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Abstract— Under imperfect channel estimation, we propose an It is well known that the performance of coherent data
improved iterative detector for multiple-input multiple- output  detection is greatly affected by the quality of channel-esti
(MIMO) systems employing the simple spatial multiplexing @ . o+0n Notice that in this work. we consider pilot-onlysea
V-BLAST space-time scheme and orthogonal frequency-divisn h | estimati Instead f’ . i_blind estimat
multiplexing (OFDM). The detector is based on soft interfeence channe e_s Imation. Ins _ea orusing a ngl Ind es .Ima 0
cancellation and linear minimum mean-square error filtering that may increase considerably the receiver complexity, we
which takes into account the error on channel estimation. propose to modify the signal detection by taking into ac¢oun
Nur_nerical results, presented for the case of Rayleigh bI_ock the channel estimation errors (CEE). Actually, ttlassical
fading, demonstrate that our proposed detector can achieve gigna| detection consists in assuming the estimated channe

significant performance improvement compared to the classally- - . .
used mismatched detector. This improvement is obtained with 25 to be perfect and to use it for signal detection. However,

almost no increase in the receiver complexity. although simple, this is a sub-optimal approach that do¢s no
take into account the CEE in signal detection [4]. We will
I. INTRODUCTION refer to it in this paper as theismatched approach.

Here, we consider iterative (turbo) detection at the remreiv

It is well known that multiple-input multiple-output that has been shown to be an efficient technique for signal
(MIMO) systems are a promising solution for high-speedietection in the presence of channel coding. This scheme has
spectrally efficient, and reliable wireless communicatiom been employed, for instance, in [5], [6] for coded MIMO
practice, in order to combat the frequency selectivity afystems and consists of the combination of a MIMO detector
wireless channels occurred at high data-rate transmisiofalso called demapper) and a soft-input soft-output (SISO)
orthogonal frequency-division multiplexing (OFDM) is em<channel decoder, exchanging soft information with eacleroth
ployed. The combination of MIMO and OFDM (MIMO- through several iterations. A practical concern for thelanp
OFDM) has been proposed as a promising technology ferentation of turbo-detectors for MIMO systems is the regeiv
the future generation of wireless communication systems [tomplexity. For instance, for the maximum a posteriori (MAP
Several recent standards such as IEEE 802.11a and IEdefection, that is the optimal solution under perfect CSIR
802.16, that use OFDM in a packet based communicatiqi], this complexity grows exponentially with the number of
employ bit-interleaving combined with convolutional clhi@h transmit antennas and the signal constellation size. Fer th
coding. In the literature, this scheme is referred to as biteason, suboptimal detection techniques are usually rpeefe
interleaved coded modulation (BICM) [2], which is an effitie to MAP detection. One interesting suboptimal detector & th
and simple technique for profiting from the channel freqyen®ased on soft parallel interference cancellation (PIC)liaegr
diversity. minimum mean-square error (MMSE) filtering. This scheme

For coherent signal detection at the receiver, we shoulas first proposed in [8] in the context of multiuser detattio
acquire the information on the transmission channel. Intmaand later applied to MIMO systems in [9], [10], for instance.
applications in wireless communication, the channel time Our aim in this work, is to propose a modified iterative
variations are slowly enough so that we can consider it aimatetector, based on soft-PIC, for the case of imperfect ablann
time invariant during the transmission of a frame. To obtaiestimation obtained by PSAM. To this end, we propose a
the channel state information at the receiver (CSIR), allysua Bayesian framework based on tlee posteriori probability
used approach is to send in each frame, some known traindgensity function (pdf) of the perfect channel, conditionadts
(also called pilot) symbols from the transmitter, based astimate. In this way, we can formulate any detection prable
which the receiver estimates the channel before proceddindy considering the average of the cost function that would
the detection of data symbols. This method of obtaining CSIse used if the channel was perfectly known, over the channel
is usually called pilot symbol assisted modulation (PSAM)ncertainty. Using this approach, we propose a modified PIC
[3]. Obviously, due to the finite number of pilot symbols andetector that takes into account the imperfect channehagsi
noise, in practice, the receiver can only obtainiamperfect in the formulation of the instantaneous linear MMSE filtee W
estimate of the channel. will refer to it asimproved turbo-PIC in this paper.



