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A Joint-Channel Diagonalization for
Multiuser MIMO Antenna Systems
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Abstract—in this paper, we address the problem of improving tipoint) in both frequency-flat and selective fading channels.
the performance of multiuser space-division multiplexing (SDM) = To this end, we consider a linear multiuser precoder, operating
systems where multiple independent signal streams can be trans- space—time, at the BS, and conventional maximal ratio
mitted in the same frequency and time slot. The problem is im- - ! ' . L
portant in multiuser multiple-input multiple-output systems where Comb'”'“g (MRC) at "?‘” the MS for receP“,O”- Our objective is
communication from one base station to many mobile stations can t0 determine the multiuser precoder for joint multiuser channel
occur simultaneously. Our objective is to devise a multiuser linear diagonalization in a synchronous multiuser channel, subject to
space—time precoder for simultaneous channel diagonalization of the constraint of fixed user transmit power and that the trans-
the multiuser channels enabling SDM. Our new approach is based mitter (or BS) knows all the channels. Our approach is based on

on diagonalizing the multiuser channel matrices and we use a vari- di lizina th tri d iati f .
ation of successive Jacobi rotations. In addition to the diagonal- lagonalizing the matrices and we use a variation ot successive

ization, our approach attempts to optimize the resultant channel Jacobi rotations. By doing so, we only need to determine four
gains for performance enhancement. Our method is valid for both antenna weights among all the users’ antenna weights at each

frequency-flat and frequency-selective fading channels but we as- step and this greatly reduces the system complexity compared
sume that'the base station knows all the channels and that they are with other schemes.
quasi-stationary. . .
In [3], space—time or frequency codes that allow space-di-
Index Terms—Capacity, co-channel interference (CCI), di- vision multiplexing (SDM) were proposed for increasing the
versity, joint-channel diagonalization (JCD), multiple-input  gytem capacity in the context of single user communication
multiple-output (MIMO), multiuser communications, smart . . o
antennas, space-division multiplexing (SDM), spectral efficiency. (pomt—'to-pomt trapsm|SS|0n). It was also Qemongtrated that ex-
traordinary capacity could be achieved with or without channel
state information (CSI) at the transmitter. More recently in [4],
. INTRODUCTION the capacity and the array gain of a perfectly optimized MIMO
O-CHANNEL interference (CCl), as a result of frequencfintenna system was studied under the consideration of adaptive
reuse, and intersymbol interference (ISI) caused by mggower allocation among the parallel channels. Later, in [3], a
tipath fading have long been viewed as the major obstacles tigtution using MIMO antenna to the broader problem of per-
limit the performance of high-speed wireless communicatiorf@rmance optimization for multipath frequency-selective fading
To circumvent the impairments, various techniques such @annels in the presence of interference was provided. However,
channel coding, equalization, and interference cancellatiBRint-to-multipoint downlink communication using an antenna
have been investigated. One of the most promising technigq¥§tem has not been well studied. In addition to exploiting mul-
is through the use of smart or adaptive antennas. Several sriif¢ Signaling spatial dimension, space diversity can also be em-
antenna systems have been proposed and demonstrated aR!fyd for support of multiple users, transmitting in the same
base station (BS) of the wireless communication system (e géquency band and time slot [6]-[8]. In [6], joint optimal beam-
[1], [2]). In recent years, performance enhancement utilizif§ming and power control was studied in a multipoint downlink
multiple-input multiple-output [(MIMO) or multiple-transmit Scenario. However, the study was limited to the case that single
antennas and multiple-receive antennas] systems has b@@ignnas are used at the MS terminals. In [7], Wengl. con-
proposed [3]-[8]. In these systems, smart antennas are oper&i€lgred a multicarrier MIMO system in the context of multiuser
jointly at both the transmitter and receiver. communications. An iterative approach based on the flat-fading
In this paper, we address the problem of enhancing tM&ights solution in [5] was proposed.
performance of multiuser MIMO systems for transmission Our work is different in that we look into the problem of

from one BS to many mobile stations (MS) (or point-to-muldiagonalizing multiuser downlink channels simultaneously so
that CCI can be nullified while at the same time the resultant

, . . channel gains can be optimized for maximizing the overall
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Fig. 1. System configuration of a multiuser MIMO antenna system.

