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ABSTRACT

In this paper, we propose two efficient symbol detection algorithms for space-frequency OFDM (SF-OFDM)
transmit diversity scheme. When the number of sub-carriers in SF-OFDM scheme is small, the interference
between adjacent sub-carriers may be generated. The proposed algorithms eliminate this interference in a parallel
or sequential manner and achieve a considerable performance improvement over the conventional detection
algorithm. The bit error rate (BER) performance of the proposed detection algorithms is evaluated by the
simulation. In the case of 2 transmit and 2 receive antennas, at BER=10" the proposed algorithms achieve the
gain improvement of about 3 dB. The symbol detectors with the proposed algorithms are designed in a hardware
description language and synthesized to gate-level circuits with the 0.18um 1.8V CMOS standard cell library.
With the division-free architecture, the proposed SF-OFDM-PIC and SF-OFDM-SIC symbol detectors can be
implemented using 140K and 129K logic gates, respectively.
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I. Introduction

The next generation wireless communication
systems are expected to provide high-speed, spec-
trally efficient and reliable communication.
Achieving these goals in wireless environment
presents several challenges. Recently, the multiple
transmit and receive antenna schemes have been
proposed as an efficient solution for future wire-
less systems. Among them, transmit diversity
schemes have attracted much attention since they
greatly improve the system performance over flat
fading channels with reasonable complexity over-
head""?,

A number of orthogonal transmitter diversity

d®"¥ However, the

schemes have been propose:
large delay spreads in non-flat fading channels
such as frequency-selective multi-path channels de-
stroy the orthogonality of the received signals,
which is critical to the operation of the diversity
systems. Using orthogonal frequency division mul-
tiplexing (OFDM), the channel impulse response
can be considered to be flat within each sub-
carrier. Therefore, transmit diversity schemes with
OFDM can be effectively used in non-flat fading
channels.

Two transmit diversity schemes with OFDM,
the space-time OFDM (ST-OFDM) and the space-
frequency OFDM (SF-OFDM), are described in
[5] and [6]. Both the ST-OFDM and SF-OFDM
are based on the transmit diversity scheme pro-
posed by Alamouti”’. The SF-OFDM transmit di-
versity scheme is better than the ST-OFDM
scheme over fast fading environment, and it has
lower latency in encoding and decoding process-

B However, in order to achieve the per-

Ing
formance gain, the SF-OFDM requires a large
number of sub-carriers, typically 512 or 1024. If
the number of sub-carriers is not sufficiently
large, the interference between sub-carriers may
be generated and it seriously degrades the overall
system performance. Therefore, the SF-OFDM
scheme is not adequate for systems with a small
number of sub-carriers such as wireless LANs. In

this paper, we propose two efficient symbol de-
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tection algorithms that eliminate the interference
effectively using parallel interference cancellation
(PIC) and sequential interference cancellation (SIC)
scheme for multi-user detection (MUD) in CDMA

11, By eliminating the interference caused

system
by the small number of sub-carriers in a parallel
or sequential manner, the proposed detection algo-
rithms show a considerable performance improve-
ment over the conventional detection algorithm.
This paper is organized as follows. In Section
II, the system model for SF-OFDM transmit di-
versity scheme is introduced, and the proposed
detection algorithms are described in Section III
Numerical simulation results are shown in Section
IV, and implementation results of proposed algo-
rithms are presented in Section V. Finally, Section

VI concludes the paper.

I. System Model

In this paper, two-branch SF-OFDM  transmit
diversity scheme is considered in convenience.
However, the proposed algorithm can be extended
to other cases involving more than two trans-
mit/receive antennas. A block diagram of the

two-branch SF-OFDM system is shown in Fig. 1.

TX1

VA
[0 DFT& |t} O
Guard nsertion |~ \'
Input _X(m),| S/P convert & X} Space-frequency
databits 7| Symbol mepping *| ™ Encoding ~
WMol |  IDFT& [ )| 40
Guard insertion "
Output  X(m)| P/ convert & |, (X, | Space-frequency | 4} | Guard remove o
data bits Demapping Detection &DFT

Fig 1. Block diagram of the two-branch SF-OFDM system.

