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ABSTRACT

In this paper, multi-input multi-output orthogonal frequey-
division multiplexing (MIMO-OFDM) is considered under thé
fects of both multipath fading and multi-tone interfererfbrT).

The MIMO-OFDM system makes joint use of channel and orthog

onal space-frequency block coding (OSFBC) on the transichit s
and iterative processing on the receiver side for robustraesl im-
proved performance against the fading and MTI effects o€kiza-
nel. The new iterative receiver is implemented by eitheratinaal
a posteriori probability (APP) space-frequency detec®FD) or a
soft information-aided minimum mean-squared error (MM&d&)-
biner at its front-end and a soft input-soft output (SISCyratel de-
coder at its back-end. Both receivers are compared in terfrtissir
computational complexities and bit-error rate (BER) penfiances.
Both iterative receivers provide a improvement in perfonceafter
only a few detection/decoding iterations. Also, despgssitbopti-

mality, the MMSE receiver achieves a BER performance close t.

that of the APP detector at a significantly lower cost.

1. INTRODUCTION

Orthogonal frequency-division multiplexing (OFDM) is dffigient
technology emerging in growing number of applications initier-
restrial digital video broadcasting (DVB), wireless loeaiba net-
works (LANSs), 4G cellular systems, high bit-rate digitabsariber
lines (HDSLs), asymmetric digital subscriber loops (ADHhsad
next-generation tactical communication systems. In mases,

To alleviate this problem, in this paper we consider a MIMGEM
system which combines the advantages of concatenated elhann
and SFC at the transmitter side and iterative processingpemnet
ceiver side. The receiver of the proposed system consistrofit-
end soft-input soft-output (SISO) detector used for joirteifer-
ence suppression and space-frequency decoding (SFD} tbai-
pled with a back-end channel decoder for iterative proogssihe
front-end module is implemented first by the optiraabosteriori
probability (APP) detection rule taking MTI structure irdocount.
Then as a lower complexity alternative, a minimum mean-sgfla
error (MMSE) detector is also proposed for the same task. -How
ever, because the MMSE detector alone is not able to progess o
generate soft information, it is combined with arpriori soft in-
terference canceller and arposterioriprobability mapper so as to
make it suitable for turbo processing. The two iterativeiegrs are
compared in terms of the computational complexity and BER pe
formance with respect to various signal-to-noise (SNRjpali-to-
interference (SIR) ratios and the fractions of interferaddwidth.
The proposed system is also compared with a coded MIMO-OFDM
system employing just spatial multiplexing and not OSFB@sto
evaluate the interference mitigation ability of OSFBC. Biraula-
tions show that both receivers provide a significant impnoset in
the interference mitigation and diversity performanceradtfew de-
coding iterations in all transmission scenarios. MoredherBER
performance of the MMSE receiver comes within 1 dB (in botR Sl
and SNR) to that of the APP receiver at a significantly lowet.co
Notice that several other turbo receiver architecturese hav

OFDM-based communication systems are subject to both the fa been proposed in the context of space-time/space-freyuesnted

ing effects of the channel and narrowband interference YN@iich
may arise in various forms and is often modelled as multetion
terference (MTI)I[L]. For this reason, as the range of OFDIdliap
cations grows so does the importance of designing interéerand
fading resistant OFDM transceivers.

OFDM systems. In[I5], a MIMO system employing spatial multi-
plexing and subject to MUI is considered and an iterativeires
with joint a posteriori probability (APP) detection and MUI can-
cellation is proposed. Iri]6], an low-density parity-chgtloPC)
based space-time coded OFDM system is investigated andran it

