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MU-MIMO Receiver Design and Performance
Analysis in Time-Varying Rayleigh Fading

Gabor Fodoi’, Senior Member, IEEESebastian Foddr, and Miklés Telek

Abstract—Minimizing the symbol error in the uplink of  gle output (SISO) and multip input multiple output (MIMO)
multi-user multiple input multiple output systems is impor-  channel estimators and receivers. The basic rationale for these
tant, because the symbol error affects the achieved signal-to- papers is that in a Rayleigh fading environment, based on the

interference-plus-noise ratio (SINR) and thereby the spectral - . .
ef ciency of the system. Despite the vast literature available associated Jakes process, an AR model can be built, which

on minimum mean squared error (MMSE) receivers, previously allows one to employ Kalman lters for estimating and pre-
proposed receivers for block fading channels do not minimize dicting the channel state. Spexlly, papers [2], and [4]-[6]

the symbol error in time-varying Rayleigh fading channels. consider SISO systems and exploit the memoryful property of

Speci cally, we show that the true MMSE receiver structure o AR process for joint channel estimation, equalization and
does not only depend on the statistics of the CSI error, but also data detizction J + €4

on the autocorrelation coef cient of the time-variant channel. . . .
It turns out that calculating the average SINR when using the Some early works on multiple-antenna receiver design and
proposed receiver is highly non-trivial. In this paper, we employ performance analysis are reported in [1] and [3]. The opti-

a random matrix theoretical approach, which allows us to derive  mal array receiver algorithm fobinary phase-shift keying
a quasi-closed form for the average SINRwhich allows to obtain (BPSK) signals is designed in [1], while [3] is concerned

analytical exact results that give valuable insights into how the . - - . . .
SINR depends on the number of antennas, employed pilot and with the blind estimation andletection of space-time coded

data power and the covariance of the time-varying channel. Symbols transmitted over time-varying Rayleigh fading chan-
We benchmark the performance of the proposed receiver against nels. More recently, in the context of massive MU-MIMO
recently proposed receivers and nd thatthe proposed MMSE  systems, [7]-[13] addressed the problem of channel aging and
receiver achieves higher SINR than the previously proposed geriveqd channel estimation, prediction and multi-user receiver
ones, and this benet increases with increasing autoregressive . - . - .
coef cient. algorithms that operate in an AR Rayleigh-fading environment
and use Kalman lIters or madhe learning algorithms for
channel prediction.
A closely related line of research, in block fading environ-
ments, applies results from random matrix theory to establish
. INTRODUCTION the deterministic equivalent of the random wireless system
HE wireless channels in the uplink of multiuser multiplén order to calculate the signal-to-interference-plus-noise ratio
input multiple output (MU-MIMO) systems can often bgSINR) in the uplink and downlink oMU-MIMO systems
advantageously modelled as autoregressive (AR) proces$g4]-[23], [25], [26]. In particular, in papers [20]-[22] it was
because AR channel models catthe time-varying (aging) shown that the capacity of multicell MU-MIMO networks
nature of the channels and facilitate channel estimation agws inde nitely as the number of antennas tends to in nity,
prediction [1]-[13]. These papers have shown that exploitiriiappropriate multicell minimum mean squared error (MMSE)
the autoregressive structure of the time-varying Rayleigh faprocessing is used.
ing channel improves the performance of both single input sin-Generalizing the downlink (DL) precoding and uplink (UL)
) ) i receiver structures and associated deterministic equivalent
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and the time instance when the channel is used for data based on Theorem 1 and Corollary 1, is our main and
transmission. novel result. To the best of our knowledge, Theorem 1,
In our recent work [13], we developed a new MMSE Lemma 4 (needed for Theorem 1) and Theorem 2 have
receiver that treats interference as noise and uses an AR not been published before.
model for its performance analysis (see Table ). The important2) We would like to emphasize the usefulness of Propo-
conclusion in [13] is that not only the channel estimation sition 3, which gives a straightforward computation of
procedure, but the receiver structure itself should be modied the optimum pilot power in a MU-MIMO AR Rayleigh
when the fading process is AR. fading environment as a root of a quartic equation.

