detection technique developed for single-transmitter and
single-receiver systems [6]. Hence, investigations over channels ex-
hibiting a high dispersion, such as a symbol-spaced five-path Rayleigh
fading channel, were facilitated. In addition, we will also compare
the performance of the R = % channel coded 16-state 16QAM
STTC scheme to that of the 4PSK STTC benchmarker refraining
from using channel coding, while maintaining the same throughput.
We commence our discourse by presenting an overview of the in-
vestigated system in Section 2. This is followed by an overview of
the reduced complexity principles and a complexity analysis in Sec-
tions 3 and 4, respectively. Section 5 presents our simulation results
and finally, we conclude in Section 6.

2. SYSTEM OVERVIEW
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Figure 1: Schematic of the space-time trellis coded system employ-
ing turbo detection at the receiver. The notation 7, repre-
sents the space-time trellis code’s interleaver.

Convolutional
encoder

In the system model illustrated in Figure 1, we observe that the
source bits are passed to a channel encoder, which subsequently
directs the interleaved encoded bits to a two-transmitter STTC en-
coder, represented using the notation STTC(M,n), where M denotes
the modulation mode used and n the number of states of the STTC
encoder. Two different channel encoders were employed, namely
a %-rate convolutional code having a constraint length of K = 5
and octal generator polynomials of Go = 35 and G; = 23 as
well as a %-rate, K = 7 convolutional code using Go = 133 and
G1 = 171 [7] octal generator polynomials. At the output of the
STTC encoder, the encoded symbols are interleaved by a random
STTC interleaver represented as 7 in Figure 1. Note that random
interleavers are utilized for both the channel interleaver and for the
STTC interleaver. Furthermore, the same interleaving rule is used
for all transmit antennas in order to preserve the rank property of the
space-time codes [1].

A transmission burst consisting of 144 data symbols was em-
ployed in our investigations. Additionally, two-path and five-path



Rayleigh fading channels having equal symbol-spaced tap weights
were used. The Rayleigh fading statistics obeyed a normalised Doppler
frequency of 3.3615 x 105, where the fading magnitude and phase
was kept constant for the duration of a transmission burst. Further-
more, in order to characterize the best possible performance of these
systems, the CIR was perfectly estimated at the receiver. As shown
in Figure 1, R, = 2 receive antennas were employed at the receiver.
Again, turbo detection was employed, whereby the channel equal-
ization, space-time trellis decoding and channel decoding operations
were performed iteratively. The received signal at the ith receiver
can be written as:

s () « WU () + n'(t) i=l... Ry =2,

where
ri) = > () B (1) — st + hE (1)) +ni ()
k=1
gra() = 7 J (sb(t) « () + sE) « RE () + jniy(8),
k=1
)
and s*(t), 7*() and n’(t) denote the symbol transmitted from the

kth transmitter, the received signal of the ith receive antenna and the
AWGN imposed on the signal received by the ith receive antenna,
respectively. The notation k¥’ (t) refers to the CIR corresponding to
the kth transmit and <¢th receive link, whereas * represents convolu-
tion. Additionally, the subscripts I and () represent the in-phase and
quadrature-phase components, respectively.

3. REDUCED COMPLEXITY TURBO DETECTION
PRINCIPLES

Recall that in Equation 2 the received 1/Q %ignals namely r 1( ) and
76 (t), were shown to become dependent on s7(t) and s (t) af-
ter transmission over a complex channel. The inter-dependency be-
tween s7(t) and s§(t) in the received quadrature signals 7} (t) and
rQ (t) is referred to here as cross-coupling. As a consequence of
the cross-coupling the receiver has to consider an increased num-
ber of signal combinations for identifying the most likely transmit-
ted symbol, hence necessitating a high number of equalizer trellis
states. However, the number of trellis states to be considered can be
reduced significantly, when the cross-coupling is removed such that
the quadrature components of the decoupled channel output r ),
which consists of 7 (t) and r(g(t), are only dependent on s¥(t) or
sg (t). This is the basic principle behind the reduced-complexity
turbo detection scheme.

