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Abstract— Linear transceiver design for multiple access chan- ~ However, robust transceiver designs should incorporate th
nels (MACs) with spatial correlation at both transmitter and  quality of the channel state information. On one hand, sgver
receiver is investigated in the presence of inaccurate chael works have considered imperfect CSIR owing to training-

state information (CSI). We consider a training-based chanel . - - .
estimation at the receiver while a limited-rate feedback cannel P@sed estimation. [5] has studied the problem of optimum

conveys the transmitter information. Imperfect knowledgecomes Palanced power allocation between data and pilots. More
from the channel estimation errors and the quantization nogse. recently, the authors in [6] have found the optimal closeaf
Restricting the decoder to be linear yields to minimize of tle  solution of a single-user MIMO system with spatial transmit
sum-mean square error (sum-MSE) subject to individual powe .o e|ation. As various criteria exist to measure the syste
constraints. Although no closed-form solution is possiblen a
multi-user setting, an efficient iterative algorithm relying on the perfo.rmance, [7] has proposed two general classes Of.COSt
KKT conditions is derived. Numerical results show sum-MSE functions, namely Schur-convex and Schur-concave funstio
and BER performance to measure the sensitivity of a mismatated ~ On the other hand, only few works have considered imperfect
design as well as the effect of quantization noise. Furtherore, CSJ at transmitter (CSIT). Coupled with imperfect CSIR, [8]
the study of channel uncertainty enables to assess the rek&# 55 jnvestigated partial knowledge CSIT through mean and
impact of imperfect CSI at both ends. - . .
covariance feedback. The proposed robust transceivegresi
exhibit similar structure with the perfect CSI case but waith
|. INTRODUCTION different noise covariance matrix. None of those works eate
to quantized feedback, where the channel state informétion
Multiple-input multiple-output (MIMO) systems are widelyconveyed to the transmitter through a limited-rate feeklbac
recognized to substantially increase the spectral effigiedf channel.
wireless channels. However, the benefits of multi-user MIMO . o
highly depend on the type of channel state information (CSI) In this paper, we evaluate.the minimization of the sum-MSE
at both ends and on the level of accuracy of this informatioffl @ Spatially correlated uplink MIMO channel. We focus on
Practical high data rates wireless systems can only hai{€ar transceiver design handling with imperfect CSI athbo
imperfect CSI at the receiver (CSIR), i.e., an estimate ef tfeceiver and transmitter sides. In contrast to previouskyor
channel based on training sequence. As for the informati¥f¢ consider a general channel estimation model [9], which
fed back to the transmitter, either analog or digital methjod®2ads to a composite channel averaging the channel law over
imperfection can come from partial knowledge (e.g., chann@! channel estimation errors. Furthermore, by imperfestC
distribution information (CDI), channel quality infornian We allow for the impact of quantization errors brought by
(CQI)) and uncertainty (e.g., quantization induced noise §€ precoders compression. The Lagrangian formulatiohef t
noisy feedback channel). In all cases the adaptation to ffM-MSE optimization enables to derive an efficient iteati
channel information errors is mandatory to design reliab!merical algorithm, since in a multi-user scenario no etbs
solutions. form solution exists. We show how the system can benefit from

Practical implementations of multi-user wireless systen@daptive precoding even when subject to limited-rate faeklb

often consider linear precoding to reduce interference andrpg paper is organized as follows. In section |1, we describe
linear MMSE receivers, whose design is based on the SUfjz communication model in details. Section IIl formulates

Mean Square Error (MSE) minimization. This choice, albee gym-MSE optimization and presents an iterative algorit
sub-optimal, provides a good trade-off between performangection v provides some simulation results before drawing
and complexity. The joint transceiver design has been widel, e conclusions in Section V.

studied in the case of perfect CSI in [1] [2] for single-

user, while the multi-user extension has been developed inNotation: Lower-case and capital bold letters are used to
[3]. Interestingly, the problem of finding out the optimundenote vectors and matrices, respectively. Aebe a matrix,
covariance matrices maximizing the mutual information i[sA]m. designates thei,j) entry of A. The superscript
known to be closely related to the computing of optimurindicate Hermitian transpose. The operaidr) stands for the

precoders/decoders minimizing the total MSE [4]. trace of square matrices.