However, it is well-known that treating interference as noisgy analytical (based on Theorem 2 and Proposition 3) and
in MU-MIMO systems can severely degrade the performanggnylation results (comparing the performance of the different
as compared with using the iasttaneous channel estimategjy-MIMO receivers listed in Table IV) indicate that the
of the interfering users, see the UL MU-MIMO receiveproposed AR-aware receiver outperforms earlier AR receivers
structures used in, for example, [7], [8], [18], [23]. Speci callyjn terms of the achieved SINR, such as those proposed by
papers [18] and [23] proposed MMSE receivers in blockryong and Heath [7] and our own previously proposed
fading, whereas a maximum ragombining (MRC) and zero- scheme in [13].
forcing (ZF) receiver in time-wging channels in the presence The paper is organized as follows. The next section
of channel aging are used by [7] and [8] respectively. Note th@éscribes our system model, which is similar to that used in,
the conceptual difference tveeen the MRC and ZF receiversgq, example [13], [18] or [7]. Section Il derives the MMSE
used in [7] and [8] and the MMSE receiver proposed in [13kceiver for autoregressive Rayleigh fading channels, stated as
lies in the fact that the MMSE receiver actively takes int@ronosition 1. Section IV derives our key result, Theorem 2,
account that the subsequent channel realizations are correlg{gfth can be considered as an extension of the SINR results
rather than adopting the MMSE receiver structure developﬁp[lgl and [23] to AR processes. The important feature of
for block fading channels. Therefore, we refer to the MMSHs implicit SINR formula is that it does not require to solve

receiver in [13] as an AR-aware receiver. _ a system of equations or xed point iterations due to the fact
In the light of these works, it is natural to ask the followinghat the implicit equation has a unique positive solution. Also,
two questions Subsection IV-D derives the optimum pilot power in single-

€ What is the MU-MIMO receivethat minimizes the MSE user multiple input multiple output (SU-MIMO) systems or in
of the received data symbols time-varying Rayleigh MU-MIMO systems, in the special case when the large scale
fading when all user channels are estimated and, thefading components of all users are equal. The treatment of the
fore, the multiuser interference does not need to be treatggtimum pilot power in the gearal MU-MIMO case is left
as noise? for future work. Section V discusses numerical results, and
e Can we calculate the average SINR in the uplink &ection VI draws conclusions.
MU-MIMO systems that employ the above receiver, as a
function of the number of MU-MIMO users and receive
antennas, employed pilot and data powers and large scale Il. SYSTEM MODEL

fading? A. Uplink Signal Model
Intuitively, nding the answers to these questions implies

extending the results by (1) papers [18] and [23] (by general-WVe consider a single cell MU-MIMO system, where the
izing some of those block fading results to AR processes), (335€ Station (BS) is equipped with receive antennas, and
papers [7] and [8] (by developing the optimal linear receiver ijere arek uplink mobile stations (MSs). (Note that typically
MSE sense) and (3) paper [13] (by not treating the MU-MIMdE Nr_.) The MSs faC|I!t§t_e channel state |_nformat|on at
interference as noise and deriving an SINR formula rath}e receiver (CSIR) acquisition at the BS using orthogonal
than using the MSE as a performance metric). Consequen@i§MPlex sequences, such as the Zadoff-Chu sequences, de ned
the objective of the present paper is to devise a MU-MIM@SS ~ S1,...,S, C »* 1. These pilot sequences satisfy
receiver that utilizes the channel estimates of each user andlfE =1, fori =1,.., , [27]. To enable spatial multiplexing,
fact that subsequent channel coef cients are correlated in tin{8€ léngth of the pilot sequenceg is chosen such that a

In other words, we propose and analyze a MU-MIMO receivéfaximum ofK users can be served simultaneously, implying
that is optimal in the presence of channel state informatidpat p K holds. In this MU-MIMO system, , subcarriers
(CSI) errors when the channevolves in time according @€ UseFi to construct the pilot sequences at each MS,and

to a Rayleigh fading autocorrelation process. It is also ogHPcarriers are used to transmit data symbols. Each MS has a
objective to derive an average SINR formula that can serve Q8! power budgePyy, imposing the constraingPp+ 4P =

a basis for rate optimization schemes in future works. ThuZot WhereP is the transmit and, denotes the pilot power.

our contributions to the existing literature summarized aboJd'® trade-off between pilots and data signals as implied by
and in Table | are two-fold: the sum pilot and data power constraint has been studied by

several previous works, see for example [28], [29]. In this

1) Calculating the deterministic equivalent SINR of th@aper, User-1 is the tagged user, while indeXes K are used
MU-MIMO MMSE receiver proposed in Proposition 1,to denote the interfering users from the tagged user’s point of
by proving Proposition 2, Theorem 2, whose proof igiew. Consequently, the received pilot signal transmitted by
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TABLE |