Consider two adjacent sub-carriers k and k+1
(k=0, 2, 4,..., N-2) for transmission. For sub-car-
rier k, Xx1=Xx and Xi,=Xi+1 are transmitted from
transmit antenna 1 (TX1) and antenna 2 (TX2),
respectively; for sub-carrier k+1, Xj.1,=-Xi+1* and
Xir12=Xi* are transmitted from TX1 and TX2,
respectively.

With perfect synchronization, the discrete
Fourier transform (DFT) outputs at the receiver

for the sub-carriers k and k+1 are given by
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1) (2)
Yk:le 'X/f‘1+H/f 'Xk‘erN/f

=H" . X, +H” . X_ +N, @

Y =H' -X_ +H - X_ +N_

k+1 k+1,1 k+1 k+1,2
. y o (@3]
a1 (2)

:H/m '(_Xk-1)+HA+1 'X/( +Nk+1’
where Hi(i) with i=1 or 2 denotes the DFT of
the channel impulse response from transmit anten-
na i to the receiver and N; denotes the DFT of
additive white Gaussian noise (AWGN) corre-
sponding to the sub-carrier k. After conjugating
(2), the DFT outputs for the sub-carriers k& and
k+1 can be written in the matrix notation,

vl T HT (X (N
)T e )\ )
k+l K+l k+l K+l kel

=H-X+ N
3)
In (3), with the assumption that the complex

channel gains between adjacent sub-carriers are

approximately constant, the matrix H is orthogo-

nal, i.e.
H
m @) m @)
" H, H, H, H,
H H= @ o | @) )
) (1y 2y .
H/m _H/m HAH _HAH
ml? @[ * @) a* @)
H +|H H -H -H_ -H
k k+1 k k k+1 k+1
- 2 2
m @ m @ m @
Hk .Hk _lel.lel |Hk~l +|H;¢

(C)

Using (4), the transmitted symbol vector can be

simply detected as follows:

. . H' Y H"-N
X=0(X) = Q[ j = Q(X"' j’ 5)

S <

where (O and Q() denote the conjugate transpose
and the quantization (slicing) operation appropriate
to the constellation used, respectively. However,

in the case that the number of sub-carriers is
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small, the channel gains between adjacent sub-car-
riers are not constant, and the matrix H is

non-orthogonal, i.e.

wH=| " % e
e o Y (6)
k+1

where e;*=ex+1. Therefore, by (6) the decision sta-

tistic vector can be rewritten as

X +i'X +H:“*-N/‘+H:i:-N;H
= k k41
- X, c, c,
X=| _ =
X e H” N -H" N
k4l k+l k k kel k1
XA'H +_.Xk +
Ck+l CAH

(@)

The second term of each element in vector is the
interference between adjacent sub-carriers. This in-
terference seriously degrades the system perform-
ance of the SF-OFDM scheme.

. Proposed Detection Algorithm

As already mentioned, the proposed algorithms,
called SF-OFDM-PIC and SF-OFDM-SIC, achieve
the performance gain by eliminating the interfer-
ence between adjacent sub-carriers with PIC or
SIC schemes. The SF-OFDM-PIC eliminates the
interference in parallel while the SF-OFDM-SIC
does it in a sequential manner. Table 1 describes
the SF-OFDM-PIC detection algorithm(for the
brevity, k=1 is assumed). After the symbol is de-
tected as expressed in (5) in steps 1 and 2, the
interference terms are cancelled in parallel in step
3. Finally, the transmitted symbols are detected in
step 4.

Table 1. SF-OFDM-PIC Detection Algorithm

Step Operation

1 |X, =X +(e/c) X,+N, X,=X,+(e,/c,)- X, + N,

2 X =0(X), X,=0(X,)
3 X=X -(ele) X, X,=X,~(e/c) X,
4 X, =0(X), X, =0(X))
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The SF-OFDM-SIC detection algorithm sequen-
tially eliminates the interference by order of the
post detection SNR (PDSNR). Since the symbol
that has a large PDSNR is more reliable, that
symbol is detected first and cancelled. In (5), the
PDSNR of the i th transmitted symbol is given by

E /2 1
PDSNR(X,) = ——— =— ,
|eI| E N, |e, 2 1
2 : T 2 +—
c 2 c c ¢, E/N,

where E; and No denote the symbol energy and
the noise power spectral density, respectively.
Since the effects of the interference are remark-
ably large in the high SNR region (see Figs.
4-7), (8) can be approximated as

-

€ ®

i

PDSNR(X,) =

However, since the denominator in (9) is constant
over all i, the ordering process is performed by
comparing the powers of c¢; and c;. That is, if
the power of ¢; is larger than that of c,, the
symbol X; is detected first otherwise, the symbol
X, would be detected first. The SF-OFDM-SIC
detection algorithm is described in Table 2. It is
assumed that the symbol X; is detected first and
X, is detected next.

