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Abstract

Multiuser spatial multiplexing is a downlink transmission technique that uses linear transmit pre-
coding to multiplex multiple users and pre-cancel inter-user interference. In such a system the spatial
degrees of freedom are used for interference mitigation and generally come at the expense of diversity
gain. This paper proposes two precoding methods that use extra transmit antennas, beyond the minimum
required, to provide additional degrees of diversity. The approach taken is to solve for a unitary transmit
precoder, under a zero inter-user interference constraint, that minimizes an upper bound on the symbol
error rate (SER) for each user. Solutions where all transmit antennas are employed as well as subsets of
antennas (to reduce analog components) are described. Numerical results confirm a dramatic improvement
in terms of SER and mutual information over single user MIMO methods and static allocation methods.
For example, the proposed techniques achieve an SNR improvement of 6-10 dB at an uncoded SER of
103, with only one extra transmit antenna.
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. INTRODUCTION

Multiple-input multiple-output (MIMO) communication [1]-[7] is widely acknowledged as the key
technology for achieving high data rates in bandwidth constrained wireless systems. While initial interest
was focused on single user links, more recently there have been a number of investigations in multiuser
MIMO communication [8]-[13],[25]-[38]. In this paper, the downlink of a multiuser spatial multiplexing
(MUSM) communication system is investigated where antenna arrays are used at both the base transceiver
station (BTS) and ak’ mobile users. Data streams to multiple users, which are pre-multiplied by specially
designed precoding matrices, are broadcast to all mobiles simultaneously over the same frequency band.
The transmitted data can be jointly detected over all mobile users, or independently at each user subject
to interference from co-channel users. This paper considers the latter more practical scenario where no

cooperation exists between mobile terminals.

The investigated MUSM system is an example of the MIMO broadcast (MIMO-BC) communication
problem, for which the capacity region and maximum achievable sum-rate have been intensively investi-
gated in recent years. Pioneering work on MIMO-BC capacity included [8]-[10] which investigated the
special case of a single receive antenna per user, and [11]-[13] where multiple antennas are employed at
each mobile terminal. The optimal technique that achieves the maximum sum-rate capacity of the MIMO-
BC channel is the so-called “dirty-paper coding” (DPC) approach [14], by which multiuser interference
is non-causally cancelled at the transmitter. Despite its significance from the information theoretical point
of view, the DPC approach is not considered practical due to the abundance of accurate channel state
information (CSI) required instantaneously at the transmitter, and its sensitivity to CSI imperfections. If
interference cancellation is not performed at the transmitter as in DPC, then the receivers presumably
have to handle the multiuser spatial interference and cancel it in some way. Prior research on interference
cancellation of multiuser MIMO systems has primarily focused on the uplink [15]-[16] since complex
receivers are really only viable at the BTS and the mobile units must be inexpensive and low-power.
This motivates the precoding approach, in which the BTS assists in the interference cancellation process
so that simple linear receivers are viable at the mobile units.

Due to the low-complexity realization at the mobile unit, and the large diversity gain, precoding for
MIMO systems — also referred to as “closed-loop” MIMO where CSI is known at the transmitter—
has been a subject of much recent interest. Extensive results are available for single-user precoder
design, e.g. [17]-[24]. Relatively fewer results exist on multiuser MIMO precoding. One category of

multiuser precoders allow some inter-user interference and apply beamforming to support multiple users
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[25]-[30]. The iterative nature of such algorithms, however, usually results in huge complexity, and
the residual co-channel interference (CCI) at mobile still necessitates some CCI cancellation to ensure
satisfactory error performance. Perfect interference cancellation requires more transmit antennas and
is generally suboptimal in terms of sum capacity [36], but it enables simpler precoder design and
allows for low-complexity mobile device [31]-[33], which is a very attractive feature for practical
systems. In [32], an iterative joint channel diagonalization (JCD) approach was proposed to avoid the
CCl, but only the necessary condition for the existence of channel diagonalization was provided, and
the complicated iterative algorithm was not theoretically proved to converge universally. Another CCI
cancellation approach is the block diagonalization (BD) method in [31], which diagonalizes the multiuser
MIMO channel non-iteratively, followed by a conventional water-filling module to maximize the sum
capacity. The BTS must have a minimum number of antennas to ensure complete interference cancellation.
These works aimed to achieve the optimal capacity from an information theoretical point of view, subject
to zero-interference constraint achieved by different interference cancellation approaches. The diversity
gain which is critical for combating fading and link-level error performance, was not addressed.

In this paper we derive linear precoders for MUSM, under the special scenarios where the BTS has more
antennas than strictly required for interference avoidance. In contrast to the capacity optimization in the
previous work, our work studies the precoder design from the link-level error rate optimization perspective
with a fixed number of substreams, since it is also an important factor in practical system besides the
Shannon capacity. Two cases are studied, where (1) there are the same number of RF (radio-frequency)
units as antenna elements; (2) a limited number of RFs are available and the BTS transmits over a subset
of the available antennas. For the first case, a two-step unitary precoder design in the Stiefel manifold
framework is proposed, which includes both interference cancellation and symbol error performance
enhancement by selection diversity. The first step is to identify a group of unitary downlink precoding
matrices at the BTS that perfectly avoid interference at mobile terminals. A QR decomposition based
method is proposed to meet the zero-interference constraint, which has lower computational complexity
than approaches in [31]-[33]. In the second step, an enhanced space-time precoder with eigenmode
selection is proposed to minimize a symbol error rate (SER) upper bound. Based on the signal-to-noise
ratio (SNR) bounds in [43][55], eigenmode selection is proposed to optimally bound the SER of each
user by performing a secondary singular value decomposition (SVD) and allocating data to the optimal
set of eigenmodes. It turns out interestingly that the optimal strategy is similar to the approach in [31],
however, it is derived from SER optimization goal instead of the capacity maximization purpose. The

SER and capacity performance of the proposed method is carefully compared with the existing methods.
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The advantages of MUSM over time division multiple access (TDMA) in terms of asymptotic capacity
have been addressed by Shaifal. in [34], Jindalet al. in [35], and Yooet al. in [36] and noting
that zero-forcing beamforming is a special case of MUSM with single-antenna terminals. In addition, the
precoded MUSM system provides a natural framework for multiuser diversity, in which extra users are

present and the best subset of users for transmission are scheduled optimally [36]-[38].