In order to perform the decoupling, the quadrature components of
the signal estimates, namely 37 (¢) and 85, () of all transmitters, must
first be generated. These quadrature signal estimates are obtained
with the aid of [3]:

vVM-1
E{Sllg(t)} = §IIC(t) = SIIC;u 'P[sllc;u|§k(t)}
u=0 (3)
M-—1
E{so(0)} = 8(t) = Y stu - Plsgul3" (1),
u=0

where F{-} denotes the expectation or averaging operation, v'M is
the number of constellation points in each quadrature arm of a par-
ticular modulation scheme and 5" (¢) is the channel equalizer’s sym-
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bol estimate of transmitter k. Subsequently, these estimated sym-
bols are convolved with the in-phase and quadrature-phase CIR es-
timates of the kth transmit and ith receive link, in order to generate
S (1) = WY (1), 385 (1) = Bl (1), 86 (¢) = bl (¢) and j&l () * AY (2),
where k =1...T,and¢ = 1. R Wlth the aid of these signals
the cross-coupling between the received quadrature signals can be
removed using the procedures outlined in [3], such that we obtain

the decoupled received signals 7% (t) and rg (t), which are only de-
pendent on a particular quadrature component, namely on s’}(t) or
s6(t), rather than on both. For example, the signal ry (t) can be
generated by removing 3§ (t) * ﬁg(t) and 55¢ (t) * h%(t) from the

received signal ' (t), yielding:

AO=r 0+ 3 (50 50 - 560 1)
= .k ki (4)
(sF(t) % hY'(t) + jsT(t) = hey (t) +

(§'§z( ), he (8)) + je(36 (¢ ) hi'(8))) +n'(0),
), h ), h

where e(5¢(t), ho(t)) and e(5¢(t), h1(t)) are the error terms ex-

pressed as:
ok 2 ki i ok 7 ki

e(8q(t), hq (1)) = r1(t) +30() * hq (1)

e(36(6) hT'(1) = ro(t) = So(t) « AT (1),
which arise, when inaccurate CIR estimates and low-confidence sym-
bol estimates are generated. Similarly, ré (t) is obtained by sub-
tracting §¥(¢) = A (t) and j§%(t) x leg(t), where k = 1...T,
and i = 1... R, from r*(t). Although errors are introduced in the
decoupling operation, it will be shown using the simulation results
of Section 5, that the imperfect decoupling effects are compensated
through successive turbo detection iterations and the performance
approaches that of the turbo detector utilising the conventional full-
complexity trellis-based equalizer [5].

Having highlighted the philosophy of the decoupling operation,
we continue by describing the structure of the turbo detector, which
incorporates the I/Q decoupling principle. In the first turbo detec-
tion iteration, a Multi-Variable Decision Feedback Equalizer (MV-
DFE) [8] is utilized. The MV-DFE is employed, since it consti-
tuted a low-complexity approach to providing initial estimates of the
transmitted symbols, as compared to the more complex trellis-based
equalizers. These soft decisions are passed to the STTC decoder,
which subsequently generates the a posteriori information. The ex-
trinsic information is extracted from the a posteriori information and
directed to the channel decoder. Subsequently, the channel decoder
computes the a posteriori information and extrinsic information. As
shown in Equation 3, the a posteriori probability is utilized in the
symbol regeneration process, which aids the decoupling operation,
whereas the extrinsic information becomes the a priori information
employed by the I/Q equalizer in the second turbo detection itera-
tion. The decoupling is then performed using the regenerated sym-
bols and with the aid of Equation 4. After the decoupling operation
has been completed, the resultant signals corresponding to the in-

(&)

. ! . .
phase signal components r; (¢) of all transmitters are directed to a

I/Q equalizer, while the quadrature-phase signal components rg (t)
of all transmitters are processed by the second 1/Q equalizer. These
1/Q equalizers utilize Soft-In/Soft-Out (SISO) algorithms such as the
Maximum A Posteriori (MAP) [9] algorithm, the Log-MAP algo-
rithm [10, 11] or the Max-Log-MAP [12, 13], in order to compute
the reliability information in the form of LLRs. In our investigations,
we have utilized the Max-Log-MAP algorithm [12, 13] in both our
I/Q equalizers and in the STTC decoder as well as in the convolu-
tional decoder, since it constitutes a good compromise in terms of the
achievable performance and the computational complexity imposed.



