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ABSTRACT

In afast fading channel, the orthogonality of the two con-
secutive STBC-OFDM symbols will be destroyed and the
received signals can not be perfectly separated. As a result,
the bit error rate (BER) performance will be degraded seri-
oudly. In this paper, we analyze several co-channel interfer-
ence (CCl) cancellation decoders for the STBC-OFDM in a
fast fading channel including the Alamouti method, SIC
method, ML method, DMLD method, and a proposed DZFD
method. The proposed DZFD method has the advantage of
reducing the computational complexity for the DMLD method.
We also conduct the outdoor channel measurements to verify
the CCl cancellation ability for different methods.

. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM)
with Space-Time Block Coding (STBC-OFDM) or the Space-
Frequency Block Coding (SFBC-OFDM) has been widely
investigated in the current wireless communication systems,
such as IEEE 802.11 a/g, Digita Video Broadcasting for
Handheld (DVB-H), and IEEE 802.16 Wireless MAN, due
to its high bandwidth efficiency and the ability of overcoming
frequency selective fading channel [1, 6]. A conventional
OFDM system transforms the frequency selective fading
channel into multiple flat fading channels so that the or-
thogonal transmit diversity techniques, i.e.,, STBC or SFBC
can be applied. However, in a fast fading channel, the or-
thogonality of the two consecutive STBC-OFDM symbols
will be destroyed. As a result, the bit error rate (BER) per-
formance of the OFDM system will be degraded dramatically
and the co-channel interference (CCl) arises [11]. Similarly,
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the SFBC-OFDM suffers the same problem when the fre-
quency responses of the two adjacent subcarriers are not
identical. Inthis case, the adjacent channel interference (ACI)
happens and the received signals can not be perfectly sepa-
rated.

In [5], a Diagonalized Maximum Likelihood Decoder
(DMLD) has been proposed to remove the CCl of the
STBC-OFDM under the fast fading environment. The DMLD
adopts a specific generated matrix to maintain the orthogo-
nality of the STBC or SFBC scheme and uses the maximum
likelihood (ML) criterion to improve the BER performance.
In this paper, we will analyze several STBC-OFDM decoders
that have the ability to ease the CCI problem. To avoid the
intensive computation of the DMLD method, a simple Diag-
nolized Zero Forcing Decoder (DZFD) for the STBC-OFDM
system is also given. Simulation results will show that the
DZFD and the DMLD decoders have the ssimilar BER per-
formance. Nevertheless, the DZFD method can greatly reduce
the computational complexity as compared with the DMLD
method.

This paper is organized as follows: the CCI problem of the
conventional STBC-OFDM s described and analyzed in Sec-
tion 1l. Several methods that ease the CCI problem are sum-
marized in Section Ill. The BER performances of these
schemes are presented for both the computer simulations and
field experimentsin Section IV. Finally, some conclusions of
this paper are given in Section V.

[I. STBC-OFDM IN A TIME-VARYING
FADING CHANNEL

In this paper, superscripts (\)', ()", Q(.) and (.)" represent
the transpose, complex conjugate, hard decision and complex
conjugate transpose respectively. The system model of a
STBC-OFDM system can be depicted in Fig. 1. To simplify
the analysis, we consider the ssmple STBC g, encoder with
two transmit antennas and one receive antenna. The input
symbol vector of the STBC encoder is denoted as X = [X(0),
X(2), ..., X(2N = 1)]", where N is the number of the subcar-
riers. Let X3 = [X(0), X(1), ..., X(N — 1)]" and X, = [X(N),
X(N+ 1), ..., X(2N — 1)]", after the STBC encoder, the gener-
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Fig. 1. System Model of the STBC-OFDM.

ated STBC g, coded data symbols are

STBC _{ Xl Xz}
9, = * *
_Xz Xl

Through the signal manipulations such as the Inverse Dis-
crete Fourier Transform (IDFT), addition and removal of the
cyclic prefix and the DFT, we can obtain the received symbol
vector Y as