Throughout this paper, we shall refer to this diagonalizedS. For the MIMO systemyr antennas are located at the BS
system as a joint multiuser MIMO system (JMMS). andng, ., antennas are located at tin¢h MS. We first consider
The assumption for this scheme is that the BS knows all tkiee link between the BS and a single userData is transmitted
channels and the channel dynamics are quasi-stationary aweblocks of symbols of lengtiV and the number of spatial
a block of precoded bits as is typical of indoor low-mobilitysubchannels (spatial subchannels or spatial dimensions are
high-speed wireless communications. The proposed systenthis channels created from space, usually by distinguishing the
best implemented in time-division duplex mode as pilot synsignals received from different locations) per user is denoted
bols can be used for obtaining good estimates of CSI during Up K,,,. Therefore, the total number of symbols sent by the
link reception [9]-[11] and the estimates can be readily used fgith user isN,, e NK,, (or more generallyk,, = N,,,/N
computing the antenna weights for downlink transmission. Fe&n be a fractional number) and this is written in packet format:
indoor users, it is reasonable to have a small value of Doppler = [2{m) (™) ... (™) (m) . (m) . (me]T, where

. %3 1 ,2 "TZN,
frequency, say 10 Hz (speed of 0.6 m/s at 5 GHz), which COZ['&n,? is thekth dimension of thexth symbol transmitted by the

responds to a_coheren_ce time of 40 ms. The_refore, the Cha”ﬁ%ﬁ user, and the superscriptdenotes the transpose operation.
would be relatively stationary as compared with the 2-ms frano[%e packet is multiplied by & x N,,, transmission matrix
duration of HiperLAN type 2 as an example. m

The remainder of the paper is organized as follows. In gk glm k) lme k)
Section Il, we introduce the system model of a multiuser ’ ’ o
MIMO system. Section Ill proposes an iterative algorithm to
determine the multiuser space—time precoder for a general T;(cm) =
multiuser MIMO system in multipath fading environments. In
Section IV, simulation setup and results are presented. Finally,
we have some concluding remarks in Section V.

m, k m, k
iyt Y

)

(m, k) (m, k)
t]\’r’fl ... tA’f,‘Nm

to produce a packet,, = T,(cm)zm which is transmitted by
thekth BS antenna to thexth mobile in a block of lengthiV.

The system configuration of the multiuser MIMO antenna The channel between tii¢h BS antenna anéth MS antenna
system is shown in Fig. 1 where one BS is transmittingfo is assumed quasi-stationary and can be considered as time-in-

Il. MULTIUSER MIMO SYSTEM MODEL

Authorized licensed use limited to: IEEE Xplore. Downloaded on October 6, 2008 at 6:13 from IEEE Xplore. Restrictions apply.



WONG et al: JCD FOR MULTIUSER MIMO ANTENNA SYSTEMS 775

variant over a packet, so that it can be characterized by a Toeplitgere R, = [Rgm);R;m); R ] e c R mxNn
matrix [5] denotes the space—time weights operating on the received sig-
) _ nals,andl,, 2 [T(m);T(m); .. .;TSZ‘,)] € CNnrxNm denotes

} (mvl7 k) 0 0 e 0 . 1 . 2 . .

Yo the space—time weights operating on the transmitted packet.

plma k) g (m, 6 k) 0 By considering allM users, we obtain ad/-user MIMO

1 0
system as
: . . : y
h,(,m"l’ k) h(()m,é,k) Zoy, = R:rn <Z H, T, 2z, + nm> Ym  (7)
m/=1

Hé k) = 0 0

wherez,,, € C¥=' denotes the symbols transmitted from the
h(()m,é,k) m/th user.
Note that there aréV,, symbols transmitted ifV symbol

m,{, k
0 hg 60 durations by thenth user, and it is known [3] that the number
of spatial dimensions should be bounded by
L 0 0 himER ] < rank {H,, } < mi i
@ K,, < i _mln{(1~|— N)n&m,nT} Vm.

(8)

where the maximum delay is assumed to lastfsamples and |, 5qdition, the above formulation assumes tHat are uncor-
the discrete-time channel gains are defined by a multiray modeglioteq with themselves and, .

; ; (m) L . . . .
so the dimensions &, ,’ are(N +v) x N. o We also find it useful to define the multiuser transmit weight
At the MS, the received packet at thia antenna is given by matrix
Ym0 = Yopy Hm)xmk and is weighted in space and time
T=[T; Ty --- Tyl 9)

(m

. T
by a matrixR, )" where

(mt)  (m0) (m. ) but note that a similar definition for a multiuser receive weight
1,1 Ty 9 TN, matrix is generally not possible as the number of antennas at
each of the mobiles might be different.