jl L OFDM symbols. The interleaver siz&; is then equal
to LM MyB, where B is the number of bits per symbol

S Y, according to the signal constellation, i.&,= log, M.. With
b ¢l Bit | d Mapping this assumption, corresponding to each frame, we consider a
Source nterleave P : : new and independent realization Hf.
' ' The MIMO-OFDM channel can, in fact, be decoupled into

v, M frequency flat _MIMO channels by exploiting the bI(_)ck
Mapping ' diagonal structure in (1). Now, corresponding to a subeskti

the channel input-output relationship can be written de\i:

—

Fig. 1. Coded layered space-time OFDM transmission scheme.

yr=Hpsp+2z, k=1,...,M. 2)
We have in fact, H = diag[Hi,H,, ..., Hy], yT =
oyt 8T = [sT, ..., 8%, and 2T = [2], ..., 2%)].

The outline of this paper is as follows. In Section Il;, 7
we describe the MIMO-OFDM channel and its pilot baS_eE{clter, we will make the assumption of uncorrelated Rayleigh
estimation. In Section Ill, we formulate a general Bayesigf\siripyution for H,.
framework for improved detection under imperfect channel
estimation. Using this in Section 1V, we derive the improved. Pilot Based Channel Estimation:

turbo-PIC detector, in the presence of partial CSIR. Saclo  Consider the estimation of the channel matiik,. We
illustrates, via simulations, a comparative performancelys devote a number oNp channel-uses to the transmission of
of the proposed detector, and Section VI concludes the papgfme pilot vectorss,,, (i = 1,..., Np). Let us constitute

Notational conventions are as follows. Upper and lowgke (M7 x N) matrix Sp by stacking in its columns the
case bold symbols are used to denote matrices and vectgmt vectors, i.e.,.Sp = [s,,|...|s, v.]. According to (2),

X ) . . : Np

respectivelyl y represents a@N x NN) identity matrix;Ex[.] corresponding to the channel training interval, we receive
refers to expectation with respect to the random vestol|,
.||, andTx(.) denote matrix determinant, Frobenius norm, and Yp=H;Sp+Zp. ©)

matrix trace, respectively;)”, (.), and(.)* denote vector The definition ofY» and Zp is similar to that ofSp. We
transpose, Hermitian transpose, and conjugation, réepBct genote byEp the average energy of the training symbols. We
have: 1

~ NpMy
We consider a single-user MIMO-OFDM transmission sysFhe least-square (LS) estimate s, is obtained by minimiz-

tem with the number of subcarriers equaltb. We assume ing ||Y» — H;, Sp||> with respect toH;, and coincides with

perfect interleaving and frequency non-selective chanoel the maximume-likelihood (ML) estimate. We have:

responding to each subcarrier. The system uggs trans- L u N

mit and Mg receive antennas. Figure 1 depicts the BICM H;™" =YpSp (SpSp)™ - ()

coding scheme performed at the transmitter. The binary dgfg; ys denote by the matrix of the estimation errors. We

sequenced are encoded by a non-recursive non-systematigye:

convolutional (NRNSC) code before being interleaved by a - _ " 1

quasi-random interleaver. The output bitare multiplexedto ~ Hp - =Hi +&, with & =ZpSp (SpSp) .  (6)

My sub-streams and mapped to compldx-QAM symbols |+ is known that the best channel estimate is obtained with

before passing to the OFDM modulator and being transmitted a1y orthogonal training sequences that results iroenc

on the Mr antennas. o related estimation errors. In other words, we cha®sewith
Let s be the (MMt x 1) vector containing the OFDM orthogonal rows such that:

symbols transmitted simultaneously over thér antennas.
The symbols are assumed to be independent identically dis- SpSE = NpEp Ly, (7)
tributed (i.i.d.) with zero mean and unit covariance matri