One way to provide interference mitigation capability is to tive APP-based receiver is developed for joint detectiahdecod-

employ multiple transmit and/or receive antennas and torpe

ing. A similar APP receiver is presented for iterative dengdf

rate orthogonal space-frequency coding (OSFBC) to the OFDMurbo space-frequency coded OFDMIiih [7]. Then[in [8] areitiee

transceiver[l2]. This approach relies on the premise thatafio
subcarriers in OSFBC are hit by the interference so that tds¢-p
decoding signal-to-interference plus noise ratio (SINStill high
enough to achieve good bit-error rates (BERs). Notice thhile
the primary reason for having SFC is fading, the robustngamat

receiver based on linear filtering is proposed for a bitrieteved
coded MIMO-OFDM system as a lower complexity alternative to
the APP decoding based receivers above. Among these works,
[6L[4,[8] disregard the impact of interference on the code®H
OFDM system whereakI[5] only considers an uncoded MIMO sys-

MTI comes as a side benefit which cannot necessarily be ahiev tem with only spatial multiplexing. On the other hand, instpia-

through space-time block coding as pointed oulby [3]. Therfar-
ence rejection performance is analyzed and presented falaam

per, the performance issues for OSFBC-OFDM is addresseerund
multipath fading and MTI and iterative receivers are preubwith

outi coded OFDM system irl]4] under the effects of frequency-interference aware SISO space-frequency detectors.

selective fading and MTI.

Despite its advantages, both because OSFBC is essentially a

precaution taken at the transmitter and because convaiitian
uses a simple ML space-frequency decoder that is inteideran-
aware, the full potential of OSFBC-OFDM is never fully utgid.

THIS WORK WAS SUPPORTED IN PARTS BY THE BGAZICI
UNIVERSITY RESEARCH FUND UNDER GRANT NO. 04A203 AND
THE STATE PLANNING ORGANIZATION OF TURKEY UNDER CON-
TRACT NO. DPT-2003K120250. M. KOCA WAS ALSO SUPPORTED
BY THE TUBITAK KARIYER PROJECT UNDER CONTRACT NO.
105E077.
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2. SYSTEM MODEL

We consider an OSFBC-OFDM system withtransmit and\; re-
ceive antennas, all assumed to be uncorrelated. The elemmkat
bit sequencey; € {0,1}, fori =1,...,Ly, are encoded by a con-
volutional encoder to form the coded bit sequence with eteme
cj € {1,-1} for j=1,...,Lc. This sequence is then bitwise in-
terleaved to form the sequence with elemaytdor j =1,...,L¢
that is partitioned into groups ofy, bits which are mapped onto
the complex symbols of aM-ary PSK or QAM symbol alpha-
bet & = {A1,A,..., Av} whereM = 2™, The resulting com-
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Figure 1: General block diagram of the iterative spacetfeagy receiver.

plex symbol sequence with elememisfor k=1,...,L5 is parsed
into P blocks of lengthk, whereL; = koP and in vector form

ap= [A,pr1 Api2 - ako(pH)]T for p=0,...,P—1. Each block
ap is then encoded by a raig/n, OSFB encoder employing a
size np x Ny block matrix ¢ to form the lengtha, code sym-
bol blocksxi p = [Xi,np+1 Xi,nop+2 - - Xi,no<p+1)L at each transmit
branch where = 1,... N;. Considering that there af@ encoded
blocks altogether, the OSFB code block at ttreantenna is rep-
resented as; = [Xio ... Xjp ... Xjp—1]. Finally each of the\
transmit antenna sequences is OFDM modulated MithngP sub-
carriers and transmitted over independent channels.

Assuming a single interference source, the received descre
signhal model after OFDM demodulation at tfia receive antenna
and thenth subband is

N
Yin= Zihjﬁiﬁnxiﬁn‘i‘Vj,ngjﬁnbj,n"‘vj‘,m n=1...,N, (1)
=

whereh; n is the channel fading coefficient between tttetrans-
mit and thejth receive antenng; , is nth symbol transmitted from
theith transmit antennay; , is the complex channel gain between
the interference source and tfjih receive antennd; is the in-
terference signal observed by thth receive antennay;n is an
interference indicator function (i.eyj, equals to 1 when the-

th subband is interfered and O otherwise.), and represents the
zero-mean, complex, additive white Gaussian noise (AWGHKH) w
two-sided power spectral density N§/2.

