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Abstract—Future cellular systems will employ spatial multi- [6], linear receivers offer a significant computational reduction.
plexing with multiple antennas at both transmitter and receiverto  \We compare the performance of our selection criterion with
take advantage of large capacity gains. In such systems it will be y,56jine ML and linear receivers over the flat-fading quasistatic

desirable to select a subset of available transmit antennas for link h Lin t f bol te. Th It
initialization, maintenance or handoff. In this letter we present channel in terms of symbol error rate. € results are sur-

a criterion for selecting the optimal antenna subset when linear, Prising—with as little as one extra antenna—subset selection
coherent receivers are used over a slowly varying channel. We can dramatically improve the performance of linear receivers.
propose use of the post-processing SNR’s (signal to noise ratios) of  Selection has been considered in the past in the context of
the multiplexed streams whereby the antenna subset that induces o1 transmit and receive diversity [7], [8]. Selection for mul-
the largest minimum SNR is chosen. Simulations demonstrate . . . . .

that our selection algorithm also provides diversity advantage t|pIe-trarlsm|t multiple-receive antenna sy.st(.ems was first pre-
thus making linear receivers useful over fading channels. sented in [5] based on an argument that it increases capacity.
The selection criterion proposed therein is based on Shannon
capacity and does not readily apply to spatial multiplexing with
linear receivers. Use of output SNR to adapt rate in MIMO sys-

tems can be found in [9].

Index Terms—Diversity methods, MIMO systems, modulation,
smart antennas.

. INTRODUCTION

ULTIPLE-TRANSMIT multiple-receive antenna links Il. DATA AND CHANNEL MODEL

are increasingly important because of their potential for ~qnsider a spatial multiplexing system witf, transmit

extremely high spectral efficiencies [1]. One example OfaSpéﬁtennasM,, receive antennas, andla : M (M, > M,
tial modulation technique for such MIMO (multiple-input mul-5, -~ M) multiplexer. The channel is flat-fading and slowly
tiple-output) systems is known as spatial multiplexing [2], [3]- Hime varying. It is unknown at the transmitter but is known at
obtains high spectral efficiencies by dividing the incoming daige receiver. A low bandwidth, zero-delay, error-free feedback
into multiple substreams and transmitting each substream ofy& provides limited channel information from the receiver to
different antenna. The substreams are subsequently separat ansmitter.
the receiver by means of various techniques [2], [3]. _ The spatial multiplexer works as follows. At one symbol time,

Mobiles in future cellular systems supporting spatial multiy ; input symbols with unit energy, and from the same constel-
plexing [4] will be capable of receiving substreams from m“\'ation, are multiplexed to produce thé/( x 1) vector symbol
tiple transmit antennas on one or more base stations. Sim“E,?‘for transmission oveR/ transmit antennas. The subset of
neous transmission from all available transmit antennas may pe M, transmit antennas is determined by a selection algo-
difficult due to hardware costs [5]. It is therefore of interest tgnm operating at the receiver. Via the feedback path, the re-

select a subset of available antennas for transmission. Selecggﬂler sends the transmitter the optimal supset?, whereP

can occur upottink initialization, when the mobile determinesig the set of all possibl 1]\\4;) subsets of transmit antennas.

from which antennas it wishes to receive substreamslifar | ot 1y denote thelZ, x M, channel matrix and |diL,, denote

maintenancevhen substreams are shifted to alternate antenngg i/ A7 submatrix corresponding to transmit antenna subset
as the channel changes, and fartial handoffof some of the p. The corresponding received signal is

substreams between cells as the mobile moves.
In this letter we propose a selection criterion based on output E,
SNR for selecting a subset of transmit antennas for spatial Xn = \/%Hpsn + Vi
multiplexing systems that employ linear receivers. Although
maximum likelihood (ML) receivers have superior performanceherex,, is M, x 1 and the noise vector,, is M, x 1. The
normalization is such that the maximum total power transmitted

i ) ) ) ___onM antennas at one symbol time#s. The entries of,, are
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[ll. PERFORMANCEANALYSIS one minus the probability of no errors and in (9) we upper-bound
tg}s quantity byFy, .. := ming Fy. For low values ofF;
we get the approximation in (10) and apply the NNUB (nearest
neighbor union bound) to obtain (11).
At the receiver, the performance in (11) is a function only

of SNR,;,- Computation o6NR,,;, requires a search over all

min !