im0 (m0)
R(m) — 2,1 2,2 (3)
¢ I1l. M ULTIUSER CHANNEL DIAGONALIZATION
(m' 0 ' (m, ) Our objective is to obtain a multiuser channel diagonalization
TNAv 1 T TN+w, N, that optimizes the performance of the multiuser MIMO system

i ) in the downlink. We do this by optimizing the transmit and re-
and the superscriptf denotes the conjugate transpos€aive antenna weights such that

operation, to produce an estimatg, of the original
packets. Writing the packet transmitted from all antenna(sr Ry, ....
aSXy = [Xm.1;Xm.2;---;Xm.ny]! and the received databy =~ R, R
all antennas ag,, = [Ym.1;¥m.2;--;Ym.nn .| - We can
write the received signal of the entire MIMO system as

1 trace {AAT} (10)

wheretrace{-} denotes the trace of the input matrix, and

A O
m — mem + n,, 4
wheren,, is the noise vector that is assumed to be additive white
Gaussian noise (AWGN) with powef . Likewise,H,,,, is given
by in which A,,, is defined by
T _
Hgml) HY’;) ... HgmrzT R/ H,T=[0;---0,_1 A, 0Oy41---0p] vYm
mth
my o owyy o By, ok
H,, = ’ ’ ’ (5) (12)
: : and
H” HY .. A, = diag (Aﬁ’"% A AE@’;}) (13)
whereH!™) is defined in (2). The estimatg,, can then be is of dimensionV,, x N.,,. Likewise,0,, is them/th subblock
written as zero matrix of dimensiotV,,, x NV,,.,.. From definition (12), each
subblock matrix corresponds to the signals transmitted for each
Zp = RInHmezm + RInnm (6) user to mobile locatiomn and, hence, by making all of them
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/7»(?) ®, ; To begin, we first match the receiver to the channel to give
' R,, = H,,T,,. This is essentially an MRC receiver and will
A\ be the optimum receiver in our configuration because the joint
Zo1 > S > Qm ) diagonalization we are using will nullify the interference terms.
After doing so, it should be noted that,, is now positive def-
/73;“’ . , inite and would have nonnegative entries. Next, note that (12)
A can be rewritten as
Zm,2 é w 2m,2 TIHInHmT
° RS X 0, X X 7
°
°
X X 0,1 X
,/}JE; W, ., =101 -+ Om1 Ay Opyr -+ On V'm
A\ L e
Z Ny w Z 10,Np : . . :
L X Ozu X
Fig. 2. Equivalent channel model of theth user wherew,,,,. is white (16)

Gaussian noise with zero mean arfl variance.

in which the symbol %" is an arbitrary matrix of ap-

zero except for thenth user, the CCI can be completel e"mpropriate size. In (16), the(my, mo)th subblock m_atrix
P pietely ! H! H,,T,, corresponds to themsth user’s signal

inated. The motivation for performing this diagonalization, if ™ o ved by th iqht matrigL. T t
possible, is that the overall system becomes equivalent to fmponentst,,, received by the weight matrkln, 1o, &

coupled parallel channels for the mobiles (see Fig. 2) with th e Ttr.nh rr:r?bne Iog:auonl_{,,ﬁ.t Ob\gpusg, ;E them(;[h mlobt|rl1e
gains maximized so that ocation, the receive weight matrix iH,,T,, and only the

mth user signals are to be detected. Therefore(#tg mo)th
subblock matrix withm; # m is not of our interest and is
Zn = AmZs + 1, (14) indicated by the symbol%.” Our optimization (10) is then to

find T so that

wheren!, is another zero-mean complex AWGN noise vector

with poweros?, assuming the column vectorBf,,, is unit norm. Topt = arg max trace {AAT} : (17)

The multiuser system capacity is then a simple extension of

channel capacity for single-input single-output channels with

memory [12] and can be expressed as A. Multiuser Optimization

Performing our joint-channel diagonalization (JCD) (16)

involves nullification of many dependent co-channel sig-
I) (15) nals passing through different channels, and this makes a

closed-form solution for the antenna weights extremely diffi-

cult to obtain. We have, therefore, resorted to a sequence of
wheredet(-) represents the determinant of the input matrix, similarity updates that was inspired by the work of successive
takes the modulus of every entry of the input matrix, afid=  Jacobi rotations [14]. By doing so, the optimization can be
E[|sz_”,3 1%]. reduced to a diagonalization problem of, at most, two channels,

We perform the optimization (12) and (10) under thand this is more easily solved.