Ep

H
I[I. SYSTEM MODEL AND CHANNEL ESTIMATION Tr(SPSP)‘ 4)

th this way, thej-th row &; of the estimation error matrig

a Py . .
E_Ds = [ss™] = ]IMMT. The received vectoy at a given has the covariance matrix:
time index can be written as )
— H _ 2 2 0
y=Hs+z (1) Bes =E[E]E)] = 0z T, where oz, = =5 - (8)

where H is a (M Mg x MMr) block diagonal channel Let us now make th@ priori assumption of uncorrelated
matrix, containing the frequency responses of ideMIMO  Rayleigh distribution for the chann#l;, according to which,
channels, and the noise vectois assumed to be a zero-mean

: ' , : H; ~ CN(0,1 S k).
circularly symmetric complex Gaussian (ZMCSCG) random k N0, Tarr @ B k)
vector with the covariance matri®, £ E(zz*) = 62 Iyry,. Here,CA denotes complex Gaussian distributionstands for
We assume that the channel is invariant over a frame thie Kronecker product, anBly ;. is an (Mg x Mg) diagonal



. . . . . MIMO-OFDM
matrix with equal diagonal entries ef . Based on this model, Demapper y/ componens

we can derive th@osterior distribution of the perfect channel

matrix, conditioned on its ML estimate, as [11]: P FET ‘
p (Hy[HMY) = CN(ZaHwmL, Ty @ ZaXe),  (9) 27_{ - ] NTNO / \ P Bit De-
7 |demgppe Interleaver
where . - I R e
SA=%pi(Be +Zpi) "t =0 Ly, (10) . : : N
and My MIMO J
5= o} ‘ (11) V_{ FET }—' {d“"d'\'a)p“] V SISO | APP
- (0_2 + 0_2 ) - Trellis
h Ek - Decoder
H

The availability of the estimation error distribution is an L | e componens
interesting feature of pilot assisted channel estimatiat we | extrinsic
used to derive the posterior distribution (9). This disttibn i
constitutes a Bayesian framework which will be exploited in [ Piot Bsed Flee ") Bit

P (4™ Interleaver
dec\"k
Fig. 2. Structure of MIMO-OFDM BICM receiver.

the following, for the design of an appropriate detectoramd Eflmicin

imperfect channel estimation.

IIl. DETECTORDESIGNIN THE PRESENCEOF CHANNEL
ESTIMATION ERRORS

We now provide an improved detection rule that takes inta
account the imperfect available CSIR. To this end, we canrsi
the model (2) and denote bf(yx, sk, Hi) the cost function A, MAP detection
that would let us to decide in favor of a particulay at
the receiver if the channel was perfectly known. We not
that depending on the detection criterigi{yy, si, Hy) can
be the posterior pdp(sk|yr,Hr), the likelihood function
W (yi|Hy, s, the mean-square erriif||y, — Hys||?], etc.
Under a pilot based channel estimation characterized by
posterior pdf of (9), we propose a detector based on t
minimization of a new cost function defined as:

where the soft mformatlorPdem(dz "|yr, Hy,) is the proba-
I|ty of transmission ofdZ ' evaluated at the demapper.

Let us first recall the formulation of the MAP detector that
& the optimal detector in the sense of the error probability
This is provided for the sake of performance and complexity
comparison with PIC detection which is presented in the next

ubsection. LetS be the set of all possible symbols;,

t we partition intoS5* and Si*, containing the symbols
cSrresponding to then-th bit of “0” and “1”, respectively.

