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Performance Comparison of Delay Transmit Diversity and
Frequency-Domain Space-Time Coded Transmit Diversity
for Orthogonal Multicode DS-CDMA Signal Reception
Using Frequency-Domain Equalization

Takeshi ITAGAKI†a), Kazuaki TAKEDA†, Student Members, and Fumiyuki ADACHI†, Member

SUMMARY In a severe frequency-selective fading channel, the bit er-
ror rate (BER) performance of orthogonal multicode DS-CDMA is severely
degraded since the orthogonality property of spreading codes is partially
lost. The frequency-selectivity of a fading channel can be exploited by
using frequency-domain equalization to improve the BER performance.
Further performance improvement can be obtained by using transmit di-
versity. In this paper, joint transmit diversity and frequency-domain equal-
ization is presented for the reception of orthogonal multicode DS-CDMA
signals in a frequency-selective fading channel. As for transmit diversity,
delay transmit diversity (DTD) and frequency-domain space-time trans-
mit diversity (STTD) are considered. The achievable BER performance
of multicode DS-CDMA in a frequency-selective Rayleigh fading channel
is evaluated by computer simulation. It is shown that the frequency-domain
STTD significantly improves the BER performance irrespective of the de-
gree of the channel frequency-selectivity while DTD is useful only for a
weak frequency-selective channel.
key words: multicode DS-CDMA, frequency-domain equalization, MMSE,
transmit diversity

1. Introduction

In mobile radio communications systems, bit error rate
(BER) performance of high-speed data transmission may be
severely degraded due to frequency-selective multipath fad-
ing resulting from the presence of many propagation paths
with different time delays [1]. Direct sequence code di-
vision multiple access (DS-CDMA) can exploit the chan-
nel frequency-selectivity to improve the transmission per-
formance by using rake combining [2]. DS-CDMA provides
flexible data transmission in wide range of data rates sim-
ply by changing the spreading factor or using orthogonal
code-multiplexing technique. For multirate and multicon-
nection data transmission, orthogonal multicode DS-CDMA
is promising [3], [4]. In a severe frequency-selective fading
channel, however, its BER performance with coherent rake
combining severely degrades since the orthogonality prop-
erty of spreading codes is partially lost.

Recently, multi-carrier CDMA (MC-CDMA) has been
attracting much attention for high-speed data transmissions
[5], [6]. In MC-CDMA, frequency-domain spreading is
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used unlike DS-CDMA (in which time-domain spreading
is used). The orthogonality among spreading codes can be
restored while obtaining the frequency diversity effect by
simple one-tap frequency-domain equalization [7]–[9]. It
has been found [8] that MC-CDMA with frequency-domain
equalization can provide a significantly better BER perfor-
mance than DS-CDMA with coherent rake combining. Re-
cently, application of such frequency-domain equalization
to single-carrier (SC) transmission and DS-CDMA has been
attracting much attention [10]–[13]. It is shown in [11]
that multicode DS-CDMA with frequency-domain mini-
mum mean square error (MMSE) equalization can achieve
a BER performance almost identical to MC-CDMA and
that the BER performance improves with the increase in the
frequency-selectivity of the fading channel (i.e. the number
of resolvable paths increases). In MC-CDMA, additional
performance improvement can be obtained by the joint use
of antenna receive diversity and frequency-domain MMSE
equalization [9]. For the downlink case, multiple receive an-
tennas are necessary at a mobile terminal. Recently, transmit
diversity is under extensive study for alleviating the com-
plexity problem at the mobile terminals [14].

In this paper, joint transmit diversity and frequency-
domain equalization is considered for the orthogonal mul-
ticode DS-CDMA signal reception. As for transmit diver-
sity, delay transmit diversity (DTD) and frequency-domain
space-time coded transmit diversity (STTD) are considered.
Alamouti’s STTD [15] for frequency-nonselective fading
channel is extended to the case of frequency-domain equal-
ization in a frequency-selective fading channel. The achiev-
able BER performances of multicode DS-CDMA with joint
frequency-domain equalization and transmit diversity are
evaluated by computer simulation.