If a limited number of RF units are available due to cost constraints, an alternative to the optimal
eigenmode selection procedure is to switch appropriately chosen antenna elements from the array to the
available RF chains. Since antenna elements are much cheaper than RF devices, performing antenna
selection will substantially decrease the system cost. Antenna selection can be performed at either the
receiver or the transmitter [39]-[44], in an effort to achieve capacity maximization [39][40], or error
performance optimization with practical signaling schemes [43][44]. Prior work on antenna selection
has focused on single-user systems, while antenna selection techniques for multiuser systems have not
been well studied. In this paper, we propose an antenna selection technique for MUSM in the context of
unitary precoding, and extend the single-user selection in [43] to the multiuser scenario. Two selection
criterion are proposed, which minimize the SER and maximize the sum capacity, respectively. Even
though antenna selection is suboptimal compared with eigenmode selection, simulation results will show

that a large portion of the diversity is still obtainable with this low-cost option.

The rest of the paper is organized as follows. In Section Il the channel and system model of the MUSM
system are introduced. In Section lll, the unitary space-time precoder design for interference avoidance
is proposed, and in Section IV the eigenmode selection technique for SER optimization with various
linear and non-linear receivers is proposed, and performance analysis of the SER and sum capacity is
provided. In Section V, the antenna selection criterion for multiuser MIMO is discussed and two selection
algorithms are proposed. Numerical results in Section VI demonstrate the performance improvements that

can be achieved with the proposed technigues. Conclusions are given in Section VII.

II. PRELIMINARIES AND SYSTEM MODEL

In this section we describe the notation that will be used throughout this paper. Then we discuss the
narrow-band channel model and the multi-user precoding signal model under consideration. All vectors

and matrices are in boldface, with matrices capitalized.
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A. Notation

« Let ® denote a complex matrix, ar”, &7 and®' denote the transpose, conjugate transpose and
Moore-Penrose pseudo-inverse ®f respectively.

« ®(J) denotes thei, j)"* element of matrix®.

« We denotes the vector space spanned by the columnB ahd Wz denotes the complementary
subspace oiV.

« vec(®) denotes the vector produced by stacking the column® oh top of each other.

o diag{1, ¢, ..., ¢, } denotes a x n diagonal matrix with diagey, ¢s, ..., dn } 4 = ¢;.

« & denotes expectation with respect to random variable

« The trace of an x m square matrix® is expressed as (®) = >/, &),

« The Frobenius norm of @ x n matrix ® is ||®||%. = tr (8®7) = Y7, [\(®)[?, wherer =
rank(®) < min (m,n) and{\;(®)};_, are the singular values @b.

« The singular value$); (®)}"_, are non-negative for arbitrary complex matfx as shown in [52].

o U(n, k) is the collection ofn x k& complex matrices with unit-norm orthogonal columns, which is

commonly known as the Stiefel manifold.

B. Channel Model

Consider the downlink transmission of a point-to-multipoint (PMP) wireless link as illustrated in Fig. 1
with M. transmit antennas\/; RF chains at the BTS, anld mobile users where thie” user has\/p i,
receive antennasg; = 1,2,..., K. A narrow-band flat-fading channel is assumed, which is satisfied if
orthogonal division multiplexing (OFDM) is employed, as is widely expected in future MIMO systems.
The channel transfer matrix from the BTS to ti& mobile station (MS) is given by a complex matrix
H;, € CMrxxMr whereHﬁf’j) denotes the channel fading coefficient from jHetransmit antenna to the
it" receive antenna of usér We assume that both the BTS and MSs experience sufficient local scattering,
thus the entries oH,; are samples of an i.i.d. (independent identically distributed) zero-mean complex
Gaussian process with distributi6GVv'(0, 1). Channel degeneracy due to keyhole channel [58], or extreme
correlations are not considered in this paper, #hdhas full rank (i.e. rankKH) = min (Mg i, Mr))
with probability one. In addition, we also assume that the chan{iﬂl@}f:1 experienced by different

H
MSs are independent, and the composite channel rrHIrtx( HI! HY ... HE ) has full rank.
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C. Signal Model

The BTS broadcasts data to &l users simultaneously over the same frequency band. The data from
the k*" user is demultiplexed intdV;, < Mp . data substreams, whefér ;. upper bounds the maximum
number of substreams that can be detected with a linear receiver. At a discrete time instant (we drop the
temporal index for simplicity), the spatial multiplexer of th& data branch generates\§,-dimensional
vector symbolx;, = [z 1,Zk2, ,:c,C,Nk_]T, where symbolsey ;(k = 1,...,K;i = 1,...,Nj) are

chosen from the same constellation Set-or convenience we assume no error correction coding and a

Es,k
Ny

uniform allocation of power across the substreams for each useRj,e= Sx{xkka } = I, where

E; is the sum powerf ; = %ES is the power allocated to the’ user. As will be shown in
the next section, the proposedgrecoder decomposes the multiuser MIMO channel into multiple parallel
single-user MIMO channels, therefore a separate power allocation/bit loading module can be concatenated
to the proposed precoder as an outer block for each user. Since the main objective of this paper is to
demonstrate the precoder’s interference avoidance and diversity enhancing capability, a simple uniform
power allocation model is used for brevity. Adaptive power allocation will be addressed Section IV.

At the BTS, the symbol vector for the'" user is multiplied by al/; x N, precoding matrixT},
and summed with the precoded signals from the other users to produce the composite transmitted vector
S, Trxy. Each precoding matrix ifT;.};—, are chosen from the Stiefel manifold( Mz, Ny,). This
implies thatTkHTk = In,,Vk, i.e., Ty has orthonormal columns, which was also used in [31][33]. The
unitary property forces the power per stream to be a constant thus does not alter the uniform power
allocation strategy. As discussed above, adaptive power allocation can be achieved by concatenating a
power adaptation module to our proposed precoder. In that case, the unitary constraint is generalized to
the sum power constraint in [18] and [22], and is discussed in Section IV.