The LLR values generated by the I/Q equalizers are deinterleaved
by the STTC deinterleaver and passed to the STTC decoder. The
STTC decoder computes the a posteriori LLRs, which are then pro-
cessed for generating the extrinsic information. Subsequently, both
the soft output information of the I/Q equalizers and the extrinsic in-
formation is employed by the channel decoder in order to generate
the a posteriori LLR values. Before directing these LLR values back
to the I/Q equalizer, the extrinsic LLR is once again extracted from
the a posteriori LLRs computed by the channel decoder. As in the
first iteration, the a posteriori LLR is used for symbol regeneration,
while the extrinsic LLR values becomes the a priori LLR for the I[/Q
equalizers in the next turbo detection iteration. This iterative pro-
cess is repeated, until the termination criterion stipulated is satisfied.
In our investigations the iterations were curtailed, when no signifi-
cant further performance gains could be obtained through additional
iterations.

4. COMPLEXITY ANALYSIS

For simplicity, the complexity of the turbo detectors can be quanti-
fied in terms of the number of associated trellis transitions per in-
formation bit. Therefore, the complexity of the equalizer, which is
dependent on the number of trellis transitions per coded bit, must be
normalized by the number of information bits per symbol 7., hence
yielding the number of transitions computed per information bit.
For the conventional full-complexity trellis-based channel equal-
izer termed as CT-EQ, it can be shown that the complexity A[CT-EQ)]
associated with equalizing STTC signals transmitted over a channel
having complex weights and a delay spread of 7; symbols is:

A[CT-EQ] = (Num. of states - Num. of transitions) /7>

= (M M) T, = (MT ) ©

where again M, T’; and 7T’ denote the number of constellation points,
the number of transmitters and the number of information bits per
symbol, respectively. By contrast, the complexity of a single I/Q
equalizer (I/Q-EQ) trellis stage is given by:

A[/Q-EQ] = (Num. of states - Num. of transitions) /T
_ (\/M Tm(T(H-l)) /T,

For the STTC(M,n) decoder, where M and n denote the number of
constellation points and the number of trellis states in the encoder,
the complexity A[STTC(M, n)] incurred is:

A[STTC(M, n)] = (n - M) /T,.

@)

®)

Finally, the complexity of the R = % and constraint length K chan-
nel decoder A[CC] can be written as:

A[CC] = 2K, ©)

Having determined the complexity of the channel equalizer, that
of the STTC decoder and that of the convolutional channel decoder
as a function of the number of trellis transitions per information bit,
the total complexity of the full-complexity turbo detector denoted by
F-TD [5] can be estimated as:

((MTm(Td+l)) +n- M)

A[F-TD] = 7 + 2% | . Iu[F-TD],
(10)
while the complexity of R-TD as:
A[R-TD] = (”'M 2K) +
T,
9. \/MT’E(Td"Fl) +n-M

[
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7 +2K) x (Itr[R-TD] — 1) (11)
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where Itr[ ] denotes the number of turbo detection iterations. A fac-

tor of two was introduced in the term 2-v/M Ta(rat1) found in Equa-
tion 11, since two I/Q-EQs are required for performing the equal-
ization. In Equation 11, the terms within the first brackets on the
right hand side represent the complexity incurred in the first R-TD
iteration, where the combination of a MV-DFE, STTC decoder and
a convolutional decoder was employed. For the sake of simplicity
we have assumed that the complexity of the MV-DFE is negligible,
when compared to the complexity of the I/Q-EQ and CT-EQ. There-
fore, the complexity of the R-TD in the first iteration is only depen-
dent on the complexity of the STTC decoder and that of the convo-
lutional decoder. The remaining terms within the second brackets
correspond to the complexity of the subsequent R-TD iterations.