Figs. 2 and 3 depict the block diagram of the
SF-OFDM-PIC and SF-OFDM-SIC detection algo-

Table 2. SF-OFDM-SIC Detection Algorithm

Step Operation
1 X =X +(elc) X, +N, X,=X, +(e,/c,)- X, + N.
2 Compare the powers of ¢; and ¢ (ci° > ¢)
3 X, =0(X)
4 X, =X, ~(e,/c) X,
5 X, =0x)
6 X =X —(lc) X,
7 X =0(x)
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rithms, respectively. As shown in these figures,
since the proposed algorithms have additional
computations such as divisions, one may think
that they are too complex. However, through a
little modification with a scaled constellation, the
additional divisions can be removed, and there-
fore, their computational complexity can be ac-

ceptable(see the section V)
IV. Simulation Results

The BER performance of the proposed detection
algorithms was evaluated by the simulation. We
consider a 16QAM-OFDM system with 64 sub-
carriers and in a slow time-varying multi-path
fading channel generated according to the channel
model A for HIPERLAN/2"Y. It is assumed that
the channel state information (CSI) is available at

the receiver except for for the case in Fig. 7.

Cony. Detection PIC

P ol 42 mmital —-ﬁ% Xyl pina i,
Y T Estimate Decision - Decision )‘(

I Y < v a Y e

T HT Y | X X X, X X) [iX

: 3 0X) | P 2, OX) X,

Fig 2. Block diagram of the SF-OFDM-PIC algorithm.

Conv. Detection)
= i 4 o) B
Y —® Estimate Za
- H .Y X - X, -1
- ) 7 o(X,) )

Fig 3. Block diagram of the SF-OFDM-SIC algorithm.

BER

1031 | —— SISO-OFDM
—&- ST-OFDM
—— SF-OFDM
—&— SF-OFDM-PIC
—+— SF-OFDM-SIC P

10 L I I I I
4 8 12 16 20 24 28

SNR per receive antenna

Fig 4. BER performance for SISO-OFDM, ST-OFDM,
SF-OFDM, SF-OFDM-PIC and SF-OFDM-SIC with 2
transmit and 1 receive antennas.
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—4~ SF-OFDM-PIC
—+— SF-OFDM-SIC

10° I L I I I I
3 6 9 12 15 18 21 24 27 30

SNR per receive antenna

Fig 5. BER performance for 2 TX and 2 RX.

—*— SF-OFDM
—A— SF-OFDM-PIC
—+— SF-OFDM-SIC

10* I I I
5 10 15 20 25 30

SNR per receive antenna

Fig 6. BER performance for 3 TX and 1 RX.

—©- ST-OFDM
10°F | —— SF-OFDM
—4~ SF-OFDM-PIC
—— SF-OFDM-SIC
6 I I I I I I L
3 6 9 12 15 18 21 24 27
SNR per receive antenna

Fig 7. BER performance for 2 TX, 2 RX, and imperfect
channel estimation.

Fig. 4 shows the BER performance of the sin-
gle-input single-output OFDM(SISO-OFDM), ST-
OFDM, SF-OFDM, SF-OFDM-PIC and SF
OFDM-SIC for the case of 2 TX and 1 RX. It

Copyright (C) 2005 NuriMedia Co., Ltd.

can be observed that at BER=10" the proposed
algorithms achieve the gain improvement of about
6-7dB over the conventional SF-OFDM and
maintain nearly the same performance as the ST-
OFDM.