HereH is the channel submatrix whose structure is dependent on
the chosen block cod€; specifically, e.g.,

[hi18pt1 hi2gpr1  hizgpsl 0 T
h128pi2 —hi1gps2 —h138pi2
h138p+3 0 —h118p+3 h128pi3

0 hizgpra —hi2gpra —hiigpisa
h* K €3 o
118p+5 128p+5 1.38p+5
% _h* 0 _h*
128p+6 —M18p+6 138p+6
* 0 _h* *
H p= 1,3,8p+7 1,1,8p+7 1,2,8p+7 ,
K K K
0 hsspry Mospery —Mispy)
hne1,8pr1 PNe28pr1 NN 38pet 0
L 0 MNoaspy M2spiy) M sprn)]

for 43 in [9], and G, andT', are the diagonal matrices holding
the channel and interference indicator coefficients of mherferer,
respectively. Notice that each of tResubblocks are detected and
decoded separately. Therefore, in the sequel, we will niselves
to the decoding of one subblock and drop the subsgrifar sim-

plicity.

3. ITERATIVE SPACE-FREQUENCY RECEIVER

The signal model in{1) can be expressed in block form and in

terms of the OSFB encoder input symbalg, rather than the coded

The block diagram of the proposed iterative receiver is show

symbolsx; n. This can be done by first parsing the received OFDMFig. [ where, following the OFDM demodulation, joint interf

block at each antenna inBlength, subblocks and by defining

Yip=[Yinp+1 Yinep2 - Ying(p+1)]
bjp=[bjnops1 Djnp+2 bj no(p+1)] »
Vip=[Vinp+1 Vinp+2 Vine(p+1)]

as the vectors collecting the noisy channel observationsyfer-
ence tones and noise symbols, respectively, forptheblock (p =
0,...,P—1) and jth receive antenna. Then, collecting all receive
antenna signals in

T
Yp= [yl.p - Yip . YNr,p] s
bp=[b1p bi.p b, p]"

Vp=[V1p Vip V.ol

respectively, and using the OSFBC relation betwagrandx; p,
the pth receive block can be expressed as

yp:Hpap+Fpprp+Vp. (2)

©2007 EURASIP 922

ence cancellation/SFD and decoding iteration is perforimgd
soft information exchange between the SISO space-freguésic
coder and the channel decoder. For front-end operation egope
two alternative approaches, one based on the optimal syhybol
symbol APP detection rule, and the other on the joint use fif so
interference cancellation (SIC), MMSE combining and piolig
mapping. The back-end SISO channel decoder is implemented b
the BCJR algorithm, which is well-known in the turbo prodegs
literature. For this reason, we skip the details of this atgm and
focus only on the operations of the APP- and SIC/MMSE-based
SISO blocks and the comparison of their computational cerapl

ity.

3.1 APP-Based Receiver

Note from the signal model in Section I, every complex
symbol a, corresponds to ammy-bit codeword, i.e.,ax «—
{dk1 - dkm - demy b Wheredi m = di—1jm+m fork=1,....La
andm=1,...,my. Then, considering only the first decoding block
(indexed byp = 0), a symbol-by-symbol APP detector processing
the noisy observation block in @) computes the posterioribit
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LLR values on eachym fork=1,... . kpandm=1,...,m, by
p(dkm=1]y)
p(dem=—1]y)
> Va:(dm=1) EXP (l/(a) +3 4 log P(ak)>
S va(dme—1) &P (8) + 31 1 10g P(ax) )

Ap(dkm)=log

=log

which is subtracted from the channel observation vegtty form
the vector with reduced interference

Y«=y—Yk=H(a—a+aea)+IGb+v ©)

where ey is a lengthk, all-zero column vector except for itgh
entry which is equal to 1.
The vector in[[P) is used as input to the combiner whose coef-