Neglecting symbol timing errors and frequency offsets, Mg ,-dimensional received signaj at the
k' terminal is a superposition of th& signal branches distorted by channel fading plus additive white
Gaussian noise (AWGN)

K
r, = H,Tix, + H; Z Tij +n, = H.Tyxp, + 25 + ng. (1)
J=1.j#k
The AWGN noise on thé'" user's receive antenna array is given by, which follows the complex
i.i.d. Gaussian distribution a® (0, N,I). The CCI component on thé" user is represented ag.
Throughout this paper, it is assumétﬂk}kK:1 is perfectly known at the transmitter to design the
precoding matrices and perform antenna selection. It is assumed that each receiver only has knowledge

of its own channel. The assumption of perfect CSI has been widely used in many existing literature in



CHEN, HEATH, ANDREWS, TRANSMIT SELECTION DIVERSITY 7

MIMO precoding [17]-[22] and multiuser MIMO system [8]-[14],[29]-[36]. It can be fulfilled by channel
estimation in time-division-duplex (TDD) systems (e.g. IEEE 802.16, [47]), or feedback in frequency-
division-duplex (FDD) systems.

The precision of channel estimation/feedback at the BTS plays an important role in the accuracy of the
precoding matrices, and hence the error performance and achievable sum data rate. Factors impacting the
accuracy of channel knowledge include Doppler shift, the number of transmit/receive antennas, feedback
delay, etc. In TDD systems, channel estimation at the BTS has to be carried out more frequently if
the Doppler spread is significant and the channel varies at a higher speed. A larger transmit/receive
antenna array also necessitates more precise channel estimation. Similar conclusions can be made for
FDD systems. In [48], the performance analysis of multiuser space-time coded MIMO system with unitary
precoding was provided, where a SER and BER upper bound were derived. Similar analysis for multiuser

spatial multiplexing system is an interesting topic for future research.

I11. TRANSMIT PRECODING FORINTERFERENCECANCELLATION

The goal of multiuser MIMO downlink transmission is to achieve high data rates by using spatial
division multiple access (SDMA) to serve multiple users at the same time. Since the data to multiple
users are simultaneously transmitted and the spatial channels are not exactly orthogonal, CCI constitutes
the major performance impairment. Recent information theoretic results reveal that when the interference
is non-causally known at the transmitter, DPC is able to achieve the maximum sum-rate capacity of the
MIMO-BC channel, at the expense of a very complicated binning strategy which has to be realized using
nested codes [49]. Tomlinson-Harashima precoding, which was originally developed for intersymbol
interference pre-cancellation, has been shown able to achieve capacity close to DPC, but it suffers
from several shaping and power losses [50]. A combined beamforming and coding technique for known
interference to achieve sum data rate of MIMO-BC channel was proposed in [51]. Several transmitter-
based CCI pre-cancellation techniques have also been proposed recently, e.g., the BD [31], the JCD [32],
and the transmitter pre-processing [33]. The basic idea behind these techniques is to use a large number
of transmit antennas to orthogonalize the signal, followed by water-filling to optimize the capacity. In
the following section, we briefly review the BD approach [31], and propose the first step of our precoder
design that is used as the baseline for the eigenmode selection. The objective of this step, similar to
[31]-[33], is to diagonalize the multiuser channel and eliminate CCI. This is implemented with standard
QR decomposition that has lower complexity and numerically more stable than previously proposed

algorithms, which will be discussed accordingly.
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A. BD for Interference Cancellation

The BD approach seeks to find the precoding mzsltri{dﬁ‘ﬁ}kl’(:1 such thatH,T; = 0,Vj # k.
For simplicity, denote the congregate interfering channel transfer matrix (CICTM) ofkuss;, =

(H{f ka{1 HI

H
1 HZ ) . The zero-interference constraint is re-expressed as

H.,T,=0, Vk=1,... K. (2)

Denote the SVD ofH, asH; = Ui( =, 0 )( vl Vo )H, where V;, = ( Vi VY ) €
U(Mr, Mr). Matrix X, is the 7, x 7, diagonal matrix containing the, non-zero singular values of
H,;, and VY contains the singular vectors corresponding to the zero singular values. Since the columns
of V¢ span the null space @y, constructingT;, with N, columns of VY will automatically satisfy the
zero-interference constraints. Assuming that the matrix channel is full rank, which occurs with enough
scattering with probability oney,. such singular vectors exist provided that the transmit array size satisfies
My > Zf:L it Mg j + Ni. In case the channels are not full rank, the transmit array constraint will be
in terms of channel ranks and is in fact less restrictive. Since this occurs much less frequently we do not
elaborate on this condition here. For future reference note that such precoding matrices are not unique,

because right multiplication by an arbitrary unitary matrix will also satisfy (2).

B. Multiuser Downlink Precoder

The interference cancellation step of our proposed precoder is implemented by enforcing the orthog-
onality in the matrix channel of each user, i.e., by projecting the interfering data branches onto the
complementary subspace spanned by the desired users’ ciinrihis projection method has also been
followed in [31][33] with SVD approach. In this paper we propose to use standard QR decomposition
to allow for a quicker solution for interference cancellation.

Note that for an x m matrix ® wheren < m, we have® (I — ®®) = 0. Hence, we can simply
constructT';, as a linear combination of the column basis vectoréIo# I_{,tﬁk) which can be obtained
by the Gram-Schmidt Orthogonalization (GSO), or the standard QR decomposition which has several

numerically stable solutions. Write the QR decompositiod efI_{ZI_{k as
. _ R
- HH, = QR = (Q Qk)<0’“>, 3)

whereQ ¢ U (MT, Mp — ZJKZL#,C MRJ) contains the basis of the complimentary subspadé’gfr.
Ry is an upper triangular matrix of dimensic(rMT — Zf:L#k MR,j) x M. To reflect the fact that
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right multiplication of unitary matrices preserve both the orthogonalization and unitary properties, write

the precoder as

Tj = QiDg, (4)

whereD; € U (MT — Zfﬂ#k Mg ;, Nk> , Vk=1,..., K are unitary eigenmode selection matrices.
When (2) is satisfied, the interference at each mobile receiver is perfectly avoided. Substituting (4)

into (1), the received signal at thé" user is obtained as

K
rp=HTexp + Hy > Tyx; + ng = Hyxy + 1y, (5)
j=Litk

where theMp ;. x N;, matrix H, = H, T}, is the equivalent channel transfer matrix to termihaNote
that the multiuser MIMO channel is decoupled intoparallel non-interfering single-user MIMO links.

Each user operates in its corresponding single-user link independently without affecting other links.