Y{Yt(k)}: Hy (k) Hy(k) {Xl(k)}{zt(k)}
Yl:»l(k) H;,t+1(k) _H£t+l(k) Xz(k) Z:+1(k)

=HX+Z k=012.,N-1

@

@

where t denotes the time instant, k is the index for subcarrier,
Hit(K), Hiwa(K), Hax(K), Haowa(k) and Z(K), Zwa(k) are the
DFT of the channel impulse responses for the first and the
second transmit antennas and the channel noises respectively.

In Eq. (2), assume that the complex channel gains between
the consecutive two OFDM symbolsarethe same (i.e. Hy(K) =
Hya(K), Hai(K) = Haa(K)). Then, the channel matrix H will
be orthogonal, i.e.

H"H

[ HL(K) Hy (k) T Hy (k) Hy, (k)

_7H;,t+1(k) 'HI,1+1(k) H;Hl(k) 'H1*,1+1(k)

| HLP +Ha (0 P HL(k)Hz,t(k)—H;m(k)Hz,m(k)}
| Hy (KHG ()= Hy (OHG 0 (K) [H ()P +Hy ()

_(pk 0 —ql
10 g, ! 2

©)

where @ = [Hi(KF + Hzwa(®F = [Hyiwa®P + Ha(K)F
Using Eq. (3), the transmitted symbol vector can be detected
simply asfollows:

1
D

X = Q<k>=¢iQ<H“Y>=¢iQ(¢kX+H“Z> (@

Note that we have assumed the receiver has the perfect
knowledge of the channel responses. However, in the actual
fast fading environments, the channel response of two con-
secutive OFDM symbol are not the same. Actually, the two
channel responses for the STBC-OFDM system are time-
varying and frequency selective. In such a fast fading envi-
ronment, the channel matrix H will be no longer orthogonal,
i.e

k k
" rl( ) e(k) o

= AP
£ K q)z(k)]w

P1(K) = Hi(KF + Hawa(WP @2(K) = [Hiwa(@F + HzK)P,
£(K) = Hy(KH24(K) — H1a(KH2a(k). Applying Eq. (5), the
detected output vector X can be rewritten as

o[ K0 [ @tox,09+ex, 00+, ()
RESCIE

= , (6
& (K) X, (K) +,(K) X, (k) + Zm'(k)]

Z'=[ Zf(k)]=H“z
Zt+1(k)

where e(K)X,(K) and £ (K)X, (k) are the co-channel interfer-
ences (CCl). These interferences degrade the system perfor-
mance serioudly.
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Fig. 2. STBC-OFDM with DMLD Method.

[11.CCI SIGNAL DETECTION METHODS

In this section, we describe several signal detection meth-
ods to reduce the CCI problem including the SIC method, a
conventional ML method, the DMLD method and a proposed
DZFD method.

1. SIC Detection Method

Successive Interference Cancellation (SIC) method was
proposed in [11]. The detection procedure can be described as
follows:

<1> X, (K) = ¢,(K) X, (K) + £(K) X, (K) + Z, (K)
<25 X, (K) = 0, (K) X, (K) + € (K) X, (K) + Z,1 (K)
<3> compare (k) and ¢, (K) (if ¢,(k)> @, (K))
<4> X, (K) = Q(X,(K)/ ¢,(K))

<5> X, (k) = X, (K) — & (K) X, (K)

<6> X, (k) = Q(X,(K)/ ¢, (K))

SIC method decodes the symbol with the higher SNR firstly.

For example, in Step. (3), if the channel gain for the first
symbol is greater than the channel gain for the second trans-
mitted symbol, i.e., ¢1(K) > @,(K), SIC receiver decodes the
first symbol in Step. (4). Otherwise (¢1(K) < @a(k)), SIC re-
ceiver decodes the second symbol in Step. (4) and first sym-
bol in Step. (6) respectively. SIC method has the advantage of
low computational complexity, yet, it has the error propaga-
tion problem that will reduce the BER performance of the
receiver [4, 9].