According to the best of authors’ knowledge, there
has been no literature that discusses and compares the
BER performances of DS-CDMA with frequency-domain
equalization achievable with DTD and STTD. In [16], the
BER performance improvement achievable with joint use of
frequency-domain equalization and STTD in DS-CDMA is
discussed; however, no performance comparison of STTD
and DTD is presented. Performance comparison of STTD
and DTD can be found in [17], but it is for the case of
DS-CDMA with rake combining and furthermore, com-
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parison is made only in terms of the achievable signal-to-
interference plus noise power ratio (SINR). In our paper,
however, performance comparison of DTD and STTD is
given for DS-CDMA with frequency-domain equalization.
Also shown as a reference in this paper are the BER per-
formance results of DTD and STTD for DS-CDMA with
rake combining. Note that it is possible to apply DTD and
STTD to MC-CDMA. The simulation result of BER perfor-
mance of MC-CDMA with joint frequency-domain equal-
ization and STTD is presented in [18], [19], but DTD is not
considered.

The remainder of this paper is organized as follows. In
Sect. 2, the transmission system model of orthogonal mul-
ticode DS-CDMA with frequency-domain equalization is
described. Joint frequency-domain equalization and trans-
mit diversity for the reception of orthogonal multicode DS-
CDMA signals is presented in Sect. 3 and the operation
principles of DTD and frequency-domain STTD are given.
In Sect. 4, BER performance improvements obtainable by
DTD and STTD are evaluated by computer simulation and
are compared. Some conclusions and future work are of-
fered in Sect. 5.

2. Orthogonal Multicode DS-CDMA Transmission
with Frequency-Domain Equalization

Throughout the paper, the chip-spaced discrete time repre-
sentation is used. Transmission system model of orthogonal
multicode DS-CDMA with frequency-domain equalization
is illustrated in Fig. 1. At the transmitter, binary data se-
quence is transformed into the data-modulated symbol se-
quence {di}. Transmission of {di; i = 0 ∼ C − 1} is con-
sidered here. Each symbol is then spread using orthogonal

(a) Transmitter

(b) Receiver

Fig. 1 Transmission system model of orthogonal multicode DS-CDMA
with frequency-domain equalization.

spreading codes {ci(t) = ±1; i = 0 ∼ C − 1, t = 0 ∼ SF − 1}
of spreading factor SF. The resultant C parallel chip se-
quences are added (i.e., code-multiplexed) and multiplied
by a scramble sequence {cscr(t) = ±1; t = 0 ∼ SF − 1}
for making the transmitting signal noise-like. The generated
multicode DS-CDMA chip sequence s(t) can be expressed
using the equivalent lowpass representation as

s(t) =
√

2Ec/Tc

C−1∑
i=0

dici mod C(t mod SF)

× u(i −C �t/SF	)cscr(t) (1)

for t = 0 ∼ SF − 1, where Ec and Tc respectively represent
the chip energy per code and chip duration, u(i)=1(0) for
i = 0 ∼ C − 1 (otherwise), and �x	 represents the largest
integer smaller than or equal to x. Before transmission, the
last Ng chips of the multicode DS-CDMA chip sequence is
inserted as a cyclic prefix into the guard interval (GI) placed
at the beginning of the chip sequence [11], [12].

At the receiver, GI is removed and SF-point fast Fourier
transform (FFT) is applied to the received chip sequence to
obtain the SF subcarrier components (although DS-CDMA
transmission does not use subcarriers for modulation, the
terminology “subcarrier” is used for explanation purpose
only), and frequency-domain MMSE equalization is per-
formed as in MC-CDMA [7]–[9]. Then, inverse FFT (IFFT)
is applied to convert the SF subcarrier components to the
time-domain chip sequence, and despreading and coherent
demodulation are carried out to obtain the received soft sym-
bol sequence {d̂i; i = 0 ∼ SF − 1}.