5. RESULTS AND DISCUSSION

In this section, we compare the performance of the F-TD proposed
in [5] to that of the R-TD described in this contribution. These turbo
detectors are utilized in conjunction with the R = % and constraint
length K = 5 convolutional-coded 4-state QPSK STTC employing
a9216-symbol STTC interleaver and a 18430-bit channel interleaver
for transmission over a two-path, equal-weight and symbol-spaced
Rayleigh fading channel having a normalised Doppler frequency of
3.3615 x 107°. In Figure 2 it was observed that after performing
three turbo detection iterations the R-TD was capable of approaching
the performance of the F-TD, which also utilized three turbo detec-
tion iterations. No further improvements were obtained by perform-
ing additional turbo detection iterations. Using Equations 10 and
11, we note that complexity of the R-TD is a factor of 4.2 lower than
that of the F-TD scheme. Figure 3 shows the performance of the
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Figure 2: Performance comparison of the F-TD and R-TD in con-
junction with the convolutional coded STTC(4,4) scheme
using a 9216-symbol STTC interleaver and a 18430-
bit channel interleaver for transmission over a two-path,
equal-weight, and symbol-spaced Rayleigh fading CIR
having a normalised Doppler frequency of 3.3615x 10~°.

R-TD scheme in conjunction with the STTC(4,4) system commu-
nicating over a symbol-spaced five-path, equal tap-weight Rayleigh
fading channel. For this CIR, the F-TD scheme cannot be realisti-
cally studied by simulation, since the complexity of the trellis-based
equalizer alone is already associated with 10° transitions per trel-
lis stage. Despite experiencing long delay spreads, the R-TD was
capable of detecting signals transmitted over such high-dispersion
channels, while attaining a good BER performance. Assuming that
the F-TD could have been simulated and two turbo detection itera-
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Figure 3: Performance of the R-TD in conjunction with the R = %

convolutional coded STTC(4,4) scheme using a 9216-
symbol STTC interleaver and a 18430-bit channel inter-
leaver for transmission over a five-path, equal-weight, and
symbol-spaced Rayleigh fading CIR having a normalised
Doppler frequency of 3.3615 x 1075,

tions were required, the R-TD would have achieved a complexity
reduction of a factor of 331.0.

10°
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Figure 4: Comparing the R-TD performance of the R = % con-

volutional coded STTC(16,16) scheme to that of F-TD
STTC(4,n) benchmarkers refraining from using channel
coding, where n=4,8,16 and 32 states, when transmit-
ting over a two-path, equal-weight, and symbol-spaced
Rayleigh fading channel having a normalised Doppler fre-
quency of 3.3615 x 107>,

Next, we investigated the performance of the channel-coded STTC
scheme using R-TD to that of the STTC systems refraining from
using channel coding but utilizing the full-complexity turbo detec-

tor [4], while maintaining the same overall throughput for all schemes.

In order to ensure that the R = % convolutional coded STTC scheme
had the same throughput as the ‘non-channel-coded’ STTC(4,n) sys-
tems, a higher-order modulation mode based STTC, such as the
STTC(16,16), was utilized in conjunction with the R = % convo-
lutional code. Specifically, we compared the F-TD performance of

the ‘non-channel-coded’ STTC(4,4), STTC(4,8), STTC(4,16) and
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STTC(4,32) schemes to that of the R = % convolutional-coded
STTC(16,16) scheme using the R-TD technique. In the channel-
coded STTC(16,16) scheme, two different constraint length convo-
Iutional codes were employed, namely the constraint length K =
5 convolutional code and the K = 7 convolutional code. Both
schemes employed a 9216-symbol random STTC interleaver.

From Figure 4, it was observed that the R = % and constraint
length K = 5 convolutional-coded STTC(16,16) scheme employ-
ing R-TD and eight turbo detection iterations was capable of outper-
forming the ‘non-channel-coded’ STTC(4,4), STTC(4,8) and STTC-
(4,16) schemes by 2.5 dB, 1.8 dB and 0.5 dB, respectively at BER=
10~*. However, the ‘non-channel-coded’ STTC(4,32) was observed
to require 1.6 dB lower SNR than the convolutional-coded STTC-
(16,16) scheme, in order to achieve the same BER. When the higher
constraint length convolutional code was utilized, namely the K =
7 convolutional code, the performance of the convolutional-coded
STTC(16,16) scheme approached that of the ‘non-channel-coded’
STTC(4,32) system at BER=10"*, while achieving a gain of 1.2 dB
at BER=10"°.