.. . T .
ficient vector at timek, Wi = [Wk1 W2 ... Wicnn,| - IS chosen

where the summations in the numerator and the denominagor af0 Minimize the MSE between the combiner output and the data

over all possiblea blocks for whichdy m is 1 or —1, respectively,
P(ak)’s are thea priori symbol probabilities for symbolg, and

symbolay: Lo
Imse(wi) = Eflax — wi' ¥kl - (10)

¢ (a) is the maximum likelihood distance metric formed by the The optimum solution that minimizes the cost functior{m)(@0

channel observations as

K (a) = 7% (y —Ha)" (ozl +GI‘GH>71 (y—Ha) (4)

whereH denotes the Hermitian transpose. Assuming that the suc-

cessive bits are independent, the expressiofllin (3) canétesn
as
Ap(dk,m) = Aa(dkﬁm) + )\e(dk,m)

whereAa(dg m) = log ;gg:;ifﬂ)

back-end channel decoder and

®)
is thea priori bit LLR from the

3 va:(den=1) exp(f (@) +30,q2(km) 2%.g2a(dh ,q))

3 va:(den=—1) EXP (Jf’(a) +3 (1.0 2(km) 3% gAa(d ,q))
(6)
is the extrinsic bit LLR to be passed onto the back-end cHatee
coder.
Note that in order to reduce the computational complexiy an
to avoid numerical instability, the extrinsic LLR iBl(6) cae com-
puted by

Ae(dk m) = log

1
> U ,q/\a(dl.q):|
(1a)#(k,m)

5 ;d..qAa@,q)} ™
(La)#(k.m)

Ae(dk,m):ma)@a;(dk_mzl) [%(a) +

—MAX (G 1) {J/ (a)+
where maX[, ] operation is defined as mdx,y] = maxx,y] +
log (1+e*‘xfy|).

3.2 SIC/MMSE-Based Receiver

A lower complexity alternative to APP-based space-frequeate-
coding is to employ MMSE combining at the front-end. However

because the MMSE combiner alone is not capable of using er gen

erating soft information, it has to be combined withapriori soft
interference canceller (SIC) and anposteriori probability map-
per so as to make it suitable for soft information exchangethas
for turbo processing. This approach is similar to the lindger-
ing techniques used for the turbo equalization[in [10] andtlie
space-frequency equalization for bit-interleaved codedlutation
(BICM) on MIMO-OFDM in [B], with the distinction of taking ito
account the OSFBC and the MTI.

The proposed receiver first uses teriori symbol expecta-
tions collected in the vectaa = [a; ... & ... &,] where each
symbol expectation is computed using thedriori symbol prob-
abilities from the channel decoder, i.ex = 3! ; AgP(ak = Aqg).
Then, the expected interference for #tlke symbol is expressed as

Yk =H(a—ae), ®)

©2007 EURASIP
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_ -1
Wicopt = (021 +15GTGH + HRaH" +&?hb") " hyra
wherehy, = Hey, Rj is the diagonal covariance matrix

Ra = E[(ax — ak) (ak — ak)"] (11)

andr, andry are the average powers of the transmitted signal and
the interferer, respectively. Once the coefficient veetlis evalu-
ated, the combiner output is obtained by

7= wi! (yk—Hag+achy) . (12)

In this respect, note that the information contained;iis extrinsic,
since the a priori information about the desired syndaht timek
is left out of the soft cancellation process.