3. Transmit Diversity

3.1 DTD

DTD is to transmit the same chip sequence from N antennas
after adding different time delays {τtx,n; n = 0 ∼ N − 1}
[14]. A DTD transmitter is illustrated in Fig. 2. The receiver
structure is the same as Fig. 1.

The transmitted chip sequences are received via
frequency-selective fading channels. Fading channel associ-
ated with each transmit antenna is assumed to be composed
of L distinct propagation paths with chip-spaced different

Fig. 2 N-antenna DTD transmitter structure.
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time delays {τl; l = 0 ∼ L − 1}. Without loss of general-
ity, time delay of the lth path is assumed to be τl = lTc. In
DTD, the time delay of τtx,n = n∆τ is added on the nth an-
tenna. The received chip sequence can be expressed, using
the equivalent lowpass and chip-spaced time representation,
as

r(t) =
N−1∑
n=0

L−1∑
l=0

ξn,l s(t − n∆τ − l) + η(t), (2)

where ξn,l is the complex path gain of the lth path corre-
sponding to the nth transmit antenna and η(t) is the zero-
mean Gaussian noise process with variance 2N0/Tc due to
the additive white Gaussian noise (AWGN) having the one-
sided power spectrum density N0. It is assumed that the
path gains {ξn,l} stay constant over one signaling period, i.e.,
SF · Tc.

The received chip sequence r(t), after removal of GI
of Ng chips, is decomposed into SF subcarrier components
{R(k); k = 0 ∼ SF − 1} by applying SF-point FFT:

R(k) = H(k)S (k) + N(k), (3)

where S (k) is the kth subcarrier component of the transmit
chip sequence, given by

S (k) =
SF−1∑
t=0

s(t) exp
(
− j2πk

t
SF

)
, (4)

N(k) is the noise component and H(k) is the channel gain at
the kth subcarrier frequency. H(k) can be expressed as

H(k) =
N−1∑
n=0

L−1∑
l=0

ξn,l exp

(
− j2πk

n∆τ + l
SF

)
. (5)

Frequency-domain MMSE equalization is carried out as

R̃(k) = w(k)R(k), (6)

where w(k) is the MMSE weight given by [7]–[9]

w(k) =
H∗(k)

|H(k)|2 +
(
C

Ec

N0

)−1
(7)

with * representing the complex conjugate operation and
Ec/N0 being the average received chip energy-to-AWGN
power spectrum density ratio. Equation (6) can be rewrit-
ten as

R̃(k) = {w(k)H(k)}S (k) + w(k)N(k)

= H̃(k)S (k) + Ñ(k), (8)

where H̃(k) = w(k)H(k) can be viewed as the equivalent
channel gain after frequency-domain equalization and is
given by

H̃(k) =
|H(k)|2

|H(k)|2 +
(
C

Ec

N0

)−1
. (9)

3.2 Frequency-Domain STTD

Transmitter and receiver structures for frequency-domain
STTD are shown in Fig. 3. The chip sequences of two
consecutive signaling periods of multicode DS-CDMA (i.e.,
even and odd signaling time periods of �t/SF	 = 2m and
�t/SF	 = 2m + 1) are respectively represented as {se(t);
t = 2 mSF ∼ (2m + 1)SF − 1} and {so(t); t = (2m + 1)SF ∼
2(m + 1)SF − 1}. After STTD encoding, GI is inserted and
transmitted from two antennas simultaneously. It should be
noted that the transmit power from each antenna is reduced
by half so that the total transmit power is kept the same as
in the single transmit antenna case. At the receiver, after
removal of GI and applying SF-point FFT, STTD decoding
and frequency-domain MMSE equalization is carried out si-
multaneously on each subcarrier component. Then, by ap-
plying IFFT, the time-domain multicode chip sequence is
obtained from SF subcarrier components, and despreading
and coherent demodulation are carried out to obtain the re-
ceived soft symbol sequence {d̂i; i = 0 ∼ C − 1}.
(a) Frequency-domain STTD encoding
Alamouti’s STTD encoding [15] is applied to each subcar-
rier component as shown in Table 1. {S e(k); k = 0 ∼ SF−1}
and {S o(k); k = 0 ∼ SF − 1} represent the subcarrier com-
ponents of {se(t); n = 2 mSF ∼ (2m + 1)SF − 1} and {so(t);
t = (2m + 1)SF ∼ 2(m + 1)SF − 1}, respectively. The sub-

(a) Transmitter

(b) Receiver

Fig. 3 Transmitter and receiver structures of multicode DS-CDMA using
frequency-domain STTD and MMSE equalization.