C. Complexity Analysis

The complexity of the previously proposed precoder design [31] is based on the SVD of the matrix chan-
nelH, = ( v/ ... g, wY, ... HY )H,which has a complexity aP (max (p*q, pg?, ¢°))

(see pp. 254, [52]), wherg = Mr andq = Z;il,#k Mg ;. To completely cancel the interference, the
system must satisf§/r > maxy, (Z]K:Lj;ék MRJ) (see [31]), hence the computational complexity turns
out to be© <M% maxy, (Zﬁil’#k MRJ)).

The complexity of the proposed precoder is mainly determined by the Moore-Penrose pseudo-inverse
H| — H, (H,A7) "', and the QR decomposition &— H|H;. The complexity of the most efficient
pseudo-inverse operation fOIIOV@((man Zf:u;ék MRJ)w) where2 < w < 3 [53]. The complexity
of QR decomposition of — H H;, is lower than®© ((maxk Sk MRJ)?)) by a factor of 1.3-1.4
[54]. Since My > maxy (Zf:l,j;ék MRJ), the proposed algorithm has slightly lower computational
complexity than the SVD-based approach. In addition, the QR-based method are generally much more
stable and accurate numerically [52][65].

The approach in [32] follows an iterative SVD operation of a smaller size interfering matrix, so the

computational complexity cannot be directly compared to our approach.

IV. TRANSMIT PRECODING WITH EIGENMODE SELECTION

The previous section reviewed the BD approach [31], which is a transmitter-based interference can-

cellation technique for multiuser spatial multiplexing, and then proposed a different multiuser precoder



10 SUBMITTED TO IEEE TRANS. SIGNAL PROCESSING

design based on QR decomposition. After the interference pre-cancellation at the BTS, each user operates
in a single-user MIMO link. In this section, we show how to improve the system error performance by
selecting the proper spatial eigenmodes when extra transmit antennas are available. Because the SER
performance of single user spatial multiplexing with linear receivers is a function of the effective SNR

of each substream after precoding, in this paper, the optimization objective is to maximize the post-

processing SNR, which is equivalent to minimizing the SER.

A. SNR Lower Bound

Previous work has shown that the post-processing SNR of single-user spatial multiplexing systems
with linear receivers is lower bounded by a monotonically increasing function of the minimum singular
value of the equivalent channel [43][55]. For mobile user with zero-forcing (ZF) receiver, the minimum

post-processing SNR per stream after decoding is bounded by

Eq
SN Rpin > .k i=1,... Ny (6)

< G
NkNOman{(TkHHkHHka) }

For users with MMSE receiver, the minimum SNR is lower bounded by

E
NkNo

2
NN, .
SNR ()\mm(Hka)Jr i ) 1, i=1,... Ny (7)

Es,k

A similar bound exists for the non-linear successive interference cancellation (SIC) based receivers,
e.g. V-BLAST [3]. It decodes the substreams sequentially, where the receiver decodes earlier substreams,
subtracts its interference and then decodes the later substreams. The performance of V-BLAST receiver
is mainly dependent on the first substream, which has the lowest diversity gain. Narasimhan derived a
SNR lower bound for the V-BLAST receiver in [55], which has the same form in (6).

As a result, we can effectively reduce the maximum SER by increasing (H; Ty ), for a variety

of linear and non-linear mobile receivers.

B. Eigenmode Selection

Given that the squared minimum singular value of the equivalent ch&hii€}. lower bounds the per
stream SNR, the objective of eigenmode optimization is to choose the optimum precodingTajix

that maximizes the minimum singular valug,;,, (H;Ty).
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Problem Statement

Based on the bound in (6) and (7), find a precoding matrix

Tk,opt = arg Tkeﬂrjr(l]%[)iNk) )\mm (Hka) (8)

subject to the unitary constraint

T, € UM, Ny), k=1,2... K (9)
and the zero-interference constraint

H,T,=0, i,k=1,2,....K, i #Fk. (10)

SinceT;, = QD) andQj, is fixed, the above optimization problem is equivalent to seleding,,
to maximize,,;, (HxQxDy). This problem relates to how the right multiplication of a tall matrix with
unit-norm orthogonal columns will affect the minimum singular value of matrix, where the following
theorem will prove useful:

Theorem 1:(Horn & Johnson[65]) Let A,, ben x n Hermitian matrix, and- < n be a given integer.
Let U =[u;---u,] € U(n,r) andB, = U¥ A, U € C"™*". Arranging the eigenvalues of,, andB,. in

decreasing order, then we have

pe(An) > ue(Br) > pieyn—r(An), k=1,2,...,1 (11)
The detailed proof is given in [65]. An extension of this theorem is derived in the following corollary.
Corollary 1: Let ® be an x m matrix wheren < m, andr < n be a given integer. LeU =
[u; ---u,] € U(m,r) be arbitrary unitary matrix an@ = ®U € C"*". Arranging the singular values

of & and & in decreasing order yields

Ae(®) > A( D) > N (@), k=1,2,...,1. (12)

Proof: The corollary is proven by denoting = ® ® and substitutingy, (A) = A} (®), u, (UFAU) =
AZ (®U) into the above theorem, recalling the non-negativity of singular values. O

The benefits of choosing the optimBl; ,,; can be explained as follows. If the system uses more
transmit antennas than required for interference cancellation, the equivalent channel after precoding
generates;, = rank(H;Qy) spatial eigenmodes, more than the transmitted data substreams >.6V.
Arranging the eigenmodes with respect to their gains in decreasing order, the Datrletermines
which set of eigenmodes are selected and how the power/substreams are allocated. Because the SER
performance is upper bounded hy,;,, (H;xQxDy), a good strategy is to select thg, eigenmodes with

the largest gains. Mathematically, as;, (H;QxDy) is a variable and upper bounded by mgh largest
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singular values oH;Q., selecting the firstv, eigenmodes automatically achieves this upper bound for
Amin (HpQrDy). It is interesting to note that the selection of the optimum set of eigenmodes was also
developed in [31], whereas for capacity optimization goal. The number of selected eigenmodes in [31]
is a variable determined by water-filling, while we %, and consider the SER optimization.

Accordingly, the benefits of eigenmode selection depend on the number of spatial eigenmodes, which
is a function of the system antenna configuration.