[I. COMMUNICATION MODEL symbols may be expressed &% ; = ﬁtr(XTka%k).
A. Channel model The corresponding received signél ;, = R}\,/;HW_,,CXTyk +

We consider & -user MIMO-MAC communication system Nt aIIowls/che receiver to perform ML estimation. Since to
where theK transmitters are equipped witli; - - - Nx anten- estimateRy Hyw , we need at leasiVz N measurements,
nas and the receiver with; antennas. Feedback informatioR"d €ach symbol time yield&/z samples, we must have
is conveyed to the transmitter through a noiseless feedbdek = Vi provided tlhthT,k is full ra?kQ. Let us then
link. Transmission occurs over a Rayleigh flat fading channeonsider thatl;, = (RN/RHW,k + Ek,w) RN/k , whereEyy

Each user spreads its data ovkf, < N; streams. The is a white estimation error matrix if we assume tB&f j, is

received signal vectoy € CVex1 is orthogonal. The estimation variance d§ , = SNR;}k with
K SNRr, = 207k As a result, the conditional pdf off,
y =Y HiFixi+n (1) givenH,is "
k=1
where X, € C]wkxl, Fk c CNkXMk and Hk c (CNRXNk z/JI:IkIHk = CN(HkaRNk & EEk) (5)
denote, respectively, the transmit signal vector, thedinewith ¥z, = af)kINR. The a posteriori pdf wHk|ﬁk

precoder and the channel matrix of user= 1,...,K. can be derived from (5) andym,, and is expressed as
The _addmvg noise veg’Fon € CNrx1 jg _mdependent a_md wHk|Hk = CN(Za,Hi, Ry, @ Za, g, ) Where Zp, =
identically distributed (i.i.d.) zero-mean circularly rmynetric

. ) . ) ) > 5. )" L. Then by averaging the unknown chan-
complex Gaussian with covariance mat®, = o2Iy,,. iy (Zh, + 3k, ) y ging

. . nel with conditional pd H,,... Hg)over
Each user is subject to a power constrait such that .- o P W(y|xl’d %XK’ L % bK) ioh
(P Exox! [F1) < Py with Epxexl] — Tuy,. The total all channel estimation errors and after some algebra, waimbt
k kIR = k ke the composite channel, with = (Hy, ..., Hg),

transmit power from all users I8, P, = P. We further

assume that the elements Hf;, are correlated. The channel . K R B
matrix of userk can thus be factorized as Wyl xx, H) = CN(Z EnHiFexy, Eo)
k=1
1/2 1/2 ~ _—
H, = Ry Hy Ry, 2) S0 =30+ 1, Ba, Bp, tr(Ry, Faxpx FL).  (6)

Whe_reHW_,k is the spatially white channel matrix. The pdf ofrrgm this expression, the MSE matrix of ugecan now be
Hy, is ¢Yu, = CN(0, Ry, ® Xp,), whereXy, =0 Ry, expressed as
Note that the diagonal elements of the transmit and receive

correlation matrices are equal to 1. K . ot 9
At the receiver side, the received signal of usés decoded MSEp = Gy {Z ZaHiFF H;3A, + 03Ing,
with the use of a linear receives;, € CM+=*N=_ The signal . =t
estimate vector, is given by n Z EAT;EEitT(RNiFiFI)] GL L GySa, LTy
r, = Gry. (3) =1
+Ing, — (GkEAkI:Ika)T (7)

To study the robust design of linear transceivers when imacc
rate channel estimation is considered, the performanceanet:. | imited feedback link
used is the sum-MSE. Hence, the MSE matrix of ukes

given by With a limited feedback channel, the choice of the precoder

for each user is contained on a pre-defined codebook whose
MSE), = E[(rk —xp)(rr — xk)T] (4) size depends on the feedback rate constraint. The need for

compression of precoders induces some distortion, which is

Next, the channel estimation model is presented so as 10 hg¥qelled as an additive quantization noise. This yield$e t
an exact definition of the sum-MSE in function of the Chann%llowing expression

estimation errors. A
Fi =F, + Dy 8

B. Estimation model . . . .
where Dy, is the quantization error matrix, with i.i.d. zero-

Each channel matrix estimald, may be obtained by the mean circularly symmetric complex Gaussian entries of-vari
use of a training sequence sent from uséo the receiver, be- ances? , . Let B be the total number of feedback bits allowed
fore transmitting the data. The training sequence is carntetl i the [ow-rate feedback channel, shared by fieusers. It
of Ly vectorsXry = (X751, ,X1k,1,)- We assume that resyits thato? , is a function of B and K. Moreover, its
the receiver can capture the statistics of the channel atzlyy expression méinly depends on the quantizer design includ-
notably the transmit correlation. Therefore, we choosamir ing both dimension (e.g., scalar, vector...) and method.(e.

ing sequenceX’, . that decorrelates the transmit correlationyandom, Lloyd-Max...). Consequently, the robust transarei
e, X7, = Rg,i/QXTyk. The average energy of the trainingdesign should incorporate all sources of CSI imperfection.