2. Conventional Maximum Likelihood (ML) Detection

Method

The ML method estimates the most probable transmitted
signal via Eq. (7).

2
X=ag. min
X1(K), Xz (K)eCy

: )

20

X, (k)
where Cy, denotes the constellation points, and the constella-
tion sizeis denoted as |Cy|. ML signal detection needs |Cy [*
times calculation of the ML metric to solve Eq. (7). Instead
of using the simple linear calculation as the SIC method, the
ML method needs to solve every possible symbol combina-
tions to achieve a better BER performance. However, com-

putational complexity is the main problem for such the ML
or Maximum Posterior Probability (MAP) decoders[3].

3. DMLD Detection M ethod

The DMLD method was proposed in [10]. We explain the
DMLD method briefly. The STBC-OFDM system with
DMLD canbeillusratedinFig. 2. Let @, asdefined in Eq. (9),
be amatrix that diagonizes the channel matrix H.

®H =diag( 1, 1) (8)
D (o}
q) — |:®ll (D12:| (9)
21 22

where y; and jy, are the complex numbers. Substituting Eqg. (2)
and Eg. (9) into Eq. (8), we have

®,H;a(K)
chZ
H,, (k)
D= , (10)
@ q)ZlHl,t (k)
21 - *
Haa(K)

where @, and ®,; are arbitrary determined complex values.
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Fig. 3. Rx Sructure of the DZFD Method.

Let @y, = Hyy(K) and @,; = H(K), Then ® becomes

(D:[Hl,m(k) Hz,t(k)] "

Haua(k) —Hi (k)

Eq. (11) reveals that ® can be easily determined after the
channel estimation of H. Besides, y; and y» have the relation

X=X1=X

: , (12
= Hl,t+1(k) Hy, (k)+H 2t (KH 2,t+1(k)'
Therefore, the received signal can be separable if the re-
ceiver multiplies @ before the symbol detection in Eq. (13).

Y =Y
(13
=diag(y, )X +®Z

After that, the ML decision for the DMLD method can be
determined as

X (=g min V09 709X, (0]

X mL(k)e Cy

(14
j=12

where Cy, denotes the constellation points [10].

4. A Proposed DZFD Detection Method

The DMLD adopts a specific generated matrix @ to main-
tain the orthogonality of the STBC scheme and uses the maxi-
mum likelihood (ML) criterion to improve the BER perform-
ance. However, the operation of ML method involves high
computational complexity especially when the symbols are
modulated with the high order modulations such as 32QAM,
64QAM, ..etc. To reduce the computational cost and maintain
asimilar BER performance of the DMLD method, a modified
diagonal CCI detection method using the simple zero forcing
(ZF) criterion is described in Eq. (15). In Eg. (13), we note
that after the operation of ®, there is no CCI occurred theo-
retically.

If we divide the y directly from the output signal of ®, we
have

Y,(K) =Y, (k) / 7(K)

= X0+ Z() = X, () + Z; (K)
7(K)

Y, (K) = Y, (K)/ 2 (K)

S 0 Xa(K) +Z,3(K)) = X, (K) +Z;,5 (K)
x(K)

(15

where Z(K) = Z(K)/x(K), Z1(K) = Z1(K) 7(K). Then, hard
decision Q(*) is used to decide the most possible signals of
the transmitted symbols as X, (k) =Q(Y,(k)) and X, (k)=

Q(Y,(k))- The receiver structure of the DZFD is depicted in

Fig. 3.

In brief, the DZFD method also adopts the generated ma-
trix @ to separate the received signal and uses the ZF crite-
rion to reduce the computational complexity of the DMLD
method.