Lemma 1:The k' user has

K
T = rank(Hka) = min MR,kv My — Z MRJ‘ (13)
i=1,i£k

spatial eigenmodes to transmit it§, data substreams.

Proof: H is a matrix of sizey"[*, ,,, Mr,; x My, and (I — HF,) has QR decomposition as
QrRy. Since(I — f{LfIk) is a projection matrix with ranKMp — 2521,1‘7% Mpg;), the rank ofQy is
(Mp — Zfil,#k Mp,;) as well. Also, becaus@);, is a function ofH,, and independent dfl;, the rank

of H,Q,. satisfies the condition specified above. O

Lemma 2:To improve the SER performance by using eigenmode selectionk‘theiser’s receive

antenna number should satisfy

MR,k > Nk (14)

Mp— K e MR > Ni. (15)
Proof: The proof of this lemma is straightforward, as this specification ensures there are more eigen-
modes than data streams. O
In this paper, we limit the:!" user transmission rate such that the number of data substi¥ariss
not more than its receive antenna numbég, .., i.e., N, < Mp . Otherwise the MIMO system will be
rank-deficient and the performance with linear receivers is significantly degraded. To enable eigenmode
selection, thek*" user must have at least one additional antenna to satisfy (14), and the BTS must have

enough antennas to satisfy (15).

C. Unitary Precoder for Optimal Eigenmode Selection

In the previous section, we presented the eigenmode selection technique and specified a necessary
condition to achieve the benefits of eigenmode selection. In particular, Whep > N, and Mp —

ZJK:L#,C Mg ; > Ng, the k" user has sufficient spatial eigenmodes to perform eigenmode selection. In
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this case the best strategy is to transmit the data over a g€} @igenmodes with the largest channel
gains.
Denote the SVD o, Q; as
H, Q) = U,x, VI (16)

where Uy, € U(Mgy, ), Vi € UMy — Zle,#k Mg j,m1), rank r is given in (13), and®; =
diag{A\x 1, k.2, ..., Ak b IS the diagonal matrix consisting of all the singular values in descending
order. As discussed in the previous section, the design objective is to maximize the minimum singular
value of the equivalent channel, i.8,,;,(H;QxDy). According to the theorem and corollary in the last

section, i, (HrQrDy) < A\xn, and the equality holds when

Diopt = arnge%lgi(Nk))\min(HkaDk):Vk,[lsz] 17)

whereVy, 1.y, denotes the firstvy, columns of V.. An optimal precoding matrix is given

Tropt = aTngeﬁfjl(l]%éNk)/\mm(Hka):kak,[lsz]- (18)

Recall that the precoding matrix is not unique since performance is invariant to right multiplication by
a unitary matrix. Note that i/, = Ny or M7 — ZJK:L#,C Mg ; = Ny, it is infeasible to perform
eigenmode selection for thg” user, and in such a case the precoding méalijxis chosen a®);.

The unitary characteristics of the downlink precoder allow for a straightforward analysis on the link-
level SER.

Lemma 3:For a K-user spatial multiplexing system with/z transmit antennas antl/z ;, antennas
at the k" user, if the MIMO channeH;, follows i.i.d. complex Gaussian distributic®\ (0,1), then
the equivalent MIMO channdl, after unitary precoding is also i.i.d. Gaussian distributed (0, 1), if
eigenmode selection is not performed.

Proof: see the Appendix.

Now we compare the SER performance of the eigenmode selection and work in [31]. Note that for the
same number of eigen channels, water-filling is suboptimal in terms of SER than equal power allocation,
because water-filling allocates less power to eigen channel with lower gain, and the SER is convex of SNR.
Therefore if water-filling in [31] selecta > N eigen channels, the eigenmode selection outperforms
in SER. If n < Ny, it is unknown which scheme is better because the water-filling does not provide a
closed-form power distribution over the substreams.

Also note that adaptively distributing transmit power to the eigenmodes can further reduce the SER.

This improvement, however, is on top of and irrelevant to the proposed eigenmode selection.
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TABLE |

SUMMARY OF NOTATIONS

H (uff BY ... HI)Y

He | (B .. H', HI, -~ H)"

H;, H), = H; T = HiQrDs

Qx QR decomposition result df — H! H;,
Dy opt Vi, 1:3)

Vi right singular vector matrix oH; Q.

Because each user is effectively utilizing a single-user MIMO link after the precoding, techniques for
single-user MIMO are applicable once the orthogonality is established. The application of eigenmode
selection is different from the single user scenario in a number of ways. First, the necessary condition
of eigenmode selection for thé" user depends not only on the its own receive antenna and the base
station antenna number, but also on the antenna settings of other co-channel users. Second, the effective
channel per user after precoding also depends on the channel characteristics of other users, although
mutual interference no longer exists. Finally, by using a very limited number of extra antennas (e.g., one
additional antenna) we are able to achieve dramatic diversity improvemeait the user simultaneously,

which is economically attractive in practical systems.

D. Sum-rate Capacity Analysis
Assuming that the transmitted data streams are independently encoded and independently decoded,
the sum-rate capacity of the multiuser system is simply the summation of each user’s individual channel

capacity. Under the uniform power allocation, the sum-rate capacity is given by

K
Eep =~
= § log., det( I ELA T ol T |
¢ k=1 o6 (MR'k—i_NkNo k k)

K N E L
_ S, 12
= > log, <1+NkNo|A’“ > (19)

k=11=1
Intuitively, each user creates a group of non-interfering eigenmodes and the system sum capacity is the

summation of the capacity of every eigenmode (19).
For the results in (19), the channel knowledge is not used to perform adaptive power allocation on
different eigenmodes. As pointed out in Section Il, an adaptive power allocation module can be con-

catenated to the multiuser precoder to adaptively allocate transmit power to multiple spatial eigenmodes,
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according to their respective eigenmode gain. Similar to the single-user MIMO scenario, the optimum
power allocation for capacity optimization follows the well-known water-filling algorithm, where the

only difference is that the allocation is conducted in both spatial dimension and user-wise. The sum-rate

capacity is
Cc = IERX I(Xl,...,XK;I'l,...,I'K|I:Il,...,I:IK>
E(xpxf)>0, w E(xpxf)<E,
K N,
1 N,
= log 1—|—<’y—0> \)\k,'IZ , (20)
A
where
0 <0
(z)+ = (21)
z x>0

and~ is the threshold determined by the sum power constraint

B=Y3 (- ints) @
_ ’/\kﬂ" +

In terms of sum-capacity, the eigenmode selection chooses th&pesggen channels out of the totag]
eigen channels, while the number of used eigen channels in approaches in [31] is a variable determined
by the water-filling. Therefore the eigenmode selection is suboptimal in terms of sum-capacity. This
suboptimality, however, results from our deliberate restriction on the number of streams peNi)ser (
If water-filling happens to choose the same number of eigenmodes for conventional and our schemes,

then our approach has exactly the same capacity as in [31]-[33].