The purpose of the SIC/MMSE combiner is to serve as part of a
turbo-type detector/decoder structure. This means tieadttrinsic
information in the form of eitheM-ary a posteriorisymbol prob-
abilities or binary LLRs needs to be extracted from the carabi
output sequence. As il[8] and_]10], this information is proed
by viewing the combiner output sequence as produced by anlRWG
channel with inpugy, i.e.,

Z = Hxdk + Nk (13)

where Ly is the channel gain andy is complex white Gaus-
sian noise with zero mean and variar‘qé. This is equivalent
to saying thatz admits a complex Gaussian distribution, i.e.,
Z ~ W(ukak,of). The parametergy and okz are calculated at
each time instant using the combiner structureugs= WE hkra,

o =wilhi (1 hf'wy) ra. Oncepy ando? are computed, the APP
bit LLRs Ap(dxm) fork=1,... kg andm=1,...,m, (again consid-
ering the first decoding block only) can be expressed dd iwih)
Aa(dim) is as defined before and the extrinsic bit LLR

Ae(dk,m):
. > Vag: (dkm=1) exp(jz;(a) + 3 (La)£km 30 ,q)\a(dlﬁq)>
ZVak:(dk_mzfl) exp(;(?(a) + Z(I,q);ﬁ(k.m) %dl ,qAa(dl.q))

where. 7 (ay) = 7%. Notice that similar to its APP coun-
terpart,Ae(ay m) can be computed with the méXx -] operation.

3.3 Complexity Analysis

We also present a comparison of the computational load df bot
proposed receivers over the decoding of a single béackor both
receivers, the first iteration needs less effort becaushkeofack of

a priori information. It is sufficient to compute? () for the APP-
based SISO receiver. Likewise, additional load due to thepeo
tation of the expected symbols and the covariance matrieagp
in the second and further iterations for the MMSE-basedivece
Tabledd anfll2 summarize the computational complexity argly
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Table 1: Computational Complexity of the APP Receiver
| APP_ [ 1%iteration [ Other iterations |
ADD koW, skoWy T
MUL koM skoM7F
max[-,-] || (25 1-1)2sk, | (251 -1)2sk

Wy = 2Kmong Ny (Ko 4 1), WY = 20 (ng Ny (Ko + 1) + 2(moko — 1))
M1 = 20M0noN: (Ko +3), My = 2™ (noNr (o +3) + 2moko)

Table 2: Computational Complexity of the SIC/MMSE Receiver

MMSE]] 15 iteration | Other iterations |

ADD [ @=ko(Wb +2noNy + 825710 T @+ ko(NoNr + 25 4 25)

MUL [ ¢ =ko((M2+20oNr +2)¢ | w+ko(25T1+2+5)
+5(25t2 4 25+ 1))

EXP || sk sko(25+1)

LOG sk sko

INV ko ko

W5 = NoNr (ko (Ko — 1) + NoNr (Ko + 2) — 1), Mz = noNr (MoNr (ko + 1) +K3)

4. SIMULATION RESULTS

The proposed iterative receivers for the OSFBC-OFDM transm
ter are simulated in the presence of multipath fading and.Nrfé
transmitted bits are encoded by a raj@ tonvolutional code with
memory 4 and the generat(23, 35)g in octal representation. The

coded bits are mapped onto complex QPSK symbols and a block |

code matrix4; in [9] is used for OSFB encoding to distribute the
QPSK symbols onto 3 transmit antennas. The simulation param
ters are as followsM =4, my =2, Ny =3, ko =4,no = 8. On all
transmit branches OFDM modulation is performed whth= 128
subcarriers. The frequency-selective multipath chanasdsmod-
eled by 6-tap finite impulse response (FIR) filters with cozwpl
Gaussian distributed coefficients and exponentially degayower
delay profile. The cyclic prefix length is set to 7 symbols s the
intersymbol interference effects are avoided. The estomaif the
channel coefficients or interferer power which can be incaaed
into the iterative receiver is omitted and all channel siaterma-
tion is assumed to be perfectly known to the receiver. The SR
SIR are defined as SNR Es/Ng and SIR= Es/N;, respectively

that even at low SIRs the first iteration offers a significampiove-
ment with both receivers in contrast to the behavior in Hg. 2

== < -
S~

MMSE 1%iter. | -

—6— MMSE 2" iter. | |

b| =—8— MMSE 5" iter. | :

= = =aPpP 1%titer. | :

= © - ApP 2" jter.