Table 1 Frequency-domain STTD encoding.
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carrier components {Re(k); k = 0 ∼ SF − 1} and {Ro(k);
k = 0 ∼ SF − 1} of the multicode chip sequence received
during even and odd signaling periods can be expressed as{

Re(k) = H0(k)S e(k) + H1(k)S o(k) + Ne(k)
Ro(k) = −H0(k)S ∗o(k) + H1(k)S ∗e(k) + No(k)

,

(10)

where {H0(k)} and {H1(k)} are the channel gains correspond-
ing to the two transmit antennas, and are expressed as

Hn(k) =
L−1∑
l=0

ξn,l exp

(
− j2πk

l
SF

)
, n = 0 and 1 (11)

and Ne(k) and No(k) are the kth subcarrier components of
noise process due to AWGN. STTD decoding suggested in
[15] is carried out as{

R̃e(k) = H∗0(k)Re(k) + H1(k)R∗o(k)
R̃o(k) = H∗1(k)Re(k) − H0(k)R∗o(k)

, (12)

where channel gains are assumed to stay constant during two
signaling periods. Substituting Eq. (10) into Eq. (12) gives

R̃e(k) =
(
|H0(k)|2 + |H1(k)|2

)
Re(k)

+H∗0(k)Ne(k) + H1(k)N∗o(k)
R̃o(k) =

(
|H0(k)|2 + |H1(k)|2

)
Ro(k)

+H∗1(k)Ne(k) − H0(k)N∗o(k)

. (13)

The above STTD decoding of Eq. (12) has turned out to be
equivalent to the frequency-domain maximal-ratio combin-
ing (MRC) equalization [5], [12], [13].

Frequency-domain STTD encoding shown in Table 1
requires SF-point FFT and IFFT operations in the transmit-
ter. It is possible to perform STTD encoding without FFT
and IFFT operations. Applying IFFT to {S ∗e(k)}, we obtain

1
SF

SF−1∑
k=0

S ∗e(k) exp

(
j2πt

k
SF

)
= s∗e(SF − t). (14)

This implies that STTD encoding of Table 1 is equivalent to
transmitting {s∗e(t)} and {s∗o(t)} in the reverse order and both
FFT and IFFT operations are not required. The equivalent
time-domain STTD encoding is shown in Table 2.
(b) Frequency-domain STTD decoding and MMSE equal-

ization
Since STTD decoding using frequency-domain MRC

equalization in Eq. (12) emphasizes the frequency-select-
ivity, orthogonality property among spreading codes is lost
and thus, large inter-chip-interference occurs, resulting in a
degraded BER performance. We apply frequency-domain
MMSE equalization used in MC-CDMA [7]–[9] to STTD

Table 2 Equivalent time-domain STTD encoding.

decoding. STTD decoding operation of Eq. (12) is modified
as {

R̃e(k) = w∗0(k)Re(k) + w1(k)R∗o(k)
R̃o(k) = w∗1(k)Re(k) − w0(k)R∗o(k)

, (15)

where the weights, {w0(k)} and {w1(k)}, are chosen to jointly
minimize the mean square error (MSE) between R̃e(k) and
S e(k) and that between R̃o(k) and S o(k). After some manip-
ulation following Ref. [9], w0(k) and w1(k) are given by



w0(k) =
H0(k)

|H0(k)|2 + |H1(k)|2 +
(
C
2

Ec

N0

)−1

w1(k) =
H1(k)

|H0(k)|2 + |H1(k)|2 +
(
C
2

Ec

N0

)−1

, (16)

which are equivalent to MMSE equalization weights with
two-antenna diversity reception of MC-CDMA signals with
a 3 dB power penalty [9]. The derivation process of the
weights is shown in Appendix. Substituting Eqs. (10) and
(16) into Eq. (15), we obtain{