V. TRANSMIT ANTENNA SELECTION

The previous section proposed eigenmode selection as an effective transmit selection diversity technique
when there are sufficient antennas, at the transmitter side. One drawback of eigenmode selection is that
it also requiresM expensive RF chains to meet the channel rank requirement (13), which leads to a
higher system cost. As an alternative, antenna selection can be used to provide transmit diversity at a

relatively lower system cost with fewer RF chains, although naturally with some performance loss.

A. Single-user Antenna Selection

Antenna selection refers to choosing a subset of available antennas from the BTS antenna pool and
switching them to the available RF units. Extensive research has been conducted on its application in
a single-user MIMO system, at the transmitter or the receiver, using either instantaneous or statistical

channel knowledge. In [39][40], the authors studied receive antenna selection for spatial multiplexing
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systems, and proposed the optimal and suboptimal selection algorithms to maximize channel capacity.
Transmit antenna selection for link-level error performance optimization of spatial multiplexing system
was studied by [43]. For space-time coded MIMO systems, &ba studied various selection algorithms
[44] with the objective function as the maximized post-processing SNR. A complete overview of MIMO
antenna selection technique is provided in [45][46].

Even though only a subset of antennas are used, analysis and simulation show a very interesting result:
antenna selection ovev/7 antennas can achieve the same diversity performance as a full system where
all M/, antennas are simultaneously used [40][45]. This implies that there may not be a large penalty

for reducing the number of RF chains, as longhd$ > My antenna elements can be deployed.

B. Proposed Multiuser Antenna Selection

The system configuration is different in the context of antenna selection. Suppose there atéronly
RF chains which are exactly the minimum requirement for supporting multiuser downlink precoding,
thus eigenmode selection is not feasible. Suppose ther&lare M7 BTS antennas available, however,
and for each transmission we switch a selected subseét-ofantennas to the RF chains and transmit
over the “preferred” antennas. The selected antenna set is indexedchly where P is the available
(%;) sets. The channel matricé$I; };_, will be indexed by the antenna sgti.e., {Hj,} .

Antenna selection can be based on the optimization of SER or the channel capacity. Again, for reasons
stated earlier, we first focus on the minimization of the maximum SER, which is an effective upper
bound of the average SER. The equivalent channel matrix after unitary precoding depends on both the
real channelH, , and the precoding matriceF; , which is a function ofp. Recall (6)(7) and note
that the maximum SER of uséris upper bounded by a non-decreasing functiomgf,,(Hy , Ty ),
therefore the maximum system SER is upper bounded by the user with the worst performance, which
depends on the minimum @il users’ minimum singular values. Therefore, one approach for antenna
selection is to maximize the minimum of all users’ singular values.

Selection Criterion 1 - Maximum Minimum Singular Value (MMS\Wgor every subset of transmit
antennap € P, computeﬂp,mm = ming—1, .k Amin(Hg,pTryp) corresponding te. To optimize the

SER performance, select the antennagstitat maximizes the minimum singular Va|li§7mm
= Npomin.- 23
Popt arg r]?éalgi p,min ( )

Antenna selection can also be implemented by choosing the performance metric as the sum-rate capacity

and selecting the optimum antenna set.
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Selection Criterion 2 - Maximum Sum-Rate Capacity (MSREYr every subset of transmit antennas
p € P, compute the sum capacity without adaptive power allocation as given in (19), or with adaptive

power control as given in (20). Select the antennapsifiat maximizes sum capacity

Popt = arg I;lea]g( R. (24)

Selection according to a capacity criterion identifies the optimum antenna subset with the largest sum-
rate. This sum-rate is only achieved when there is no restriction on the complexity and length of the
coding scheme. Due to the complexity, delay, and modulation constellation constraints in practical system,
the actual achievable data rate needs to consider a SNR-gap in the sum rate expression in (19) and (20).
Particularly, the achievable data rate is expressed as

K Ng
C=303 logy (14 2k |y, 2 (25)
*kZI pa 082 T NN, ki

for uniform power allocation scheme and

K N 1 N
_ _ o 12
0= 3 yowe (1 iy (1 i) Pt @

k=1 1i=1 ’

for the water-filling case. The SNR-gdp defines the gap between a practical coding and modulation

scheme and the Shannon capacity.

C. Antenna Selection vs. Eigenmode Selection

Antenna selection and eigenmode selection are two diversity techniques to improve communication link
quality by utilizing excess transmit antennas at the BTS. The major differences between these techniques
lie in two aspects.

First, at any time, antenna selection involves transmitting over a subset of all BTS antennas, while the
eigenmode selection involves transmitting over all BTS antennas. Antenna selection requires fewer RF
chains than eigenmode selection, thus has lower cost. Although it naturally has suboptimal performance
than eigenmode selection, simulation results in the next section show that it has the same diversity gain as
a full system using@ll antennas, similar to the single-user MIMO case. Therefore it provides an effective
and low-cost diversity technique for practical wireless systems.

Second, antenna selection has less stringent system configuration requirements than the eigenmode
selection. One of the necessary conditions to perform eigenmode selection is th&t tser has more
receive antenna than its data substreams,N;e< Mp ;. Antenna selection, however, is still feasible

even if this requirement is not met, as long as the BTS antenna nuhdbes sufficiently large.
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Note that the MMSV and MSRC antenna selection algorithms are based on an exhaustive search
over all the available antenna sets, which is a disadvantage relative to eigenmode selection. Selection

algorithms with lower complexity are interesting topics for future research.