following constraints. First, the transmit power at the BS The sequence of similarity updates we invoke can be written
is fixed at all time samples and invariant from sample tasA,, — QYA,,Q Vm with initialization A,, = Hf H,,.
sample. This is done by constraining the radiated power B&ch newA,,, can be thought of as an updated channel matrix
each transmit weight vector to bBr. Therefore, adaptive for mobile m, which tends to more nearly satisfy our desired
modulation or “water-pouring” solution of adaptive powediagonalization (16) than its predecessor. At the first step, the
and information rate will not be considered in the analysitransmit weight matrix is initialized as an identity matrik,=
(However, our results can be easily extended to the variallle (In general T is rectangular and, henck, is rectangular.)
power case. Thisimposed constraintis infact not necessary, bitfiter an adequate number of updates, (16) is eventually ob-
simplifies the formulation.) Additionally, the rank requirementained. We can then use this to fifitl= I,QMQ® ... Q(®),
rank{T,,} = N,, is imposed and assumed to be fixed duringshereQ(*) is the updating matrix at theth step and’ is the
the optimization to ensure that all the transmitted symbadistal number of updates. The tools for doing this are transfor-
are received. mations of the form (a variation of successive Jacobi rotations

n

M
- 1 o2 |An|
C = N mE:110g2 det <T +

Authorized licensed use limited to: IEEE Xplore. Downloaded on October 6, 2008 at 6:13 from IEEE Xplore. Restrictions apply.



WONG et al: JCD FOR MULTIUSER MIMO ANTENNA SYSTEMS

[14]) .
(1 0 0 0]
0 P q 0 ith row
QW =Q,, =
0 r s 0 jth row
0 0 0 1]
sth jth
column column
(18) *

where p is the ith updating (space—time) element of the
space—time weight vector for a certain user, 8gy ¢ is theith
updating element of the weight vector for another userr is

the jth updating element of the weight vector for usey, and

s is the jth updating element of the weight vector for the user
mso.

By lettingB,,, = Qj,jAQO, we can observe that the ma-
trix B,,, agrees withA.,,, exceptin rows and columrAsndj. As
aresult, we can reduce our optimization problem of each update
by considering the following transformation:

(m) _|P 4 (m) |P ¢
sl ] v
where
(m) (m) (m) (m)
A(m.) é lai,i a; ‘| and B(m~) é lbi,i bi,j ]
“J (m)* (m) “J (m)* 5 (m)
aj i Ay biy by

77

Single-User Case-Whenm; = ms = m*, the above
optimization reduces to achieving

om0
) _ [ (m*)] (24)
0 b
and the maximization of the sufd{” |2 + |b(m 2.

This can be dgne readily by the eigehvalue decomposnion
(EVD) of AE"JL ). Asa consequence

|

Two-User Case-Whenm; # ms, the optimal solution

to jointly obtain (21)—(23) is unavailable. To deal with
this, however, we use the solution to be presented in Sec-
tion 11I-B [see (38)]. This solution can ensure the diago-
nalization of (21) and (22) while the individual gaib{§;*’
andb(mQ are maximized indirectly through the maximiza-
tion of signal-to-interference ratio [defined later in (34)
and (35)]. Using this solution, the valuesfq, r, ands

can be found by

|

where W(m’) is the whitening matrix such that
W(’"Q)TA("’Q)W(’W”) = I, andF is the 2 X 2 matrix
that contains the elgenvectorsYZSf(”j2 A(”;I)W("”).

p q

. S} = eigenmatrix ofA(m ). (25)

b (26)

r

} — Wi
2,7

As a result, for each choice ok j, we can find the transfor-
mation matrixQ; ; that makes the composite channel approach
(16) satisfied more closely. The details of how the iterations are

(20) carried out are summarized as follows.

in which a( J) andb(";) are, respectively, th@, j)th entries of D

A, andB,,. The[p ¢; r s] matrix is the two-element two-user
weight matrix for transmitting signals for usens, andms;.

For each update, we only consider signals at mobile locations
m1 andms and only theith and;jth space-time elements for
usersm; andms are optimized. Signals at mobile locations
m # my, meo are not of our interest. Following (16) and (17),
the objective of each update is now to find the valueg, @f r,
ands so that

(m1) _

2)

3)

b(ml)

1,1

] (at thernth mobile location)
0 X

(21)
0
BE,W;Z) { (mZ)} (at themnsyth mobile location)
0 b
(22) 4)
and
max [bm] + ‘b“”z) (23)
Pig, s |

To perform this optimization,
situations.

there are two possible

Initialize T = I, andA,,
uw=1=1andj = 2.
Form an updating matriQ() = Q; ; based on (18).
Identify the usersn; and ms who correspond to, re-
spectively, theith and jth column vectors olQ; ;. If
my1 = ms, the values ofp, ¢, r and s are found from
(25), whereas (26) is usedi; # m..

Compute

= HJ,H,, Vm. Then, set

e=lp— 1P +laf* + Ir* +|s — 1] (27)

If € < Threshold (=101 typically), go to Step 5; oth-

erwise, proceed to Step 4. When having a nearly zero

value ofe, the updating matrifp ¢; = s] or Q;_ ; is close

to an identity matrix, meaning that this updating is not

necessary.