We have
oy Sk, Hi) = = oy Sk, He ) |Hp 7. 12 BMrzp )
F(yr, s, Hi) = By, {f (w56, Hi) [H } (12) > Wi(yklHi,sk) T Pio(dy™)
We note that the detector minimizing (12) is an alternative t sLEST n=1
the sub-optimal mismatched detector, which is based on thel.(dy™) = log ZTZ (14)
minimization of the cost functiorf (yx, sk,Hk) This latter is > W(ykHg, sk) II PL.(d™)
obtained by using the estimated chanHe;I in the same metric sLEST ek

that would be applied if the channel was perfectly known, i.e )
f(y, s, Hy). The proposed approach in (12), differs from thwhere P, (d;") and PY, (d;") are extrinsic information
mismatched detection on the conditional expectaEpIrh coming from the SISO decoder.
which provides a robust design by averaging the cost functio The computational complexity of the MAP detector be-
f(yw, s, Hy) over all realizations of channel uncertainty. comes prohibitively large for large size constellationd/ana
large number of transmit antennas, as the S&tsand Sj* in
IV. ITERATIVE DETECTORFORMULATION (14) contain2(BMr—1) vectorss;, each. For such cases, the
Now, we consider soft iterative detection of BICM MIMO-suboptimal soft-PIC detector would make a good compromise
OFDM under imperfect CSIR. As shown in Fig. 2, the receivdretween complexity and performance. In what follows, we firs
principally consists of a bunch of demappers and a SlS®call the formulation of soft-PIC and then adapt it to theeca
channel decoder. Lef;™ be them-th bit corresponding to of imperfect channel estimation at the receiver.
the symbolsg, transmitted from the-th antenna and on the .
k-th subcarrier yn = 1,2,..., B. We denote byL(d;™) the B. Soft-PIC Detection

log-likelihood ratio (LLR) of the bitd;™ at the output of the ~ The general block diagram of Fig. 2 still applies to the
MIMO demapper. Conditioned to perfect CSIR(d"™) is turbo-PIC detector. Here, to detect the symbol transmitted

from a given antenna, we first make use of the soft information
. available from the SISO channel .deCO(.jer to cancel (or .to

L(dﬁc’m) — log Pdem(d,?’ = 1|yk,Hk), (13) say better, to reduce) the interfering signals correspandi
Paem(dy™ = Oy, Hy) to other transmit antennas. At the first iteration where this

given by:




information is not available, we perform a classical MMSEvhere E||e; (5)|?] can be computed from the SISO decoder
filtering. as:

E 12 _ N — (4 2 P . f . i

1) Soft-PIC detection under perfect CSR: Let us consider llex (7)) . %:es I56(5) = S U Pls(3)] for j #1

the transmitted vectos; = [s;(1), ..., s (M7)]T and assume tY (23)

that we are interested in the detection of tkt symbols;(i). Note that the off-diagonal entries in (22) have been negtect

We start by evaluating soft-estimates of the interferinglsgls o reduce the complexity without generating significant
sk (j) from the SISO decoder as performance loss [10].

2) PIC detection under imperfect CSR: As we see from
(18) and (21), the interference suppression and filtering
require the channdi ;.. As the receiver has only an imperfect
where Pl[s;(j)], the probability of the transmission ofchannel estimateéH;, a sub-optimal mismatched solution
s,(j), is calculated from the probabilities of its correwould consist in replacindi; andhy (i) in (18) and (21) by
sponding bitsP,e.(d},™) at the decoder output?[s;(j)] o their estimated;, and hy (i), respectively. In what follows,

§k(j>=2sk(j>P[sk(j)] forall j#£i  (15)

Hf_l Piec(d)™). We further define we propose a noveimproved PIC detector under imperfect
a CSIR. To this end, we use the Bayesian framework of (12)
3,(1) 2 [3k(1), o, 58 (i — 1),0,3,(i + 1), ..., 5. (M7)] 7, and make two modifications to the detector described above.
(16)
8,()) 2 (1), ooy eni — 1), 55(0), ex (i + 1), ooy e (M7)]T The first proposed modification concerns the design of the

(ﬁ) filter wy, (7) in (20). Since the cost functiof(yy, sk (i), Hy) =
E [|sk(i) —wi, (i)™ y, (i) ﬂ is a function of the perfect chan-
whereey (i) = sx(i) — $(i). For each constellation symbolne| F,, via y;,, we propose a modified filtedw, (i), chosen
sk (1), a soft interference cancellation can be performed on the minimize the average of the mean square error over all
received signayy, as realizations of the channel uncertainty. According to (123