VI. NUMERICAL RESULTS

Monte Carlo simulation results are presented in this section to demonstrate the performance of the
multiuser spatial multiplexing system with the two proposed selection diversity techniques. The first
subsection demonstrates their performance improvement in terms of average SER and sum-rate capacity,
in i.i.d. complex Gaussian channel and with perfect channel knowledge. Performance evaluation in i.i.d.
complex Gaussian channel with channel estimation error, as well as in correlated MIMO channel, is also
provided for comparison. 4-QAM modulation with Gray coding is used for all users’ data streams, For
each configuration, simulation is terminated aftef independent channel realizations are simulated or

100 symbol errors are observed.

A. i.i.d. Gaussian Channel with Perfect Channel Knowledge

Fig. 2 compares the SER performance of a single and multiuser system where each user has three
antennas and receives 2 data substreams. Three cases are studied: (a) single-user system with 2 BTS
transmit antennas, (b) two-user system with 5 BTS transmit antennas, (c) two-user system with 6 BTS
transmit antennas and eigenmode selection. The horizontal axis represents the average SNR per branch
(user) per receive antennas. The vertical axis represents the SER averaged among all users. In case (a) and
(b), the BTS antenna number is the minimum required to support spatial multiplexing and precoder design,
so no eigenmode selection is performed. The multiuser system achieves the same per user performance
with a single-user system, which obtains a diversity order of 2 with ZF receiver. By adding a single
antenna to the BTS and utilizing eigenmode selection, however, a significant SNR reduction of 8 dB
is achieved at SER#®~* for the ZF receiver. Similarly, a SNR reduction of 5 dB is achieved for V-
BLAST receiver. The asymptotic slope of SER curve, which is the definition of diversity gain, is larger
than scenarios without eigenmode selection. Clearly, the eigenmode selection algorithm achieves a higher
diversity order than simple spatial multiplexing and this improvement becomes more significant as more
antennas are added at the BTS. It is also observed that by adaptively adjusting the transmit power of
substreams, a further 4 dB SNR reduction is achieved at a SERdf

The sum capacity improvement due to eigenmode selection (19) is shown in Fig. 3. Each user has 3

antennas and receives 2 data substreams. Without eigenmode selection, a capacity of 13 bps/Hz and 26
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bps/Hz are achieved for the single-user and two-user systems at a SNR of 20 dB. By adding one extra
BTS antenna and performing eigenmode selection, an additional capacity increase of 4 bps/Hz is observed
for the two-user system. In addition, it is expected that even larger capacity improvement is achievable
as more users are present, given that total transmit power increases correspondingly. The reason is that

eigenmode selection is performed for all users, with the cost of only one extra transmit antenna.

The SER of antenna selection for a 2-user system with ZF receiver is given in Fig. 4. Each user has
2 receive antennas and receives 2 substreams. Eigenmode selection is not applicable because condition
(14) is violated, so antenna selection is used as a transmit diversity approach. The number of RF chains
is set to beMr = 4, the minimum to support spatial multiplexing with linear receivers. The BTS is
equipped with)/7. transmit antennas, wherg/. varies from 4 to 10M}. = 4 is the case without antenna
selection, and\/}. = 5,6,8,10 corresponds to the cases hf2,4,6 extra antennas for selection. The
MMSYV selection criterion is used for SER improvement. With only 1 extra antenna, a surprisingly large
SNR gain of 10 dB is achieved at a SER kif 3. Adding another extra antenna brings a further SNR
gain of 3 dB. The gain per antenna, naturally, decreases as more antennas are added so one or two extra

antennas appears to be sufficient for most practical cases.

The SER gain by antenna selection for a 2-user system where each user is equipped with 3 receive
antennas and receives 2 data substreams is demonstrated in Fig. 5. More receive antennas increase the
receive diversity and reduce the SER relative to Fig. 4. The BTS has 5 RF units and hence transmits
over 5 antennas at any time. Eigenmode selection is not feasible in the system, because the number of
transmit RF units are not sufficient. Three scenarios With = 6,8, 10, corresponding td, 3,5 extra
antennas, are simulated. Similarly, it is observed that adding one extra antenna brings approximately 5
dB SNR gain at a SER dfo—2, and an 8 dB SNR reduction at a SER16f*. Additional antennas will

introduce further but rapidly decreasing improvement, at the cost of higher computational complexity.

Fig. 6 compares the performance of the eigenmode selection and the antenna selection algorithms, in a
2-user system where each user has 3 receive antennas and receives 2 substreams. The BTS will perform
antenna selection if there aiér = 5 RF chains, or perform eigenmode selection if thereldie > 6 RF
chains. There are 6 transmit antennas in either case. The eigenmode selection method slightly outperforms
the antenna selection approach, while both methods achieves the same diversity gain and substantially
outperform a system without any selection diversity. This indicates that from a financial point of view,

with sufficiently spaced antennas switches are more valuable to system performance than RF chains.
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B. i.i.d. Gaussian Channel with Imperfect Channel Knowledge

Perfect channel knowledge at the BTS is typically very hard to acquire, due to channel estima-
tion/feedback error, as well as channel mismatch resulting from feedback delay. This section provides
numerical evaluation on the impact of imperfect channel knowledge on the performance of proposed
selection diversity approaches.

The channel estimation model in [48][60] is used in this paper, where the channel matrix known at
the BTSH,, is given by

H, =H, + E; (27)

where H, is the true channel matrix anBl; is the error matrix. Entries oE; follows i.i.d. complex
Gaussian distribution with zero mean and covarianf; ;/2 per real dimension. The channel knowledge
error is denoted a8/ SE = 10log;, 03,5 0B.

Plotted in Fig. 7 are the curves of SER vs. channel estimation mean square error (MSE) for a two-user
system where each user has 3 antennas and receives 2 substreams. In (a), one extra antenna/RF chain is
used for eigenmode selection. Intuitively, the SER deteriorates as channel estimation error increases and
results in larger channel mismatch. Performance is less sensitive to channel MSE when SNR is in low to
moderate range, where the channel noise dominates. For example, when SNR=20 dB, the average SER
remains roughly constant for channel MSE ranging from -40 to -20 dB. As SNR increases, the channel
error plays a more important role and becomes the major performance dominant factor. Similarly, Fig. 7
(b) shows the SER vs. channel MSE curves for the same system configuration, except that no eigenmode
selection is carried out.

The SER curves of antenna selection with channel estimation error for a two-user system where each
user has 2 antennas and receive 2 substreams is plotted in Fig. 8 (a). For comparison, the SER curves
normalized to the SER at a MSE=-40 dB is plotted in Fig. 8. (b). It is observed that the performance
is more sensitive to channel knowledge error when SNR is relatively high, and when more redundant

antennas are used for selection purpose.