OVERVIEW OF RELATED LITERATURE

Reference UL or DL Channel model and Perf. Indicator Is asymptotic Comment
channel estimation random matrix
theory (RMT)
used ?
Couillet et al., [14] MIMO MAC block fading, channel rate region, rate Yes receiver design OoS
estimation (CE) out of scope maximization
(00S)
Hanlen et al., [15] UL/DL block fading with correlated capacity Yes receiver design OoS
MIMO channels, perfect CSI
at receiver
Couillet et al., [16] UL/DL block fading, CE is OoS capacity and sum-rate Yes receiver design OoS
Wen et al., [17] MIMO MAC | block fading, non-Gaussian, ergodic mutual Yes receiver design OoS
CE is OoS information

Hoydis et al., [18] UL/DL block fading, MMSE CE achievable rate Yes regularized MMSE receiver that
takes into account the estimated
channels of all users

Truong et al., [7] UL/DL AR(p), AR(1), MMSE, average SINR, Yes MRC receiver (not AR-aware)

channel prediction achievable rate

Kong et al., [8] UL/DL similar to that in [7] UL/DL average rate Yes MRC and ZF receivers (not AR-
aware)

Papazafeiropoulos et al., UL AR(1), MMSE estimation | average SINR, outage Yes MRC receiver, UL caching

[19] probability

Bjornson et al., [20] UL/DL block fading, multicell average SINR, spectral Yes multicell MMSE receiver

MMSE CE efficiency
Boukhedini et al., [21] UL/DL block fading, multicell average SINR, spectral Yes multicell MMSE receiver
MMSE CE efficiency
Sanguinetti et al., [22] UL/DL block fading, multicell average SINR, spectral Yes multicell MMSE receiver
MMSE CE efficiency
Yuan et al., [12] UL/DL AR(1), ML-based prediction channel No receiver design OoS (focus on chan-
estimation/prediction nel estimation/prediction)
quality (MSE)

Abrardo et al., [23] UL block fading, LS CE MSE and SINR Yes MMSE receiver for block fading
channels is derived; takes into ac-
count the estimated channels of all
users

Kim et al., [11] UL/DL 3GPP spatial channel model, channel No receiver design OoS (focus on chan-

ML-based and Kalman estimation/prediction nel estimation/prediction)
filter-based prediction, quality (MSE)
mobility prediction
Fodor et al., [13] UL AR(1), Kalman filter-based | MSE of received data No regularized (AR-aware) MMSE re-
channel estimation symbols ceiver, regularization is based on
covariance matrices, interference is
treated as nosie
Chopra and Murthy [24] UL/DL AR(p), Kalman filter-based MSE of the channel Yes AR-aware MMSE receiver that uti-
and data assisted channel | estimation and received lizes data-aided channel tracking
estimation data symbols, and
achievable rate
Present paper UL AR(1), Kalman filter-based | average SINR, average Yes new MMSE receiver, whose struc-
channel estimation rate ture takes into account the AR pa-
rameters and estimated channels of
all users

User-1 at the BS takes the form of [13]: CNr*1 where (t) CN (0, ) is the process noise vec-
tor and A denotes the state transition matrix of the AR(1)
1) process [3]. In this paper we will use this AR(1) model to
is a approximate the Rayleigh fading channel. We remark that the
@ parameters of the AR(1) model can be identi ed by existing

methods, such as those reported in [30]-[32]. Due to the

YP(t) = Pph(t)s™ + N()  CNr™ v,
where h(t) CNr*1  CN (0,C), that is, h(t)
complex normal distributed damn vector with mean vect
and covariance matri€. Furthermore, denotes large scale . ; ~ H
fading, andN  CN** » is the additive white Gaussian noise> auonarity ofh(t) we haveC = ACA 7 +

. o ; >
(AWGN) with element-wise variance;. C. Data Signal Model

Consideringk MU-MIMO users, the received data signal
B. Channel Model at the BS at timd is [13]:

In this papeth denotes the complex channel which is mod- K
eled as a stationary discrete time AR(1) process as in [4], [3](1)= h(t) Px(t)+
and [13]. This model can be seen as a generalization of the tagged user
block fading channel modeh(t) = Ah(tS 1)+ (t)

kh(t)  Puxk(t) +nq(t), (2)