Figure 5 highlights the complexity required by both the channel-
coded STTC(16,16) system employing R-TD and that of the ‘non-
channel-coded” STTC(4,n) scheme utilizing the F-TD technique, in
order to achieve a BER of 10*. Tt was observed that the R = %
K = 7 convolutional-coded STTC(16,16) system invoking eight
turbo detection iterations outperforms the ‘non-channel-coded” STTC-
(4,4), STTC(4,8) and STTC(4,16) schemes using two iterations, al-
though at the cost of a factor of 14.1, 13.3 and 12.0, higher com-
plexity, respectively. When compared to the ‘non-channel-coded’
STTC(4,32) scheme using F-TD and performing three turbo detec-
tion iterations, the R = % and constraint length K = 7 convolutional-
coded STTC(16,16) system using R-TD required a comparable SNR
at BER= 10~*, while achieving an SNR gain of 1.2 dB at BER=
1075, This gain was achieved at the expense of 6.7 times higher
computational complexity.

STTC(4,4)
STTC(4.8)
STTC(4,16)
STTC(4,32)
STTC(16,16)
- — No CC&F-TD
— CC@,1,7)+R-TD

10* [dB]
=

=
P30D>0O

0 500 1000 1500 2000 2500 3000 3500 4000
Complexity[Number of transitions]

SNR required to achieve BER
4
)

Figure 5: Comparing the complexity of F-TD assisted STTC(4,4),
STTC(4,8), STTC(4,16) and STTC(4,32) systems with
that of the R-TD convolutional-coded STTC(16,16)
scheme for transmission over a two-path, equal-weight,
and symbol-spaced Rayleigh fading CIR having a nor-
malised Doppler frequency of 3.3615 x 10~°. In each
curve, the complexity increases upon increasing the num-
ber of turbo detection iterations.

For typical speech and video systems the target BER is between
107* and 1072. Therefore, for such schemes the turbo-detected
STTC scheme refraining using channel coding is the more robust
choice. Furthermore, the complexity incurred by these systems is



significantly lower, than that of the channel-coded STTC schemes.
From these results it can be concluded that for turbo-detected STTC
schemes of the same throughput, it is better to invest the available
complexity in implementing higher complexity STTC codes such as
the STTC(4,32) than in concatenating a powerful channel encoder
with a weak STTC code, such as the STTC(16,16).

6. CONCLUSIONS

In conclusion, it was observed in Figure 2 that the R-TD is capa-
ble of reducing the complexity of the STTC system, without signif-
icantly sacrificing the achievable performance. For channels hav-
ing short delay spreads, such as the two-path, symbol-spaced and
equal tap-weight channel, the R-TD scheme approached the perfor-
mance of the F-TD arrangement, while achieving a complexity re-
duction factor of 4.2. For the five-path, symbol-spaced and equal-
weight Rayleigh fading channel, the F-TD scheme was not imple-
mented, since the complexity of the trellis-based equalizer alone al-
ready corresponds to 10° transitions per trellis stage. However, it
was observed that the R-TD was capable of detecting signals trans-
mitted over such channels, while attaining a good BER performance.
Assuming that the F-TD could have been simulated and two criti-
cal turbo detection iterations were required, the R-TD would have
achieved a complexity reduction factor of 331.0. When comparing
STTC schemes of the same overall throughput, it was observed from
Figure 4 that the turbo-detected ‘non-channel-coded’ STTC(4,32)
system required a similar SNR to that of the R = % and constraint
length K = 7 convolutional-coded STTC(16,16) scheme, in order
to achieve the BER of 10™*. The convolutional-coded STTC(16,16)
only outperformed the ‘non-channel-coded’ STTC(4,32) arrangement
for SNRs in excess of 7 dB, but at the expense of 6.7 times higher
computational complexity.
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