Update the effective channel matrices forralby
An=Ql ;AnQi ;. (28)

If j < Nnr,thenupdatg = j +1; else updaté = i+ 1

andj =i+ 1.Butifi = Nny — 1 andj = Nnr, reset

1 = 1 andj = 2. Finally, updatex = « + 1. Then, go

back to Step 2.
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5) The convergence is said to be achieved and the trans(flitps) isO(8), while the other updating matrices requip€16)
weight matrix can be constructed by the multiplication dflops. The number of iterations for convergence in general de-

all the updating matrices, i.e. pends upon the sizes of the channel matrices and the number of
users. In this example, on average, the number of iterations re-
T=LQWQ®Q®.... (29) quired is 16(U = 16).

Normalization is then performed for all columnsBfto B, Two-User Optimization

satisfy the power constraint. The corresponding recene key part of the solution to the optimization (17) described

matrix for usern can then be found bR,, = H,,,T.,.,. . o . . )
in the above section is a linear space—time precoder for simul-
We refer to the overall system as a JMMS or JCD. The pro- . o X
eous channel diagonalization of a two-user system [used in

posed JMMS attempts to maximize (17) [and, hence, the over, )]. To perform this, we make use of a closed-form solution

system capacity (15)], and transmits multiuser signals in disjol r a linear space—time precoder given in [8]. This solution has

space—time subchannels. Although we cannot prove (the difi- / :
. . . een shown to be effective, especially when the number of users
culty of having such a proof is that in genefldoes not have

to be orthogonal) that JIMMS achieves (16), numerical resuRr the number of antenr!as .at MS IS Sm"’?”- In the_fplloyvmg, we
: ; . all show that the solution in [8], with a little modification, can
we have carried out suggest that IMMS is a way to achieve ( : . . \
. L used to simultaneously diagonalize two users’ channels.
as long as the necessary conditions for the minimum number o . : )
: X L . . . Consider a special case of a two-user systém=£ 2), with
transmit and receive antennas are satisfied (will be discussed in
Section III-C) WO antennas at the BS.f = 2), and both MS has two an-
s ) . . ... tennas = npg, 2 = 2) and transmits in only one dimension
Intuition about this scheme can be obtained by considerin br,1 R, 2 ) y

a o . X
. i e K =Ky=1 - .
special case of a two-user system with three BS antennas, t’%er user link (i.e./ 2 ) in flat-fading channels. In a

€ . ' ' ) .
antennas per MS where MS 1 transmits two dimensions and S%F:f;d\;vne? rﬁtcislc::g:vl;rgzr:eegtfolrstlri li%:lrglblzézigtﬂ(}s; t_heSame
2 transmits one dimension (i.d(; = 2, K, = 1) in flat-fading g P 7

. : [5]. Denoting the transmit weight vectors for User 1 and 2, re-
channels (so we can considadr = 1). Following the above . (1) T 2) T
S P spectively, ag'") = [p r]* andt'®) = [¢ s]*, performance
Steps 1-5, we will initializel' = LandA; = H H andA, = 00000 ment is done through the following maximization:
H)H,. Then, the updating matri®; » is found using (25) and g 9 '
the matrice€Q; 3 andQ., 3 are found using (26). Updating will

. b
continue until convergence and the joint transmit weight matrix®™| — — | ? | — are max ¢ 2H'ITHlt(l) i~
is given by opt | T | € Lt (PTU(,# N I) e
T = Q1,2Q1,3Q2,3Q/172Q/173 R (30) and o T
)Tt (2)

@ = 9| = argmax ¢~ H,H,t (35)
where Q] ; denotes the updating matrix in the second round opt | 5] g ma e (nglfh +I> o
iteration. i

After going through the above iteration, multiuser diagonal-

ization could be obtained so that Here, instead of performing the above maximizations di-

rectly, as in [8], we focus on the case when the signal-to-noise

AL 0 o ratio (SNR) is large (i.e.Pro?/o% > 1). Therefore, the
THH. T = o) (31) noise term (or the identity matrix in the denominator) could
175 0 A7 0 be ignored. To solve for the weights that maximize (34)
L 0 0 x and (35), we begin by writing the EVD of the channels as
and H/H, = V,D,V] andH/H, = V,D,VI. Also, let
[x x 0 () = ;L1V2D;(1/12)e1, where 1, is a real constant that
THIH,T= |x x 0 (32) restricts the norm ot to be \/Pr, and the superscript
0 0 )\gz) —(1/2) denotes the inverse of the square root of a matrix.