k=2

other users
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wherey(t) CNr*1; and (he(t) CN~*1 denotes the TABLE I
channel vector, andy(t) is the data symbol of Usd¢- SYSTEM PARAMETERS
transmitted at timet with power Py. Furthermorend(_t) [ Notation [ Meaning l
CN 0, 2Iy, isthe AWGN, wherdy, denotes the identity % Nomber of MUMIMO nsors
matrix of sizeN;. Ny Number of antennas at the BS
Tps Td Number of pilot/data symbols
within a coherent set of subcarriers
. . sec CpxI Sequence of pilot symbols
D. Channel Estimation z Data symbol
. . .| Pp, P, Pt Pilot power per symbol, data power
To acquire CSIR, the MSs transmit orthogonal pilgt per symbol, and total power budget
sequences, and the BS uses MMSE channel estimation bas®d € C¥~>™»,y(t) € CNr Received pilot and data signal, re-
on (1). For algebraic convenience we de ne spectively :
h(t),h(t) € CNr Fast fading channel and estimated
channel
Y p(t) = VEC(Y p(t)) = PpSh(t) + N (t), (3) A € CNrxNr AR parameter of the channel
9(t) € CV,© € CV-XNr Process noise of the channel AR
where vec is the column stacking vector operator, TARCRSLEe SRR Fg}‘l’cessla“d, “f covariance ‘;‘a_mx
Y p(t), N (t) C»Nix1 gndS s |N, er « Nr) is e(t) € BINS Var?::fe f:lgtrzitlon error and its co-
such thatS"' s = p| N, - G, Gnve G* MU-MIMO  receivers:  generic,
Lemma 1: The MMSE channel estimator approximates the naive, and optimal, respectively.
AR(1) channel based on the latest and the previous channehl
where for t
statesas
) 51 t) h(t) C2Ni X1,
huwse(t) = C AC L0 oy, + M NSy o
PP C+ AC N x 2N,
. . E C AC CAH C+ C ,
x h(t)+ b ni) ., 4 @)
pp
Z CSE CH cNexNe - and
whereM = . 2C Fo= MO andnq) = A
- cAH® cCc T h(tS1) - Cov (1) = C+ AC C2N X 2N, @)
sTN (1) CAH C+ :
siN(tS1) -

The proof is in Appendix A. The proof is in [13]

Corollary 1: The estimated channdlyusg is a circular
symmetric complex normal distributed vectbgmse(t) E. Summary

CN(0, Ruwmse), with This section described the system model consisting of a

signal model and an MMSE channel estimation scheme. When

— H
Rumse = En,n {Mamse(t) Manse(1)} . the channel estimation is based on the current and previous

- ¢ AC g | ‘M . C channel observations (i.a(t) andh(t S 1)), the conditional
- 2Py 2Ny CAH distribution of h is complex normal with mean vector and
&1 covariance matrix according to Lemma 2, which serves as a
- C AC C+ AC C (5) starting point for deriving the optimal MU-MIMO receiver in
CAH C+ CAHR the sequel.
" [1l. DERIVING THE MMSE RECEIVER FOR
where T I TIME-VARYING RAYLEIGH FADING CHANNELS
P P . . .
We_ note that (5) is obtained from (4) using The BS the transmitted data symbols by employing a linear

Enn{h(®)h(®)"} = M andEp o {R(N("} = p Jlon,. MMSE receiverG ~ C™Nr, which minimizes the MSE

According to Corollary 1 andh(t) CN (0,C), the petween the transmitted symboland the estimated symbol
covariance matrix of the channel estimation noise when usigg; -

the MMSE channel estimation i€ = C S R yusg, Which is ) . XN
identical with the LS case discussed in [13], andtiverefore G argminEnnx{IGy Sx7}  CT7r. 9)
omit the MMSE subscript in the sequel.

Lemma 2: The channel realizatidr(t) conditioned on the
current and previous estimatégt) andh(t S 1) is normally
distributed as follows

When the BS employs a naive receiver, it assumes perfect
channel estimation, and uses the estimated channel in place of
the actual channel

G naive — th( 2phht + glNr)gl- (10)

h(t) h(t),h(tS 1 E (t)+ N 0,Z
(1) h(®),h(tS 1) ) CN 0, () As we shall see, the naive receiver fails to minimize the

channel estimation noise MSE.

Authorized licensed use limited to: KTH Royal Institute of Technology. Downloaded on October 26,2023 at 12:05:43 UTC from |IEEE Xplore. Restrictions apply.