. - . ropose the following filter design:
v, () = ye — Hy 5,() Pro

=H; 5,(i) + z(i), for i=1,..., Mr. (18) wy(i) = argmin Eg, s, 2, {|Sk(i) - ﬁk(i)ﬂyk(i)|2

weCMT
Except under perfect prior information on the symbols which _ . ~ . a2
leads t03,(j) = sx(j) for all j # i, there is always a ey e, 51, | Fo 2 “S’“(l) — ()", (0)] ]
residual interference in the signgk(z’). In order to reduce (24)

this interference, an instantaneous linear MMSE filtg((i) is
applied toy, (i) that minimizes the mean square error betwe
the symbols, (i) and the filter output(i):

where in the latter expression, we have assumed the inde-
eFpendence betweed;, s, and z;. After some algebraic
manipulations, we get the modified filte (i), directly as
ri(i) = wk(i)Hgk(i), (19) a function ofH; andhy:

wy (i) =
where -1

S0 Tr(As (i) + 62 He Ay (i HY + 021 25 hy (i)
wy(i) = argmin B, =, [|sx(0) — w0y, ()]'] . (20) ("f’k (Asyi)) + 0 F A Y +02Tar, ) o35 ha(i)

weCMR (25)
It is easy to see that the minimization problem in (20) leads To get more insight on the proposed detector, let us
to the filter [8], [9]: consider the ideal case where perfect channel knowledge is

L available at the receiver, i.e;, = H; and og = 0. We
wi (i) = (Hp Ag () HIf +0210,) " o2hy(i)  (21) note that in this case, the posterior pdf (9) reduces to acDira
delta function, and consequently from (25), the two filters
where A, ;) = E[3),(i)85(i)*] is the covariance matrix of 4, () and wy (i) coincide. Similarly, under near-perfect
8,(i), 0F = E[|sk (1)|’], andhy(i) is thei-th column of the CS|R, obtained either whea , — 0 or when Np — oo,
c_hannel matrixH. In (21), the covariance matriA; ;) IS we haves — 1, o2, — 0, and the filterwy (i) gives a
given by similar expression am, (i) in (21). However, in the presence
of CEE, the proposed improved and mismatched detectors
A;, ;) = diag <E[|ek(1)|2], o Ellex (i — 1)]?], 02, become different due to the inherent averaging in (24), whic
provides a robust design that adapts itself to the channel
Ellex (i + 1)[?], ..., E]Jex (MT)|2]>, (22) estimate available at the receiver.



Our second modification concerns the application of thrdecoding iterations are set to 5. The SNR is considered in the
derived filter wy,(i) to the received signay, (i). Since the form of E, /N, and includes the antenna array gain at receive,
latter is a function of the perfect channel, we propose t/p.
apply the MMSE filter of (25) to a modified received signal, Fig. 3 shows BER curves of the mismatched and improved
evaluated from (18) as turbo-PIC receiver for the case of QPSK modulation and

o~ . ~ . . My = 2 and Mg = 2 that we denote by2 x 2) MIMO
y,(0) = Hf§k(l) + 21 (D), system. The number of channel uses for pilot transmission
=0H 8,(i) + z(i), for i=1,...Mp, (26) is Np € {2,4,8}. As a reference, we have also presented
the BER curve in the case of perfect CSIR for turbo-MAP
~ ~ and turbo-PIC detectors. We notice that the required SNR
Hy = By, i, [Hr] = 0Hy, . (27) {0 attain the BER ofl0—> with Np = 2 pilots is reduced

Now, by applying the modified filted;, (i) tOy (1) in (26), by about0.5 dB for the improved detector, as compared to
the output of the improved MMSE detector is ‘obtained as the mismatched detector. By increasings, CEE become

less important and the difference of the performances of the

where

~ . o~ . ’,L[ ~ _ ’,L[ . . A A
k(1) = w (i)™ g, (1) = dw (i) “hy (i) sk (1) + two detectors decreases: the achieved gain in SNR at BER
Lhi = 107° is about 0.2 dB and 0.05 dB, foNp = 4 and
S () B (i . = (H o, (i 28 Np = 8, respectively. Actually, the performance loss of the
; Wi (1) "B (F)ex(s) + wi(i) 2 (D) (28) mismatched receiver with respect to the improved receiver
N ~ becomes insignificant foNp > 8. Furthermore, we observe
M, that the performance of the turbo-PIC detector is very close

wherery, ; is the interference-plus-noise affecting the output d6 that provided by the turbo-MAP detector.