Based on the proposed distortion model (8), the MSE mato find {u}5_,, a closed-from solution may be obtained
of userk is finally given by using similar derivation to that employed in [3]. It is exgtly
% detailed in the Appendix.
MSE), = Gy, [Z A, HEFASA, + 021y,
i=1 B. Iterative algorithm
K K
+Y BaHiod HZA, + ) Ba, B tr(Ry, FiF)
1=1 1=1
K
+° EAiEEioiitr(RNi)] Gl — GyZa, HLFy,
i=1

In the multi-user case, the resulting (colored) noise devar
ance matrix is also a function of the covariance matricedlof a
other users. Thus, it is not possible to find a closed form so-
lution simultaneously diagonalizing (13) and (14). Theref
we iterate successively betwedi@,} X | and {F;}X | to

Aot obtain the optimized set of receivers and precoders. A géner
+ Ly, — (GrEa, HyFy) (9)  algorithm follows.
To avoid a large feedback overhead, the base station comprgposed algorithm - minimum sum-MSE
putes the optimized precoders and receivers in a centdalize
fashion. Then, the resulting precoders are quantized agwl th « Initialize {}?‘k}kK:l to a diagonal matrix, where its

broadcasted to all users. Next section details the optiiniza (m,n)-th entry is equal to 0 ifn # n or equal to /ka
) 1k

Process. elsewhere.
o Step l:for k =1,..., K computeGy using the partial
1. SUM-MSE WITH IMPERFECTCSIR derivative of the Lagrangian with respect@, (13). The
AND QUANTIZED CSIT linear receive filters correspond to the LMMSE receiver.
Usually the multi-user MAC transceiver optimization save  Step 2:Satisfy the power constraint: update for each
the minimization of the sum-MSE under individual power k=1,..., K. A
constraints. Solution of this optimization leads to a set of « Step 3:for k = 1,..., K compute¥;, using partial
receive matrice§ G}/, and a set of quantized precoders  derivative of the Lagrangian function with respectig
(B (14).

o Repeatuntil convergence.

A. Joint optimization of precoding and receive filters The proposed algorithm is guaranteed to converge. Indbed, t

The objective function considers that a maximum trangerative process between users is a monotonically deiagas
mit power P is allowed for each usek. These individual fynction of the sum-MSE. Besides the objective function is
power constraints ensure that none of the power budgefgarly lower bounded by zero, as a result the algorithm will
are exceeded. Therefore the sum-MSE minimization can Bgvays converge to a local optimum. However, we cannot

formulated as guarantee to reach the global optimum as the sum-MSE
K function is not jointly convex over al{F;, G} . When
{Gnklibgk} ZtT(MSEk) (10) K =1 a unique solution exists using similar arguments as in
' k=1 [10, chapter 4], which can be derived in closed-form, where
subject to tr(f‘kf‘L) <P, k=1,....K (11) some constants need to be computed numerically.

Although this problem has no closed-form solution, an effi-
cient algorithm based on the Lagrangian can be derived. As-
sociated with the minimization problem (10), the Lagrangia In this section, we present some numerical results when
function L{F1}, {Gx}, {ux}) is given by we assume that the total number of feedback bits is equally
X X shared between all users. Furthermore, since the focus of
_ &t this paper is the additional impact of quantization err@sd
L= ZtT(MSEk) + ZM’“ (tr(Fka) a Pk) (12) not the optimized design of quantizer), we consider a scalar
guantization. Based on the rate-distortion theory [11k th

where {1, > 0}, is the Lagrangian multiplier with respectyariance induced by quantization noise of any usean thus
to the power constraints. The optimal transceiver design j§g formulated as

then obtained with the KKT conditions. By taking the partial o2, = O~ RN (15)

derivatives of expression (12) with respect @, and Fy, '

we obtain the expressions (13) and (14) respectively. Eachhe (,j)-th entry of the correlation matrix is modelled as

Lagrange multiplier is calculated so as to satisfy its corrdR], . = p!"7l, wherep € [0,1] is the correlation parameter

sponding transmit power constraint. Then, the computadfon (with subscriptR or k to denote receive or transmit correla-

the Lagrange multiplier can be solved for tion). We assume that each user have the same parameters
Aot U}%,k = 1, Uﬁ,k_ = (_73’ Nk = Nrp, Lg = L, pr = pr,