The BER performance for the case of 2 TX
and 2 RX is depicted in Fig. 5. The results sim-
ilar to the case of 2 TX and 1 RX are observed.
At BER=10" the proposed algorithms achieve the
gain of about 3 dB over the conventional algo-
rithm while maintaining the same performance as
the ST-OFDM. From the results in Figs. 4 and 5,
we can see that the SF-OFDM-SIC algorithm is
only slightly better than SF-OFDM-PIC algorithm.
The reason for the marginal improvement is sim-
ply that the effects of the ordered cancellation be-
come relatively insignificant, since the number of
transmit antennas is just two. However, with more
than two antennas, the performance gain of the
SF-OFDM-SIC algorithm increases as shown in
Fig. 6. In this simulation, the transmission matrix
in[12] was used for the case of 3 TX and 1 RX.

Fig. 7 shows the performance for the case of
imperfect channel estimation. Least square (LS)
estimation with orthogonal space-time pilot ma-

trices'?!

is used. Like the results in Fig. 4, the
proposed algorithms show a considerable perform-

ance improvement over the conventional algorithm.
V. Implementation

As shown in Figs. 2 and 3, the proposed algo-
rithms require additional division operations. Since
the division circuits require much larger combina-
tional logic delays, the design of the pipeline ar-
chitecture incorporating them is very difficult.
However, since the divisors, ck and ck+1, in the
proposed algorithms are positive scalar, the divi-
sion-free implementation with the scaled con-
stellation as reported in [14]-[15] can be possible.
A modified SF-OFDM-PIC algorithm for the divi-
sion-free implementation is depicted in Table 3. It
can be observed that the division operation is
removed. Similarly, a division-free SF-OFDM-SIC

algorithm can also be derived.
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Table 3. Modified SF-OFDM-PIC Detection Algorithm

Step Operation

1 X':C‘AX‘+eI-X2+N", X;:cz~X2+ez~X‘+N2'

1

2 X, =0(X,c), X, =0(X]c,)
3 XI":)}Ife‘-)?P Xz":f(zfe2 )?I
4 X =0X/c), X, =0(X],c,)

Figs. 8 and 9 show the hardware architectures
of the SF-OFDM-PIC and SF-OFDM-SIC detec-
tion algorithms. As shown in these figures, with a
division-free architecture, the complexity overhead
for the proposed algorithm is just a couple of ad-
ditions, multiplications and decision units. Table 4
depicts the comparison results of the conventional
detector, the proposed SF-OFDM-PIC, and SF-
OFDM-SIC detector for the logic gates and power
consumption with a 0.18um 1.8V standard cell
library. From these results, it is more clearly con-
firmed that the complexity overhead of the pro-
posed algorithms is acceptable.

g
Cony. Detection | |
Received !

symbol —{ S/P|
from FFT

Fig 8. Hardware architecture of the SF-OFDM-PIC detec-
tion algorithm.

£, Output symbol
o de-mapper

£, Output symbol
STT* to de-mapper

Fig 9. Hardware architecture of the SF-OFDM-SIC detec-
tion algorithm

Table 4. Comparison Results for Logic Gates and Power
Consumption

SF-OFDM | SF-OFDM-PIC | SF-OFDM-SIC
Detector Detector Detector
Logic 93K 140K 129K
Gates
Power
43. 4. .1
mwW) 3.5 54.9 55
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VI. Conclusion

In this paper, we propose two efficient symbol
detection algorithms for the SF-OFDM  transmit
diversity scheme and present the implementation
results. By eliminating the interference caused by
a small number of sub-carriers, the proposed algo-
rithms, the SF-OFDM-PIC and the SF-OFDM-SIC,
achieve the performance gain over the conven-
tional algorithm. The BER performance of the
proposed detection algorithms is evaluated by the
simulation. In the case of 2 transmit and 2 re-
ceive antennas, at BER=10" the proposed algo-
rithms achieve the gain ofabout 3 dB. The sym-
bol detectors with the proposed algorithms are de-
signed in a hardware description language and
synthesized to gate-level circuits with the 0.18um
1.8V CMOS standard cell library. With the divi-
sion-free architecture, the proposed SF-OFDM-PIC
and SF-OFDM-SIC symbol detectors can be im-
plemented using 140K and 129K logic gates,
respectively. Since the proposed algorithms re-
move the interference caused by a few sub-car-
riers and provide an excellent diversity advantage,
the SF-OFDM scheme with the proposed algo-
rithms will be very attractive for systems with a
small number of sub-carriers such as wireless
LANs
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