the soft instantaneous MMSE filtég (). Itis shown in [8] that ~ We also consider two other cases in the following for which

this quantity is well approximated by a Gaussian distrilnuti we do not present the turbo-MAP performance as it becomes

with variances;, = o3 [pk,i — 3 ;- computationally too complex. Let us consider the cas@of
From (28), we can calculate the LLRs on the correspondifiy System and 16-QAM modulation. Results are shown in Fig.

bits of the detected symbols at the output of the instantamed. We notice that the gain in SNR by using the improved

MMSE filter, that will be used by the SISO channel decodegtetector at BER= 10~° is about 0.6 dB, 0.3 dB, and 0.2

dB, for Np = 2, 4, and 8, respectively. The obtained gain by

Z m
L(di™) = Pdem(d = 1[7k(0), 1 (9) ) using the improved detector is a little more important for 16
Pdem(dZ =017 (0), pa(3)) QAM than for QPSK modulation. This was predictable as the
() sk ()2 ZSW)‘ B P dl n detector performance is more sensitive to channel estmati
Sk(l)esm oxp IRE 1;[ aec(@i")  errors for 16-QAM modulation.
— log n#m Finally, results for the case dft x 4) system and QPSK
x| 17 ukzsk(z)2} ﬁ PO (d”) modulation are shown in Fig. 5, foNp = 4,8. For this
Sk(l)esm P Nk,i L1 Tdec case, the gain in SNR by using the improved detector at BER
n#m = 107° is about 0.24 dB and 0.1 dB, foNp = 4 and

(29) g, respectively. As a matter of fact, for th¢ x 4) system,
Note that the cardinality of the se®™ andS?" is now equal the diversity order larger, as compared to the previous.case
to 2B-1, The increased spatial diversity helps improve the detectio
performance and the receiver is less sensitive to estimatio
V. NUMERICAL RESULTS rors, although there are twice as many subchannel coefficien
In this section, we provide a comparative performance stutty estimate [7]. As a result, the obtained gain my using the
the proposed detector in terms of bit error rate (BER). Theproved detector is less considerable, compared t¢2ke2)
binary information data are encoded by a raf@ NRNSC case.
code with constraint lengtli = 7 defined in octal form by
(133,171). Throughout the simulations, each frame is com- VI. CONCLUSION
posed of 16 OFDM symbols with 16 subcarriers and symbolsWe proposed a novel turbo-PIC detector for MIMO systems
belonging to QPSK or 16-QAM constellations with Grayperating under imperfect channel estimation. By intrawigic
labeling. Uncorrelated Rayleigh fading channel is congide a Bayesian approach characterizing the channel estimation
and channel coefficients are kept constant during each fraprecess, we proposed a general detector decision criterion
and changed to new independent realizations for the néiat takes into account the imperfect channel. Using thes, w
frame. The interleaver is pseudo-random, operating ower ttlerived an improved simple iterative MIMO detector based
entire frame of sizeV; = LM M B bits. on soft-PIC and MMSE filtering that mitigates the impact of
Mutually orthogonal QPSK pilot sequences are used for chasirannel uncertainty on the detection performance. This im-
nel estimation, and the average pilot-symbol power is sealeqprovement comes from the inherent averaging of the detectio
to the average data-symbol power. Moreover, the numberrafe that would be used if the channel was perfectly known,



over the all realizations of the CEE. The performance of the
proposed detector was compared to that of the mismatched
receiver via simulations. Numerical results indicate tfoat
short training sequence lengths, the proposed detector
enhance the detection performance while imposing almost 1° :
additional complexity. '
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