-8 -app5iiter.
; ;

10"

10"

8 9 10
SNR (dB)

i
5 6 7

Figure 2: BER vs. SNR performance of the proposed receivers.
(Nr =1, SIR= -8 dB,p = 0.75).

—— MMSE 1% iter.
—6— MMSE 2" iter.
—8— MMSE 5" iter.
E[ = = =APP 1%iter.
= © = app 2" jter.
= B -ppp 5" jter.

-10 -8 -6
SIR (dB)

-18 -16 -14 -12

Figure 3: BER vs. SIR performance of the proposed receivers.
(Nr =1,SNR=10dB,p = 0.75).

The effect of the fraction of the interfered bandwidi) 6n the
iterative receiver performance is shown in fily. 4 for SNR =dB0
and SIR = - 6 dB. Although not depicted in the figure, as the SIR
increases, the BER improvement obtained by each iterationg
as well for largep values such as 0.9 or 1. Another important obser-

whereN; is the average interferer power. The fraction of interferedvation is the continuous performance improvement of thaiiiens

bandwidth is denoted witpp. In all simulations, the iterative re-
ceivers are stopped after the 5 detection/decoding iterstieyond
which only a marginal gain is observed.

through smallp values. Since the total interference power is fixed,
asp increases, the effective interference power per subcasrie-
duced proportionally, and this leads to a trade-off betwthemum-

The performances of both the APP- and SIC/MMSE-based iterber of interfered subcarriers versus the tone power perastibc

ative receivers at an SIR of8 dB are shown in Fid]2 as a function
of the SNR. As noted from the figure both sytems offer an imgrov
ment of two orders of magnitude between their first and last it
ations at SNR = 10 dB. Furthermore after the last iteratitims,
performance of the SIC/MMSE-based iterative receiver Ig 6D
dB away from that of the APP-based iterative receiver atlD*
BER level, where the former requires approximately 7.2%hef t
operational cost of the latter (i.e. computed for the cosrgd sys-
tem parameters through Tablgs 1 Ahd 2).

A similar comparison is shown in Fi@l 3, this time with re-
spect to SIR at a fixed SNR of 10 dB. As observed at1BER
level, iterative processing for OSFBC-OFDM provides a g#i7
dB SIR improvement in 5 iterations for both receivers. Besids
reduced computational complexity, the MMSE-based recédias

in [4], where an Alamouti-based non-iterative SFC-OFDMA-sy
tem is considered. In contrast, we do not observe any trideith

the proposed MMSE-based system. @Asncreases, the random-
ness and the rareness of the tones decrease, which leadsg¢o mo
contiguously-hit subcarriers. Because the outer SISO db&n
working principle relies on sequence-based correctiorennlbng
series of contiguously corrupted bit information arrivethe SISO
module, it cannot succeed in correcting them, especialtiiériow

SIR regime.

To evaluate the OSFBC gain in a MIMO-OFDM system, the
MMSE-based iterative receiver is also simulated for a MIN&hs-
mitter employing only spatial multiplexing, and comparisowith
respect to the SNR and SIR are presented in Hig. 5 and[Fig. 6,
respectively. In Fig[d5, the BER curves for both OSFBC-OFDM

only a 0.7-dB SIR loss with respect to the APP-based onese Notand MIMO-OFDM are shown for the first and fifth iterations, and

©2007 EURASIP
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BER vs. p performance of the proposed receivers Figure 6: BER vs. SIR performance of the proposed receivihs w

and without OSFBC.N; = 3, SIR= —5dB, p = 0.8).

of both the SNR and SIR. It is further noted that the MMSE-hase
receiver achieves performance comparable to that of an#d2Ed
receiver, only with at a significantly lower cost.

(1]

(2]

(3]

Figure 5. BER vs. SNR performance of the proposed receivers

with and without OSFBCN; = 3, SIR= -5 dB, p = 0.8).

interference-free reference curves (the first iteratians)drawn for

comparison. For SIR —5 dB, the OSFBC-OFDM system is sub-

(4]
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