1218 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 70, NO. 2, FEBRUARY 2022

Next, we derive the MMSE receiver vect@ that the Eyx andZy matrices that were derived in Lemma 2. To analyze
receiver at the BS should use to minimize the MSE of thte performance of this MU-MAO receiver, the next section
received data symbol of the tagged user based on the datases the results of this section as a starting point, and will
signaly. Since the BS can only use the estimated channets|culate the average SINR, as the main result of this paper,
the objective function of this minimization must only dependsing random matrix theory.
on the estimated channelgt) and h(t S 1). This MMSE
receiver can be contrasted to the naive receiver, which assumes V. CALCULATING THE SINR OF THE RECEIVED
that perfect CSIR is available. DATA SYMBOLS

The MSE of the received data symbols, as a function of the petermining the Instantaneous SINR W&h
generic linear received and the actual propagation channels

h, was shown to have the following form [33]; Based on the received signa) the BS employs the linear

receiverG to estimate the transmitted symbol of the tagged
MSEG,H =Eyn, |Gy Sx2 =G h PS§1 2 user asx = Gy . The expected energy of, conditioned on
! » Hd

H(t),H(tS 1) , is expressed as
K

2 2 H 2
* - PlG chil™+ 4GG ExneHiHmHasy X
=18 PGhS PhGH = ?P|GE (1)
K « 2 2 « 2 H 2 H
+G kPchihi + &Iy, GM, * KPIGE (O + PGZKkGT+ gGG 7.
k=1 k=2 k=1
(11) ch. estim. noise
whereH = [hy,... hg] CN *K collects the complex We can now state the following lemma, which determines

channel vector for each of thi users. We now seek tothe instantaheous SINR. .
express the MSE as a function @& and the estimated Lemma 3: Assume that the receiver emplaidSE symbol
channelH (), H (t $ 1), rather than the actual channil, estimation. Then the instantaneous SINR of the estimated data
where theH (t) and H(t $ 1) matrices collect the esti- Symbols, G ,H(t),H(tS 1) is given as
mated channels. To achieve this, we average the MSE over 3 }
hilhk(t), he(t S 1) and obtain G (),H(),H({tS1) = 2P "(HE"ITIHE (1),

3 (16)
MSE G,H(t),H(t$ 1) 5 .,

whereJ (t) J(t)S 2PE (t) "(H)E".

= Eym.nasy IMSE(G,H)} The lemma is obtained whe@ (t) (c.f. (13)) is substituted
=18 PGE § P HEHGH into (16).
K
+G 2Py Ex  "EF+Z¢ + 3y, GT, B. Calculating the Average SINR
k=1 (12) To calculate the average SINR, we rst make the following

considerations. According to (14D, (t) = «k PkEx (1).
where the (t) vector andE andZ matrices, associated withthat isbx - CN (0, ), where, x can be calculated using
the tagged user, were introduced in Lemma 2, ap(t), E,  the covariance matrix in (8) as

andZy are the corresponding terms associated with kser C. + A.C
. . . — 2P E k k k~k EH
We can now obtain the following proposition: k= kFkEk CLAH Cv+ K K
Proposition 1: TheMU-MIMO MMSE receiver vector is c
i - 2 k
given by = PxEk CLAT a7)
— ; & — hH S1
G ()= argng;m MSE G,H(t),H(tS 1) =b" (t)J>*(1), Notice that
(13) Ji()=JM) S 2PE (1) "(H)E"
whereb(t) CNr*!andJ(t) CN-*Nr are de ned as K K
= byb{ + ZPcZk + 3w, , (18)
b(t) PE (1), (14) k=2 k=1
K
() kP B () K (DER + Zu + dIn,. (15) o8 "
k=1 where CNr*Nr s a constant matrix (with measurable

Equation (13) is a quadratic optimization problem and thelements) and they vectors are characterized by the(t),
proposition presents its solution. Speci cally, Proposition by (tS 1) estimated channels. Substitutibg in (16) yields
states that the MU-MIMO MMSE receiver utilizes the esti- . &1
mated channels of all users at both timandt $ 1, and the G (t),H(t),H({tS1) =b" BB" + b, (19)
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where we recall that we drop the index of the tagged usgoint iteration converges to this solution when it is started
(User-1), that isb by. For block fading channels, ref- from the initial point « = 1/ Z(k = 2,...,K). Regarding
erence [18] suggests that the deterministic equivalent of ttiee complexity of the iteration, notice thah theright hand
SINR is a good approximation of the average SINR in th&de of (22) the term that is inverted is the same for every value
MU-MIMO system when the number of antennas is greatef k, and needs to be computed ondering every iteration
than a certain number. This result motivates us to determine 8tep. To compute this termye need to add(K) number
deterministic equivalent SINR also for our system, in whichf N, x N, matrices, and hence the complexityGgKN ?).