R̃e(k) = H̃(k)S e(k) + Ñe(k)
R̃o(k) = H̃(k)S o(k) + Ño(k)

, (17)

where H̃(k) is the equivalent channel gain after joint STTD
decoding and frequency-domain MMSE equalization and
Ñe(k) and Ño(k) are the noise components. H̃(k) is given
by

H̃(k) =
|H0(k)|2 + |H1(k)|2

|H0(k)|2 + |H1(k)|2 +
(
C

Ec

N0

)−1
. (18)

Applying SF-point IFFT to {R̃e(k)} and {R̃o(k)}, the time-
domain multicode chip sequences, {r̃e(t); t = 2 mSF ∼
(2m+1)SF−1} and {r̃o(t); t = (2m+1)SF ∼ 2(m+1)SF−1},
are obtained:

r̃e(o)(t) =
1

SF

SF−1∑
k=0

R̃e(o)(k) exp

(
j2πt

k
SF

)
. (19)

Finally, the soft symbol sequence of {d̂i; i = 0 ∼ C − 1} is
recovered after despreading and coherent demodulation.

4. Computer Simulation

Simulation condition is shown in Table 3. Quadrature
phase shift keying (QPSK) and binary PSK (BPSK) are
assumed for data modulation and spreading modulation,
respectively. A very slow chip-spaced L-path frequency-
selective Rayleigh fading channel having exponential power
delay profile with decay factor α dB is assumed. The time
delay τl of the lth path is assumed to be τl = lTc.
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Table 3 Simulation condition.

(a) DTD

(b) STTD

Fig. 4 Equivalent channel gain for α = 2 dB and average received
Eb/N0 = 10 dB.

4.1 Equivalent Channel Gain H̃(k)

The equivalent channel gain H̃(k), defined in Eqs. (9)
and (18), after frequency-domain MMSE equalization is
shown in Fig. 4 for α=2 dB and the average received sig-
nal energy per bit-to-AWGN power spectrum density ratio
Eb/N0=10 dB. Since DTD can strengthen the fading chan-
nel frequency-selectivity by increasing the equivalent num-

Fig. 5 An example of the power delay profile observed at the receiver for
N=2 and ∆τ = 16Tc.

Fig. 6 BER dependency on ∆τ at the average received Eb/N0=15 dB.

ber of propagation paths, it can increase the frequency diver-
sity gain through the process of frequency-domain MMSE
equalization. On the other hand, STTD is equivalent to an-
tenna diversity reception per subcarrier and hence it can re-
duce the fluctuation of channel gain.

4.2 Effect of DTD

An example of the power delay profile observed at the re-
ceiver is illustrated in Fig. 5 for 2-antenna DTD (N=2) with
time delay difference ∆τ = 16Tc. Figure 6 plots the de-
pendency of the BER on the added time delay ∆τ for the
average Eb/N0=15 dB when N=2 for C=64 and 256. As
∆τ increases, the BER reduces due to increasing frequency
diversity effect, but starts to increase when the maximum
time delay difference resulting from the addition of time
delay and the propagation time delay becomes larger than
GI. Therefore, the optimum time delay difference that mini-
mizes the BER is given by

∆τ =

⌊
Ng − L

N − 1

⌋
Tc, (20)
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Fig. 7 Average BER performance using joint 2-antenna DTD and
frequency-domain MMSE equalization with α as a parameter.

Fig. 8 Average BER performance using joint 2-antenna DTD and
frequency-domain MMSE equalization with C as a parameter for α=0 dB.

Substituting Ng=32, L=16, and N=2 into Eq. (20) gives
∆τ = 16Tc. This agrees quite well with the simulation re-
sult in Fig. 6. In the following simulation, ∆τ = 16Tc is
assumed.