(When the matrix is singular or the channH,, is rect-

where x means the “do not care” and this corresponds to ti@gular, a Moore—Penrose pseudoinverse is used. A matrix

unused subchannel gains. The corresponding system speekdp said to be the square root & if B = AAT.) Then,
efficiency is then given by the expression in (34) is maximized whef = ep.x, the
eigenvector that corresponds to the largest eigenvalue of

B 2,(1) 2,(1) 2,(2) ~1/2\" gt —(1/2)
0oy (14 70 (14 227 (14 A (v.D;"/?) min, (VoD 7).
o o A similar solution fort(?) can be found to maximize (35).

(33) However, we note that (35) can be thought of as a minimization
problem. That is
A detailed study of the complexity issue of the algorithm is

beyond the scope of this paper. However, some ideas can be 1 . t(Q)THIHlt@)

gained from this example. When computing the updating ma- I?(%)X () THTH, 62 = Itlggl tOTH HA (36)
. . . . - 1 -

trices,Q1, 2, Q7 o, - - -, the number of floating point operations I:t(z)TH;Hzt(z):| 27152
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As a result, the weight vector that maximizes (35) or equivllat-fading channels (i.ey; = 0 or effectively N = 1), we must

lently minimizes (36) can be written as haveng m > K. + 1.
s Proof: Note from (16) that for MSm, there are
t(2 :M2V2D2_( /e min (37) at leastN,, + 1 orthogonal channels created after such

diagonalization—,,, desired channels and one interference
where i, is a real constant anceni, is the eigen- channel (dedicated for all the “do not care” channels). Although
vector that Tcorresponds to the least eigenvalue @k are not interested in the interference channels, we do need
(V2D2_(1/2) H{H, V2D;(1/2)). As a consequence,these to be completely orthogonal to the desired channels. As

the solution fort(") andt(®) that jointly performs (34) and (35) such
is given by rank{H,,T} > N,, + 1 Vm (42)

[t(l) t(2>] _ {P q} _ [/u 0 } W,E, (38) must be satisfied. Because of the assumptionsithat K; +
TS 0 2 --- + Ky, we shall always consider the case whEn; >

N,, + 1. Accordingly, (42) implies that

whereWw, = V2D2_(1/2), andE; is the matrix whose columns

are the eigenvectors ! H{H, W,. Equation (38) is the so- (N +v)ng,m > Nm + 1. (43)

lution we use in (26). O

C. Necessary Conditions for JCD
] o - IV. RESULTS AND COMPARISONS
We are interested in finding necessary conditions for (12) or

(16) to exist. Given the sdtK,, }*_,, we find necessary con- _1"€ proposed JMMS system is investigated for a time-divi-

m fm=1" . . . . . .
ditions for the minimum required number of antennas at the BN multiple-access-based wireless communication system in
(nr) and MS ng, . }A_,) for JCD. flat Rayleigh-fading channels under the assumption of perfect

Theorem 1—The Minimum Number of Transmit AntennasCS! knowledge. To assess the system performance, we provide
The JCD (16) is possible onlyify > K} + Ko + - - + K. the average system spectral efficiency and average user bit-error

Proof: From (12) probability results for various AWGN (SNR). The system spec-
tral efficiency or capacity we use in this paper refers to the max-
RIHl imum achievable throughput of a given transmission algorithm.
RIH For each simulation, data packets consisting of 50 data symbols
A= 2772 T. (39) (i.e., N = 50) are transmitted with more than 10 000 indepen-

dent channel realizations. To benchmark the results we obtain,
; we compare our results with an upper bound and also various
Ry Hu alternative methods. These reference methods are summarized

Obviously, we wantank(A) = Ny + No + --- + Ny = in the following.

N(K1+ Ky + + I_(M), whereN,, dgnotes the number ofA. Benchmarks

symbols transmitted iV symbol durations by thenth user. '

Therefore, from the rank property of matrices [for any two ma- 1) Performance BoundThe performance bound we use as-
trices A andB, rank(AB) < min{rank(A), rank(B)}] of SUMES no CCl is present and makes use of the singular value

matrices [13], we get decomposition (SVD) for every user link (which is optimal in
the absence of CCI). Also note that the bound does not involve
Ny+ No+---+ Ny CCl or assumes that CCl is completely eliminated. Hence, it is
R{Hl the upper bound for the true system capacity. It should also be

+ emphasized that this performance bound is generally not achiev-
< min { rank | | RoH> , rank(T) 3. (40) able, unlike the Shannon capacity bound.
Using this approach, we write the transmit weight matrix for
themth user as

Thus T,. =/ PrV,, (44)
K1+Kg+~-~+K]\[STI,T. (41) and
R, =U,, (45)
In what follows, we assume thatr > K; + Ko + --- + K.