First we derive expressions for the post-processing SNR
each of thel multiplexed streams. Le§;; be thekth row of G
andhy, be thekth column ofH,,. From (2) the post-processing
SNR of thekth stream is

* 2
= E|gribs| ) 3) equalizersg;, in (3) for all channel subsets € P in (1). In
MNo|lgxl|? + E. Y _|gih; |2 (7) we provide a lower bound fd8NR,,;, that only requires
J£k searching over all subsetsc P.
For the MMSE (minimum mean-square error) receiver,
G = [H;H, + No/E.Iy]~*H}, wherex denotes the Hermi- IV. ANTENNA SELECTION CRITERIA
tian. After some computation (3) simplifies to Performance of spatial multiplexing with linear receivers
(MMSE) E, depends on théNR,,, induced by the particular subset
SNRy = - — L. of transmit antennas as shown in (11). One antenna subset
MNO[H;HP + No/EIni :

selection criterion (SC) is therefore obtained as follows.
For the ZF (zero-forcing) receivés = HJ, the pseudoin-  SC1—Maximum Post-Processing SNIRor every subset of

verse ofH,, and (3) simplifies to transmit antennag € P computeG and the corresponding
E SNR.in. Choose the subset with the larg83iR ;.
(ZF) _ s . . . .
SNR;; — (4)  Computation of the above requires first the equal@ethen

- .
M No[HyH,| 5 the SNR.uin. An alternative selection criterion, based solely on

An approximation to (4) can be obtained as follows. AéA) the channel, follows from (7).
denote singular values of matrix. Then SC2—Maximum Minimum Singular Valu&or every subset
of transmit antenngs € P computel,,;, corresponding tdd,,.

s *[HH, |y = max ej [HH,| e ®)  choose the subset with the largast;,.
< max x* [H;Hp]—lx 'Finlally, for referepce we provide the capacity-based selection
llzll”=1 criterion proposed in [5].
= Amax((HyH,] ™Y SC3—Maximum CapacityFor every subset of transmit an-
=2 (H,) (6) tennagp € P computeC, :=logdet(Iy + £,/ MNoH H,).

Choose the subset with the larg€st
whereey, is the kth column ofI,; and (6) follows from the  Note that SC3 is based on a general capacity formula and is
Rayleigh-Ritz theorem. This result can then be used to bouqgk specialized to linear receivers. We expect that for certain
(4) as channels optimal selection in terms of capacity will yield subop-

(ZF) ) E, timal performance for the linear receivers under consideration.
S1\IR’miH 2 )‘min(Hp) MN. (7)
which is a simple function of the channel. The expression in (7) _ . _ o _
confirms the intuition that the performance of linear receivers In this section the three selection criteria are compared via
should improve as the smallest singular value of the chanfdpnte Carlo simulations. Following in the previous devel-

V. SIMULATIONS

increases. opment, performance is measured in terms of VSER (vector
Now performance in terms of symbol error rate can b&ymbol error rate) for a frame of 100 vector symbols from QAM
computed as follows. Defin6NR,,;, := min, SNR, and constellations averaged over 10000 frames. The coefficients

Euin := argminy, SNR;. Depending on the input constella-0f channelH are i.i.d. (independent, identically distributed)
tion, the exact probability of symbol errdt, can be computed circular complex Gaussian random variables with variance 0.5
from published formulas [10] for a givesINR;,. We write the in each dimension, i.eh;,; ~ CA/(0, 1). Channel realizations

probability of vector symbol error (probability that at least ondre i.i.d. from frame to frame. In the following, let x Y
substream symbol is in error) as denote a spatial multiplexing system with transmit antennas

v andY receive antennas. We consider the following pairs23

p_q_ H(l _ P ®) 4 x 2, and 4<3. For anX x Y system} antennas are selected
N Pt * at the transmitter using each of the three selection criteria
- M (SC1 to SC3). Due to space constraints we consider only the

<1-(1-Ph,.) 9 : . i
ZF equalizer. Similar performance improvements have been
~M Py, (10) observed with the MMSE receiver. For reference we compare
2 with three baseline techniquesx1, 2x2 ML, and 2x2 ZF).
<SMN.Q SNRmin—Q (11) In Fig. 1 we plot the VSER for ax32 system at a spectral

efficiency of 4 bits/s/Hz. Without additional transmit antennas
whered? . is the squared minimum distance aNd is the av- to choose from, the 22 ZF system does not obtain any diver-
erage number of nearest neighbors of the per-antenna constaiig- advantage over thexil system. With optimal selection,
tion. In (8) we rewrite the probability of vector symbol error akiowever, the 32 linear system obtains a diversity advantage
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Fig. 1. 3x2 system.
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Fig. 3. 4x3 system.

ceiver withM = M, streams andV/; transmit antennas is
M, — M + 1. Proof of this conjecture is currently under in-
vestigation.

VI. CONCLUSIONS

Future multiple-antenna cellular systems will employ spatial
multiplexing to take advantage of large capacity gains. In such
systems it will be necessary to select from a plurality of transmit
antennas during link initialization, maintenance, and handoff. In
this letter we derived an SNR-based criterion for antenna selec-
tion when a linear receiver is used. We showed via simulations
that antenna selection is also an inexpensive way to obtain di-
versity over a multiple antenna fading channel. Availability of
additional transmit antennas for selection can therefore improve
the performance of linear receivers in MIMO systems.

Fig. 2. 4x2 system.
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