The average BER performance of orthogonal multi-
code DS-CDMA using joint 2-antenna DTD and frequency-
domain MMSE equalization is plotted with α as a param-
eter for C=256 in Fig. 7. In this case, the transmission

Fig. 9 Average BER performance using joint frequency-domain STTD
and MMSE equalization with α as a parameter.

Fig. 10 Average BER performance using joint STTD and frequency-
domain MMSE equalization with C as a parameter for α=0 dB.

data rate is equal to OFDM using the same bandwidth (256
subcarriers). For comparison, the BER performances for
frequency-nonselective fading channel (α = ∞ dB) and
AWGN channel are also plotted. It is seen that the BER
performance improves due to increasing frequency-diversity
gain as the value of α decreases. DTD provides better BER
performance and is particularly useful when the channel
frequency-selectivity is weak, i.e., for large values of α.
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(a) α=0 dB and C=256 (b) α=8 dB and C=256

(c) α=0 dB and C=64 (d) α=8 dB and C=64

Fig. 11 Performance comparison of DTD and STTD.

For example, a DTD gain of 5.6 (11.8) dB is obtained at
BER=10−4 when α = 8 (∞) dB. It is worthwhile to note that
DTD does not help to improve the OFDM transmission per-
formance at all and the BER performance of OFDM is iden-
tical to that of multicode DS-CDMA without DTD and with
α = ∞ dB irrespective of the channel frequency-selectivity.

The average BER performance using joint 2-antenna
DTD and frequency-domain MMSE equalization is plotted
with C as a parameter in Fig. 8 for α=0 dB. When α=0 dB,
the frequency-selectivity of the fading channel is strong

enough and thus, the performance improvement by the addi-
tional use of DTD is small. For the single code case (C=1),
degradation in the required Eb/N0 for BER=10−4 from the
AWGN case is as small as about 1.2 dB even with no DTD.
As the code-multiplexing order C increases (in order to in-
crease the transmission data rate), the BER performance
degrades, but DTD still provides better BER performance
compared with the no DTD case.
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4.3 Effect of Frequency-Domain STTD

Figure 9 plots the BER performance of orthogonal multi-
code DS-CDMA with joint frequency-domain STTD and
MMSE equalization for C=256 with α as a parameter.
When α=0 dB, a STTD gain of 4.1 dB is obtained at
BER=10−4 compared with no transmit diversity case. As
α increases (i.e., the channel frequency-selectivity becomes
weaker), the average BER performance degrades, but the
STTD gain becomes larger. When α=8 dB, an STTD gain
of as much as 7.2 dB is obtained. It is worthwhile to note
again that the C=256-multicode DS-CDMA provides the
same data rate as OFDM while achieving much improved
BER performance. Figure 10 shows the average BER per-
formance with C as a parameter for α=0 dB. As C increases,
the average BER performance degrades due to the increas-
ing inter-chip-interference, but STTD significantly improves
the BER performance compared with no STTD case.

4.4 Comparison of DTD and Frequency-Domain STTD

Performance comparison of DTD and frequency-domain
STTD is shown in Fig. 11. DTD is used to get a larger
frequency-diversity gain by increasing the equivalent num-
ber of paths. Therefore, additional frequency-diversity gain
cannot be expected when frequency-selectivity of the chan-
nel is already strong (as seen from Fig. 8). On the other
hand, STTD can improve the performance even when the
frequency-selectivity of the fading channel is strong (as seen
from Fig. 9), because it is equivalent to per-subcarrier two-
branch MRC antenna diversity reception and the diversity
gain independent of the channel frequency-selectivity can
be obtained. For the case of strong frequency-selectivity
(i.e., α=0 dB), STTD can obtain a diversity gain of 4.1 dB at
BER=10−4, while DTD can obtain a diversity gain of only
0.7 dB. For a weak frequency-selectivity case of α=8 dB,
STTD can achieve a diversity gain of 7.2 dB while DTD can
obtain a diversity gain of 4.3 dB.