It is important to note that the number of transmit antennaghereV,,,(U,,) is the matrix whose columns are the right (left)
is constrained by the number of spatial dimensions and not ipgular vectors which correspond to thg, largest singular
the number of receive antennas. In fact, the total number of k&lues ofH,,,, and the norm of each column vector ®f, is
ceive antennas may be much larger than the number of transifer (satisfying the power constraint).
antennas. O 2) ISBM Antenna Systemin [5], an analytical formula for

Theorem 2—The Minimum Number of Receive Antennashe MIMO antenna weights is derived in frequency-selective
The JCD (16) is possible only {tV + v)ng, . > Nn, + 1. For fading channels under CCI conditions. To deal with a multiuser
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system, we can make use of the solution for each user, andlidcan be further shown that the lower bound can be maximized
it iteratively from user to user. This algorithm is referred to alsy
iterative smart base and mobile (ISBM) antenna system.

DenotingT") as the transmit weight matrix of theth user tnm,zTHLHmtim,z
at thesth iteration, the iterative algorithm can be formalized as f}f’;ﬁ( y (
follows. mk mt | $ Pro? H LHy (m)
N (0) . tnink > Qm < - + I) tr:,r;c
« Step Llinitialize T,, = I for all m, andi = 0. el

e Step2:Fori =1, ..., 1, let o
for all m, n, k. T0 find the Welghts that maximize (52), we

T+ = /PrF,, Vi (46) begin by Iettlngtm =W, £, ) such thatw,,, satisfies

where F,,, is the matrix that contains the eigenvec- Z QO PT""QH Hii, +I)||Wn=1 (53)
tors that correspond to thé/,, largest eigenvalues of

H, 3% _le where

m=1 n

mAm
For a givenm, f,g”;) must all be distinct or orthogonal (by the
M rank constraint). Thus, (52) is maximized whéﬂk is the
() =H,, |02 > TOTO| B 4 521 (47) eigenvector that corresponds to te — 1)N + k)th largest
=l eigenvalue oW/ HI H,,W,,. In this paper, we shall refer to
this system amaximum transmit SINBMTXSINR).
m | _ ) ) 4) Direct Transmission:A straightforward approach, which
* Step 3:T;.’ is the solution for the transmit weight ma-ye refer to as direct transmissiofDTx) system, is considered.
trices and the corresponding receive weight matrices &ffis approach partitions the transmit antennas and directly as-
given by signs different antennas to different users. As such, the transmit
weights are

R = &0 'H,TY (48)
[Ty Ty -+ Ty =1k (54)
wherel is the total number of iterations. wherel is aK x K identity matrix, andk = Z N,..
In order to have fast convergence, a good choice for an initialThe advantage of DTx is that no prior knowledge of CSl is
guess OiTm is important. A logical guess is the smart baSﬁequwed at the transmitter, as compared with the other schemes
and mobile solution for frequency-selective fading channels jresented in this section.

the absence of CCI [5]. Accordingly, throughout, the following 5) SVYD—Minimum Mean-Square ErroFor a single-user

initialization MIMO system, it is found [3] that the best way to transmit data
into multiple spatial dimensions is through the use of SDM, by
TO = \/PrE,, (49) SVD of the channel matrix. In a multiuser system, we can use

the method to distribute the data across space for increasing
is used wherdE,, is the matrix that contains the eigenvectorthe capacity or spectral efficiency of the system. As a result,

that correspond to th,, largest eigenvalues d! H,,. the transmit weights are found from (44). In addition, because
3) Maximum Transmit SINRIn [8], it was shown that the of CCl, the receive weights need to be found from a traditional
product SINR is lower bounded by smart antenna algorithm for CCI suppression [17]. This system

uses SVD for transmitting and minimum mean square error
(MMSE) for reception. Thus, we refer to this system as a

M K,, N
H 7(@ SVD-MMSE system.
el el mel ok 6) Joint Approximate Diagonalization of Eigenmatricelst
(m)t (m) [18], Cardoso and Souloumiac proposed an iterative approach
t H H,.t .. . . . . .
> n, k (50) for the joint approximate diagonalization of eigenmatrices
i ML ot Pro2H! H, (m) Qn (JADE). It suggests that for a set éff complex hermitian
Y ﬁgl [tn,k ( Gl +I> t } matricesG,,,, it is possible to find a unitary matri¥J that
mEm minimizes
M
where~y P4 ) and t(m) denote, respectively, the SINR and Z off (UGmUT) (55)
transmit Welght vector of théth dimension of thexith symbol —
from themth user,p is a constant, and
where
__ [ EaN, m#m 51 off(A)2 N arl. (56)
Qm = - ( ) ’
K,.N -1, m=m. 1<k#L<N
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The idea is to maximize the desired or diagonal signaisansmit antennas is large by central limit theorem (1é.> 3
and minimize the undesired or off-diagonal signals. Howevearr n > 3 typically). Because this approximate capacity ex-
it should be noted that not all diagonal elements are usgutession inherits the relations between the co-channel signals,
Therefore, there will be some loss in the degree of freedom foapacity based on (63) is still used for primary performance
adapting the weights. Using JADE on the matrid&§ H,,, comparison even for the case when the number of users and the
we obtain number of transmit antennas are small.