the channels evolve according to an AR process. As we shigixt, to invert this term, we use the well-known Coppersmith-
see, the deterministic equivalent is a good approximation of tiiéinograd algorithm of complexityO(N237). We can now
average SINR also in our case. To this end, we can now statdculate the matrix product inside the trace operation for every
the following proposition, whictcalculates the deterministicK ; once again using the Coppersmith-Winograd algorithm,

equivalent SINR for AR channels. this step has complexit® (KN 237). Finally, computing the
Proposition 2: Assume that trace for eachk has complexityO(KN ;). In conclusion,
. the complexity of one iteration step ®(KN 2 + N237 +
Nr and “N”?SUp KIN . <, KN 237 + KN ;) = O(KN 2%7). Regarding the number of

. iterations needed, by equation (111) in [34], theconverges
then, for the m;tantaneous SINR of the tagged user, OlenoE‘%‘(‘E)onentially to the xed pointConsequently, the number
as , the following holds of iterations needed to reach precisionis O(log(1/ )).

Str T X o, (20) In conclusion, calculating the SINR of a single user in a
N system withK users and\ antennas, to a precision of
whereT is de ned as is O(KN #3"log(1/ )).
S1
1 “ K By the numerical experiments reported in Section V,

T N, . 1+ * ' (21) we found that the procedure converges in less than 10 iter-

=2 ations in all investigated scenarios.
and , for k = 2,...,K are the solution of the equation

system de ned hy
. C. Calculating the Average SINR in the Case of Independent

S1
1 . 1 K (22) and Identically Distributed Channel Coef cients
= r + .
k N K N, - 1+ If the N, antennas are suf ciently spaced apart, the corre-
o _ lation matrix C¢ of the channel of Usek- can be assumed

Proof: The proof is in Appendix B. to be of the form ofCyx = ccIn, . Additionally using \ =

the that Accordlqg tp [18.]’ ko (k . 2,...,K) can l32e Skin, = 25 ° In, , based on the de nition oEy in (7)
obtained by xed point iteration starting from, = 1/ § we have kPok pk
(k = 2,...,K). Based on the above proposition, for nite
N, we can write that Ex = e&ln, el CNrx 2N (24)

tr T . (23)  where

It is worth noting that determining the average SINR for _ (G + Sk S akteay) and
a single user requires to solve the above system of equa- oc(ck + s¢ S aCd, ) + Skt + k)’
tions, because calculating for k = 1 is intertwined with 6 = A Cx Sk (25)

calculating the x:s fork =2 ...K in (22). This observation (o + s¢)2S acla,
motivates us to seek an alterivatsolution, according to which . .
calculating the SINR for the tagged user does not require OFurthermore, due to the de nition dfy in (8), we have
solve a system of equations. We note that a more restricltb(‘ji‘tzk = Zl, where
special case assuming identical user settings for the block _okSk(c + sk S ax Cxay )
fading model was studied in [18Regarding the complexity Zk = (o + s¢)2 S akcﬁak '
of determining the SINR and the number of iterations needed, -
we make the following observation. Additionally,
Observation 1: The complexity of one iteration of the xed _ ; _ 2

point iteration algorithm used to solve the systemkoS 1 €= kN With =Pl ). (27)
equations(22) is O(KN 2-¥7) and the number of iterations From (24) and the de nition ob(t) in (14), we get
needed in order to get an estimate of the SINR with error less
than or equal to some is O(log(1/ )). In conclusion, the bx(t)= K Pk ehi(t)+ exhe(tS 1) cNrx1,
time complexity of the xed point iteration algorithm used to (28)
nd the SINR of one user i®(KN >3 log(l/ )).

Proof: It is shown in [34], that the system of equations Using these de nitions, the constant matrix in the
in Proposition 2 has a unique positive solution and the xe8INR expression of the tagged user (in (19)) becomes:

(26)
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= In,,where: l'le ZPxz¢ + 3. The average From Theorem 1, the following result is immediate
SINR for the tagged usdk = 1) is then calculated as Corollary 2: Let the vectorv CN (0, I,). The
« &1 R -transform of the distribution of a randomly selected eigen-
H i i .
"= B, ket K pH bkbE . b| (29) value ofww ", denoted by , is asymptotically equal to:
k=2 lim R ; = la. (34)
n
To calculate the average SINRgtice that random matrices ] ) o
of the formw " (a.k.a. random dyads) with CN (0, I,) For nite n, Corollary 2 gives the approximatidd  (S)