C. Correlated MIMO Channel with Perfect Channel Knowledge

Two channel models, namely, the exponentially correlated model and IEEE 802.11N model, are used
for evaluation. We assume that channel correlation exists between all elements of the transmit antenna
array, and between the elements of the receive antenna areagluhobile. Correlation between antennas

of different users are omitted, due to their well separated geographic locations.
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Exponentially Correlated MIMO ModeDenote a flat-faded MIMO channel matrix of useias Hy,.

The spatial correlation between the channel matrix elements is modelled as
Ru, = & (vec(Hy) vec(H)" ) = R}, @ Ry, (28)

where © represents the Kronecker product. Thér x M7 transmit correlation matriR, , and the
Mp 1. x Mg, receive correlation matriR, ;. denote the correlations of the rows and the columnH pf

The exponentially correlated channel Hag;. given asREf,’j) = p'ti_j‘, where|p;| < 1. R,., follows the
same model except thaf. replacesp,. This model has been shown to be suitable for many channels
[61][62].

IEEE 802.11N Channel ModeThis standard builds upon previous 802.11 standards by adding MIMO
antenna techniques, allowing for increased data throughput and greater range by exploiting the multipath
electromagnetic waves propagation. It provides a deeper perception into the real MIMO channel, taking
into account various factors such as the angle of arrival (AOA) and departure (AOD), antenna array
fashion, angle spread (AS), etc. We also provide performance evaluation for this channel model because
it includes various practical system parameters in building the channel correlation. We consider a B-model
in the standard which captures a non-line-of-sight (NLOS) environment. Antenna element spacing is set
to half wavelength in this simulation [63].

Fig. 9 gives the SER and sum-rate capacity of a two-user system under exponentially correlated channel,
where each user has 3 receive antennas, 2 substreams, 1 extra BTS antenna and performs eigenmode
selection. Scenarios where correlation exists at the transmitter, at the receiver, and at both side of the
link are investigated, with varioug; and p,.. Clearly, channel correlation degrades both the SER and
capacity performance, due the loss of spatial degrees of freedom in the matrix channel. For example,
given p; = p, = 0.7, the SER increases by a magnitude of 100, while the sum-rate capacity is reduced
by approximately30% at a SNR20 dB, compared with the uncorrelated channel. Performance loss due
to the correlation is more severe at the transmitter than at the receiver side;(e-@,7, p, = 0.0 vs.
pt = 0.0, p. = 0.7), which can be attributed to two facts. Firstly, spatial freedom loss due to correlation
is more significant at the transmitter because it consists of more antennas. Secondly, the correlation
at the transmitter will affect the performance @fl users. The correlation at @gven user, however,
only decrease its own spatial degrees of freedom, while the degrees of freedom of other users remain
unchanged or increased (e.g., see (3)).

The SER and sum-rate capacity curves of antenna selection, in exponentially correlated MIMO channel

for a two-user system, are shown in Fig. 10. Each user has 2 receive antennas, 2 substreams, while the
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BTS has one extra antenna for selection. Similarly, correlation substantially degrades the performance,

and such loss is more sensitive to correlation at transmitter.

For IEEE 802.11N model, the SER and capacity of eigenmode selection and antenna selection are
depicted in Fig. 9- Fig. 10. More SER degradation is observed compared to the exponential correlated

channel model, in terms of both SER and sum-rate capacity.

VIlI. CONCLUSIONS

Multiuser spatial multiplexing uses precoding to support multiple users in multi-antenna wireless
channels. In this paper, we proposed a novel unitary precoder design for multiuser spatial multiplexing
system, which uses additional antennas to improve the diversity advantage for all users simultaneously.
Two specific designs were proposed: eigenmode selection and multi-user antenna selection. The principle
of eigenmode selection is that every user signals on the best orthogonal basis, according to maximizing
the minimum singular value of the effective channel or the sum capacity, and yet maintaining the zero
inter-user interference constraint. Multi-user antenna selection operates similarly to eigenmode selection
with the additional constraint that only a subset of the available transmit antennas are employed. Multi-
user antenna selection requires fewer RF chains and suffers a slight performance penalty versus complete

eigenmode selection.

Multi-user spatial multiplexing requires a substantial number of transmit antennas and this makes
it prohibitive to support multiple users in the presence of space constraints at the transmitter. More
work is needed to investigate the effects of channel correlation and as well as realistic array design on
performance. Preliminary work on the effects of different compact array design in MIMO systems is

currently under investigation [64].

APPENDIX

After downlink precoding, each mobile user is effectively in a single-user MIMO channel with equiva-
lent channel matrif, = H,T}. Without eigenmode selectioffy, is a function of the interfering channel
H;, j # k and therefore independent Bf,. SinceH;, has i.i.d complex Gaussian entries of zero mean
and unit variance, and because linear operations of Gaussian random variables are still Gﬁwssian,

- _\H
ditioning onT}, is also Gaussian with zero-mean. Defifg(Ty) = Ex, |1, <vec (Hk> vec(Hk) )
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then

Ap(Ty) = Emm, (vec ﬁk> vec(ﬁk>H> (29)
EH, T, (vec H,T})vec(H,Ty) )
(

Emyr, (TH ® I-vec(Hy) vec(Hy)" 'Tk®1)

— (TF &T) - &y, (vec(Hk) vec(Hk)H> (Ty®1T)
1.

Therefore, the distrubtion dff;, conditioning onT}, is given as

fa, . (ﬂk) — (2m)MraM: exp(—;tr (flkﬁkH)> (30)

which is independent o';. As a result, the unconditonal distribution B, is derived as
fa, (Hk> = / Fa . (Hk> fr, (Tx) ATy
Ty

1 /- -
= (QW)MR’ka exp(—ztr (Hng)> ka (Tk) dT}y
T

= (2m)MrNe exp<_;tr (flkﬂ,’j» (31)

Hence the lemma is proved. O

As a result, the error performance of each user can be easily obtained through existing spatial mul-
tiplexing performance analysis methodologies for single-user spatial multiplexing system [56][57]. With
eigenmode selection, however, the error performance of each user is dependent on the joint statistical

distribution of the selected subset of eigenmodes.
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