It is well-known that the conventional ZF criterion has
the noise enhancement drawback. The noise will be ampli-
fied if the decoder compensates the channel attenuation simply
by dividing the received signal with a very small channel
gain. In the proposed DZFD method, the noise enhancement
happens only when the divisor y is small. However, this
happens only when all the four independent or |ow-correlated
channel gains are small (Eq. 12). Due to low-correlated
property under the fast-fading environment, this problem
happens rarely and the following simulationswill demonstrate
this observed behavior.

IV.SIMULATION RESULTS

In this section, the Alamouti detection method [2], SIC
detection method, ML detection method, DMLD detection
method and the DZFD detection method are compared in the
fast fading channel scenarios. Table 1 lists the parameters for
this simulation. Table 2 is the COST207 TU Channel Model
employed in the simulation. We consider the STBC-OFDM
system with two transmit antennas and one receive antenna.

1. BER Performance Analysis

Fig. 4 shows the BER performance of various detection
methods in the STBC-OFDM system when the speed of the
mobile is at 120 km/hr. The Alamouti method suffers severe
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Table 1. Simulation parameters.

Carrier frequency 2.5GHz
System bandwidth 3MHz
No. of subcarriers 128
Subcarrier spacing 23.4 kHz
Sampling duration 0.33 us
Symbol duration 42.7 us
Modulation 16QAM
Environment COST 207 TU
User velocity 120 km/hr | 300 km/hr

Table2. COST 207 TU channel model.

Path Delay (us) Power (dB)
1 0 -3
> 0.2 0
3 05 2
4 1.6 -6
5 23 -8
S 5 -10
| STBC 16QAM TU V = 120 km/hr (fd = 277 Hz)
-0 Alamouti
$oa, ~a- SIC
100 F A DZFD
k- DMLD
10-2 [ ﬂﬁa ke ML
%gooo
sl %o 3
” 10 B, s 0000000000000600004
m &, 3
10* lﬂﬂuu'ﬂﬂ'ﬂﬂu.nﬂﬂﬂnﬂt
105 ¢ A mhadkaed
10} ;
107

0 5 10 15 20 25 30 35 40
SNR (Eb/N0)
Fig. 4. BER performance (120 km/hr).

performance degradation due to the CCl and Inter Carrier
Interference (ICl). Besides, the performance improvement of
the SIC method is limited because of the error propagation
problem. Meanwhile, the performance of DMLD method, the
DZFD method and ML method are amost the same. Fig. 5is
the robustness simulation of different decoders under the 10%
channel estimation errors. That is, we replace the channel
matrix H withtheH' =H + AH to perform the BER simulation
for different decoders, E{|AH|/|H[} = 0.1, E{.} denotes the
expectation operation. Results show that the performance of
DMLD method, the DZFD method and ML method are very
similar. If the speed of the mobileincreasesto 300 km/hr such
asahigh-speed rail scenario, the BER performances of various

STBC Urban 16QAM fd =277 Hz (estimation Ratio = 0.1)

—— Alamouti

BER

0 510 15 20 25 30 35 40
SNR (Es/N0)

Fig. 5. Robustness simulation.

STBC 16QAM TU V = 300 km/hr (fd = 694 Hz)

10°

—o— Alamouti

107!

10

10°

BER

10+ 3

1079 3

10°¢ 3

107 L L L L L L L
0 5 10 15 20 25 30 35 40

SNR (Eb/NO)
Fig. 6. BER performance (300 km/hr).

detection methods are shown in Fig. 6. The effect of CCl
dominants the BER performance and the error floor occurred
at the low SNR region for every method.