(wheren is large) play a central role in (29). It has beensns » Which we will use in our proof of Theorem 2. The
shown in several important works in the eld of randonfollowing theorem, which is our main result, states the average
matrices, that the asymptotic distribution of the eigenvalu€$NR in the presence of a per user total power budget.

can be advantageously used to deal with such matrices [14]7heorem 2: The asymptotic average SINRthat is as

[16], [35]. In particular, the Stielties transform is often useflr IS the unique positive solution to the following
to characterize the asymptoticsttibution of the eigenvalues €guation

of large dimensional random matrices [14], [34], [35]. As it K N K

is discussed in details in [14], [16], [17], and [36], from a 2peze+ 3= "1 S ko (35)
wireless communications stdpoint, the Stieltjes transform k=1 k2 1+ F

can be used to characterize the SINR of multiple antenna
communication models, including the MU-MIMO interference

broadcast and multiple access channels. The Stieltjes transformproo_f: The proof IS I Appendices D and E. Speci cally,
of random variableX with cumulative cistribution function W€ Provide two alternative proofs to Theorem 2, both of which

CDF) Py (x) is de ned as rely on random matrix considerations, and have their own
( ) Pxc (x) " # % merits. The rst proof invokes the Stieltjes afr-transforms
1 1 of probability distributions (Appendix D), while the second
Gx(s) E - = - dpP . 30 . s X
x (8) X Ss « XSS x (%) (30) proof (Appendix E) uses the results in [34] and relies on

a matrix trace approximation as in the lemmas invoked by
TheR-transform is closely related to the Stieltjes transfordaoth [7] and [18].

by the following relation Notice that the :s in Theorem 2 can be easily calculated
.1 by means of (27), as long as the covariances matrices of the
Rx (s) G§1(S s) S N (31) channelsCy) and the transition matrices of the autoregressive

. process that characterize the channéis)( are accurately
where G°*(Ss) denotes the inverse function of the Stieltestimated. Therefore, the average SINR of the tagged user can
jes transform [35]. TheR-transforms are commonly usedpe calculated by solving (35), rather than solving a system of
to provide approximations of capacity expressions in largguations as in Proposition 2. In the numerical section, we will

dimensional systems, see e.g. [35], [37]. In the present wokvestigate the impact of AR parameter estimation errors on
the relationship between the Stieltjes dhdransforms will be the average SINR performance.

used to provide a deterministic approximation of the average
SINR in 29. The main reason for using thHe-transform . .
- i . . _  D. Optimum Pilot Power

is its additive property, according to whicRx+y(s) = . . . _ . _
Rx (s)+ Ry (s). To calculate the deterministic approximation, [N this subsection, we determine the optimum pilot power in
we rst prove an important theorem, which, together with it$U-MIMO systems and in MU-MIMO systems in the special
corollary concerning th& -transform of random dyads of thecase when the large scale fading components of all users are
type v H will be important in calculating the average SINRedual. By deriving a closed form expression for the optimum

in the sequel. pilot power, we learn that it does not depend on the number
Theorem 1: Let; be a bounded sequence< max such Of antennas\,. The treatment of the optimum pilot power in
that the general case, in which the large scale fading components
P _ are different is left for future work.
lim ! 2 "= (32) In the case in which each user has the same path lpss

" n k, channel covariance matri@, = C = cl k, and AR

Furthermore, letv(") be a sequence of complex normaparametem, = a k, equation (35) of Theorem 2 simpli es
distributed random vectors wit) means and covariancesto

Rn = diag( 1, 2,... n).Denote by , arandomly selected N, . KS1
eigenvalue of the dyad™ v(™ " Thenthe limit of theR - = =S (36)

transform of the distribution of , is given as follows: It follows from Theorem 2 that nding the optimum pilot

— power, which maximizes the average SINR in the SU-MIMO

lim R S _ — (33) case, that is whedK = 1, is equivalent with maximizing
n "on 1Ss . In the MU-MIMO case K > 1), we can rst state the
Proof: The proof is in Appendix C. following interesting result.
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Lemma 4: AssumK > 1 and that each user employs theProb(SINR[dB]<x)

same pilot-to-data power ratio, and, consequently, achieves Naive G

the same SINR. The optimum pilot and data powers are given imperfect CSI
as the solution of the following maximization problem AR-aware Proposed G,
G with covariances \O perfect CSI
Fani : — Conventional _ _ _ - -----""""
maF>>$'|3rFr)1|ze subject toP ¢+ Py p = Pt (37) 6 with covariances
A,,......AA_,......ANaive G,
Proof: The right hand side of (36) is strictly decreasing Troung-Heath perfect CSI
in = since O
% . & . DAY .
N, . KS1 - N, KS1 ~. Conventional G
_ _ S _ =S __+ _ with instant. Ch. Est.
1+ 2 (1+7)?
SNr + K S 1 Proposed G,
< — < 0. (38) imperfect CSI X