Hok {tT(Fka) - Pk] = 0. and the same individual power constraidts = P/K. The

IV. NUMERICAL RESULTS

k=1 k=1
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Fig. 1. Rayleigh channel. Impact of the channel correlafiactor with 1  Fig. 2. Rayleigh channel. Impact of quantization errorshwiitstream/user,
stream/userk = 2, L = 4,02 = 0.01. K=2L=4,pr =pr=0.5.

average energy of the training symbols is set equal to the
power constraint, i.e.Pr; = Pj. To obtain the Bit Error design leads to non-negligible performance loss with retsjoe
Rate (BER) performance, we use uncoded 4-QAM on eattte optimized design. For instance whBn= 20, 1.2 dB gap
user data stream. Our results are plotted for 2 users equiippeobserved at a target BER o6 2. Fig. 3 is similar to Fig. 2
with 2 antennas and we assume thaf = 4 receive antennas. except that we plot the average sum-MSE performance instead
Fig. 1 shows the impact of the channel correlation. Faf the BER. Analogous performance trends are observed.
the optimized design (10), we compare the BER for differehtowever, with this metric, the gap between the optimized
correlation factors. Quite naturally, a high correlatecmhel and mismatched designs is nearly constant at all SNR. To
exhibits worse performance. It appears that the receiveeeorconclude, quantization errors have a major impact spetifica
lation has a more negative impact than transmit correlatiomhen the SNR > 10 dB or when the variance induced by
Indeed, whempr = {0.5;0.8}, the increase opr from 0.5 to  distortion is too high (here, wheB = 10).

0.8 results In a 3 dB-gap tq achieve a ta_rget BER1Of °. Finally, Fig. 4 compares the optimized for different CSI
_Next, we illustrate the |nf!uence of imperfect CSIT Or'élssumptions. This comparison reveals that at low SNR the im-
Fig. 2','_6‘5 expected, decreasing the nu.mber C.)f fegdback bbtéct of imperfect CSIT is small, while in contrast, the chelnn
can critically damage the error probability. With high valu gq4ination errors significantly contribute to the corroptiof
of dlstomon_ (eg.B = 10), an error_floor occurs. NOte yata. |n addition, we also plot a non-precoded system (e.g.,
that employlng_vect_or or ma_trlx quantlzer_enables to I()V\"?frecoders are set to a scaled identity matrix) but only with
the average d|st0rt|onf or similarly permits to reduce thrcr'rlperfect CSIR. No quantization is needed since precoders
number of feedback bits needed. Additionally, we COMPa ot be adapted. The non-precoding curve shows the worse

the optimized multi-user system design with the m'smatCh%%rformance suggesting that even with quantization eiors

design. By mismatched, we mean that precoders and receivgrgt-” seful to have an adaptive precoded svstem desian
are designed by considering the set{#f; }, and {F;} X, > St Uset . PIve p y an

as the true values. For any SNR > 10 dB, the mismatched
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In this work we have studied the sum-MSE minimiza-

V. CONCLUSIONS

tion over spatially correlated channels. The multi-useinkp

transceiver design with individual power constraints is ad
dressed under the assumption of imperfect CSI arising frem i [9]

accurate channel estimation and quantization errors.o@fjh

no closed-form solution is possible, the optimized desigfy)
can be obtained by means of efficient numerical algorithms
based on the KKT conditions. Simulation results show th |
channel estimation errors impact the performance at all .SN@

e
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Fig. 4. Rayleigh channel. Impact of channel uncertainty &RBerformance
with 1 stream/userK = 2, pr = pr = 0.5, (L = 4, B = 20).
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APPENDIX
The computation of Langrange multipliers relies on the

is acceptable. The sensitivity of the mismatched transceioptimized precodei*,. It is easily seen from (14) thaf,
design has also been assessed.
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P,.. SinceC, and B, are known we can

eigendecompos€;, = UkaUL. It leads to
tr[(ukIMk + zk)’QULBkBLUk} -pP @17

Let J, = ULBkBLUk, we can thus expressed the previous
equation as

Nt Jii
—nt = P (18)
; (i +0i)?

wherej; ; ando; ; are theith diagonal coefficients af;, and
3, respectively. The LHS of (18) is a monotically decreasing
funtion of p. Therefore, it exists only one non-negative real
value of u, satisfying (18), otherwise, it is O.