Furthermore, we analyze these methods by using the
measured outdoor channels shownin Fig. 7. Thereceiver was
placed on the top of an 11-floor building and was marked as
Rx in Fig. 7. The transmitter was moving along the M S path.
Besides, the center frequency of the receiver is 2.44 GHz with
5 MHz signal bandwidth. Fig. 8 is an example of non-line of
sight (NLOS) delay profile of the path measured by using the
RUSK channel sounder. The BER performance of various
detection methods in the measured channel are shownin Fig. 9.
Results show that the ML method has the best performance
among these methods under the measured scenario. The
DMLD, DZFD method outperform the SIC and the Alamouti
detection method and have the similar BER performance.
However, the DZFD has the advantage of low computational
complexity than the DMLD method in the following com-
plexity analysis.
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Alamouti SIC ML DMLD DZFD
Complexity 8xN 15x N (6% |CM|2) x N (4% |Cyu|+6)xN 10x N
QPSK 8xN 15x N 96 x N 22xN 10x N
16QAM 8xN 15x N 1536 x N 70x N 10x N
640AM 8xN 15x N 24576 x N 262 x N 10x N
* N denotes the number of subcarriers.
/ 00 STBC 16QAM measured channel V = 120 km/hr (fd =277 Hz)
I I I I I I—o— élémouti
~&-- SIC
/ 101 %8, & DZFD
8, -+-- DMLD
8, x- ML
102 ﬁﬂﬁ
20,
Rx : n, %o,
!. % 107 '!!DGOGOGQOOGOOQOOOQOOOOOE
Q T = 1 074 gﬂ;giﬂ GOgafogoan EI-EI;
MS Path o '*'%?%?$§$%%$$§§’
10
@ Building
) 10—7 ! ! ! ! ! 1 1
Fig. 7. Layout of the measurement. 0 5 10 15 20 25 30 35 40
SNR (Eb/N0)

NLOS

Amplitude

delay Time (us) x 107

Fig. 8. The NLOS delay profile of the measured outdoor channel.

2. Computational Complexity Analysis

In this study, we consider only the complex multiplication
for each subcarrier. The complexity for the Alamouti can be
deduced from Eq. (4). The number of the complex multipli-
cation of the H"'Y is 4 for each subcarrier in the considered
2 by 1 STBC-OFDM scheme. Besides, the number of calcu-
lation for ¢y and the complex division is also 4. Therefore,
Alamouti method requires 8 complex multiplications for each
subcarrier. For the SIC method, it requires 7 additional com-
plex multiplications for the Steps <4>~<6>, as compared
with the Alamouti method. Note that one complex division is
equivalent to two complex multiplications. Therefore, SIC

Fig. 9. BER Performance under the measured outdoor channe (120 km/hr).

method requires 15 complex multiplications for each subcar-
rier.

In Eq. (7), we can note that each constellation combination
requires 6 complex multiplications. Therefore, ML method
requires (6 x |Cu[?) x N complex multiplications for all the
subcarriers where N is the number of subcarrier. The com-
plexity calculations for the DMLD and DZFD can be illus-
trated in Eq. (14) and Eq. (15) respectively. In Eg. (12) and
Eqg. (13), the number of the complex multiplication for the
@Y is 4 and the number is 2 for the y. Besides, 4 x |Cy|
multiplications are needed for the calculation of Eq. (14).
However, only two complex divisions are required (four com-
plex multiplications) for Eq. (15).

Table 3 summaries various detection methods in terms of
the number of the multiplication. It reveals that the DZFD
method can greatly reduce the computational complexity com-
pared with the DMLD method and the ML method.

V. CONCLUSIONS

In this paper, we analyze several CCl cancellation decoders
for the STBC-OFDM in a fast fading channel including the
Alamouti method, SIC method, ML method, DMLD method
and the DZFD method. A simple DZFD method is given to
reduce the computational complexity of the DMLD method.
We also conduct the outdoor channel measurements to verify
the CCI cancellation ability of different methods. Results
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show that the ML method has the best performance under both
the simulated and the measured scenarios. The DMLD and the
DZFD have almost the same performance and outperform the
SIC and the Alamouti detection method. Yet, the DZFD has
the advantage of simple calculation than the DMLD method.
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