,Hence’ is strictly decrgasmg in the left hand side of (36):ig. 1. CDFs of the instantaneous SINR de ned in (16) when using the
with respect to , from which the lemma follows. proposed AR-aware MMSE receiver (red solid line) and previously proposed
To get some intuition behind this Lemma, recall fronMU-MIMO receivers (see Table IV). Note the signi cant gain as compared

equation (17) that is the expected power of the estimate&b’r'g;ot;‘: d’?fii‘ga;ﬁ dMW‘th'hMt'r'z'S]grzze(;"ﬁgﬁazlﬁg‘; ('si‘;epr:g:)e()r‘s%% ﬁ‘f[;}f"se
received data symbol. Furthermorer ., 2Pz + 3,
that is the sum of the data powers times the channel estimatapproximation of the average SINR when the number of anten-
errors and the power of the data symbol noise. Hence, thas is large. For the special case, when the channel coef cients
ratio /  re ects the ratio of the powers of the useful and thare independent and identically distributed, Theorem 2 gives
non-useful information arriving at the receiver. the average SINR and, by further assuming the special case
A consequence of this lemma is that the optimal pilot powef all users having the same large scale fading, the optimum
is invariant under the number of antennés, sinceN, does pilot power is given by Proposition 3. These results will be
not appear in the optimization problem 37. This observatiaeri ed by simulations and illustrated by numerical examples
will be con rmed in the numerical section (see Figure 4). in the next section.
We now state the following proposition, which will provide V. NUMERICAL RESULTS
some useful insights in the impact of optimum pilot pOWer 1o gbtain numerical results, we study a single cell
setting in the numerical section. o MU-MIMO system, in which the MSs are equipped with a
Proposition 3: In a MU-MIMO system, in which each usegjngle transmit antenna, while the BS is equipped with
has the same path loss, ard R, the optimal pilot power (aceive antennas.
is a positive real root in the intervalO, P‘:‘ of the following We study the case in which the channel coef cients are
quartic equation of the complex channel vector are independent and identi-
cally distributed as described in Subsection IV-C. The most
important parameters of this system that must be properly
where set to generate numerical results using the SINR derivation
in this paper (utilizing Roposition 2 and Theorem 2) are

Co+ C1Pp + P72 + cP2 + Py =0, (39)

ca = (a*S 1)%¢ °(K FZJS g a) S; listed in Table Ill. To benchmark the performance of the pro-
c=2(a®S1)c * J((a°S 1) cKPror 2 posed MU-MIMO receiver, we use the conventional MMSE
SK 5+2 $y) g; _receivers, see table llv[.lé]n AR—ahv_vahre r:eceiver_ wasd proposed
_ 2 2 & 112 2 4. 2 2 in our previous wor , in which the receiver does not
¢=c’5(@S 1V) CKP o *+ p((1+ &) utilize the instantaneous channel estimates of the interfering
xK 5+(a255) § ) users, but treats interference as noise through the channel
+(a? S 1) cPor 2(4K §+ (a2S1) 2 4) g; covariance matrices. In order to demonstrate the gain due to
o= 82 g((az & 1) cPot 2+ r2J+ a2 S) using the channel estimate of each user, we gompare_the SINR
5 5 _ performance of the proposed MU-MIMO receiver in this paper
(CKPwot "+ G a) p; with that developed in [13]. We also use the MRC receiver that
Co=(a+1) Pt J(CKPwor >+ § a). was used in the context of channel aging by [7]. The MRC

receiver in [7] was used (1) with MMSE channel estimation
based on the current observation only, (2) with Kalman Iter
forecast and (3) channel prediction using-@rder Kalman
E. Summary Iter. For benchmarking purposes, we will consider all three
This section developed a method to calculate the averaggiants of the scheme used by Troung and Heath in [7].
SINR in MU-MIMO systems that use the receiver proposed Figure 1 shows the CDF of the SINR of the tagged user
in Proposition 1. For the generedse, when the antenna coeffor the specic case when the number of userskis= 5,
cients are correlated, Proposition 2 gives the deterministitumber of receive antennas at the BSlis= 100 and the pilot
equivalent of the SINR and, according to (23), it gives a gogmbwer is kept xed atP, = 100 mW. Notice that the proposed

The proof is in Appendix F.
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