For reference, the BER performance of DS-CDMA
using joint rake combining and transmit diversity is also
plotted in Fig. 11. When rake combining is used, the
code orthogonality property is lost due to large inter-path-
interference (IPI) and hence only slight performance im-
provement can be achieved by STTD when α=8 dB and
C=64 (but, almost no performance improvement can be seen
when α=0 dB and/or C=256). However, DTD enhances
the channel frequency-selectivity (i.e., even larger IPI is
produced) and therefore, the BER performance is made
worse than with no transmit diversity. On the other hand,
when frequency-domain MMSE equalization and STTD are
jointly used, superior BER performance can be obtained be-
cause STTD encoding and decoding are carried out for each
subcarrier.

5. Conclusion

In this paper, joint frequency-domain equalization and trans-
mit diversity was presented for the reception of orthogo-
nal multicode DS-CDMA signals in a frequency-selective
fading channel. As for transmit diversity, delay transmit
diversity (DTD) and frequency-domain space-time coded
transmit diversity (STTD) were considered. The BER per-
formance improvement in a frequency-selective Rayleigh
fading channel was evaluated by computer simulation. It
was found that transmit diversity can improve the average
BER performance significantly; however, the DTD gain
becomes smaller as the channel frequency-selectivity be-
comes stronger. STTD was always found to provide a bet-
ter BER performance than DTD irrespective of the channel
frequency-selectivity.

In this paper, ideal channel estimation was assumed.
Pilot assisted channel estimation can be applied to estimate
the channel gains. Pilot sequence design and the evaluation
of the BER performance using a practical channel estima-
tion method are left for future study. In this paper, a very
slow frequency-selective fading channel was assumed. If the
fading rate becomes faster, the inter-subcarrier interference
may be produced, thereby degrading the BER performance.
The performance evaluation in a fast fading channel is also
left for an interesting future study.
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Appendix

MMSE weights for joint frequency-domain equalization and
STTD decoding are derived. Substituting Eq. (15) into
Eq. (10), we obtain

R̃e(k) =
{
w∗0(k)H0(k) + w1(k)H∗1(k)

}
S e(k)

+
{
w∗0(k)H1(k) − w1(k)H∗0(k)

}
S o(k)

+w∗0(k)Ne(k) + w1(k)N∗o(k),

R̃o(k) =
{
w∗1(k)H0(k) − w0(k)H∗1(k)

}
S e(k)

+
{
w∗1(k)H1(k) + w0(k)H∗0(k)

}
S o(k)

+w∗1(k)Ne(k) − w0(k)N∗o(k).

(A· 1)

The equalization error at the kth subcarrier is defined as{
εe(k) = R̃e(k) − S e(k)
εo(k) = R̃o(k) − S o(k).

(A· 2)

The mean square error (MSE) E[|εe(o)(k)|2] is given by

E
[∣∣∣εe(o)(k)

∣∣∣2] =


C−1∑
i=0

2
Ec

Tc

 +


C−1∑
i=0

2
Ec

Tc


· ∣∣∣w∗0(k)H0(k) + w1(k)H∗1(k)

∣∣∣2

+


C−1∑
i=0

2
Ec

Tc


∣∣∣w∗0(k)H1(k) − w1(k)H∗0(k)

∣∣∣2

+
2N0

Tc

(
|w0(k)|2 + |w1(k)|2

)
− 2


C−1∑
i=0

2
Ec

Tc



· Re
[
w∗0(k)H0(k) + w1(k)H∗1(k)

]
. (A· 3)

The weights, w0(k) and w1(k), that minimize the MSE, i.e.,

∂E

[∣∣∣εe(o)(k)
∣∣∣2]

/
∂w0(k) = 0

∂E
[∣∣∣εe(o)(k)

∣∣∣2]
/
∂w1(k) = 0

, (A· 4)

are called the MMSE weights. After some manipulation fol-
lowing Ref. [9], we can obtain



w0(k) =
H0(k)

|H0(k)|2 + |H1(k)|2 +
(
C
2

Ec

N0

)−1

w1(k) =
H1(k)

|H0(k)|2 + |H1(k)|2 +
(
C
2

Ec

N0

)−1

. (A· 5)
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