[T: Ty --- Ty]=U (57) B. Results

for the weights operating on the transmitted packets while!n Figs. 3 and 4, results are provided for a three-user
MMSE can be used as the weights operating on the received $#f = 3)., six BS antennasnfr = 6), three antennas per MS
nals in minimizing the interuser and interchannel interferencdnr,1 = nr,2 = ng,3 = 3), and two spatial dimensions per
7) Multiuser MIMO Capacity: Since JIMMS and the upperMS (K1 = K> = K3 = 2) MIMO system. This configuration

bound are based on diagonalization and uncoupled channelssaiisfies the minimum requirement of the numbers of antennas.
sult, capacity is readily calculated (15). However, for the aflthough the conditions we show are not sufficient and cannot
ternate methods (Sections IV-A2—IV-A6), where CCl is stilguarantee the existence of joint multiuser channel diagonaliza-
present, multiuser capacity cannot be explicitly expressed B@n, simulation results will reveal that the diagonalization is
cause of the interference between co-channel signals. To alf@@pieved under all configurations we have investigated, when-
performance comparisons in addition to bit-error rate (BER), vi@&ver the “necessary” conditions are satisfied. The performance
introduce an approximate capacity measure. Such a measu® gMMS significantly outperforms other approaches and more
based on the use of the Gaussian assumption which implies #han 100 times reduction in average user BER is possible for
the interference becomes Gaussian distributed when there HY#VS when compared with MTxSINR. Similar comparisons

several users. can be made in Fig. 4. Results illustrate that IMMS achieves
Suppose that we have a linear model similar to (4) significant performance improvement compared with other
schemes. Also note that the capacity of JIMMS follows the same

y=Hx+u (58) trend as that of the performance bound (which assumes no

whereu is the undesired signal vector which can be correlattfcf::ac')' The capacity performance of JMMS is just a 4-dB shift of

noise or CC. Assuming that is Gaussian with covariance ma at of the bound. Therefore, IMMS effectively eliminates all
X ' . . “the CCI while keeping the diversity advantages of the system
trix E[uuf] = @, and is uncorrelated witk. From [15], [16], ping y 9 y

K that th itv is of the f to achieve high capacity. Additionally, results demonstrate that
we know that the capacity 1S of the form the multiuser adaptation by ISBM does not work effectively, so

det (E[xx']) - det (E[yy']) their performance is not as good as that of MTXSINR.
C = log, Exx] Elxy] (59) To further enhance the system performance, more receive
[ ; ; ] antennas can be used for gaining additional space diversity, if
Elyx'l Elyy’] possible. In Figs. 5 and 6, results are provided for the same
After some manipulation, (59) can be simplified as configurations as that in the last two figures, except that the
det (HE Lo THT + @ number of antennas for each MS is equal to the total number of
C = log, et ( [xx'TH' + ) . (60) co-channel signals of the system (ixeg, ., = K1 + K2 + K3
det @ form = 1, 2, 3). A close observation from Fig. 5 indicates that

The multiuser MIMO channel capacity is just a simple exteMTXSINR is much better than JADE, DTx, and SVD-MMSE.

sion of (60). Using the system model defined in Section II, thdut ISBM has even better performance compared with

total capacity per transmission of theth user link,C,,,, can be  MTXSINR. However, much better average user BER can be
found by achieved by JMMS. It is noted that the diversity advantage

(slope) of IMMS is also the best compared with the other
det (HmE[Xijn]Hjn +‘I’m) (61) schemes. Specifically, average user bit-error probability as
det @, low as 1G™* can be achieved with an average SNR less than
3 dB in a three-user system. Moreover, results in Fig. 4 show
that among all the schemes, JMMS is the best in terms of
9 maximizing the overall system capacity and its performance
P = Z:] HmE[Xﬁ‘XIﬁ]H’Tﬂ +oul. (62) follows the same trend as the loose upper bound. In contrast
m to the previous results, the performance of ISBM is now close
As a result, the overall system spectral efficiency of a multiusi ©F Slightly inferior than that of JMMS. (Similar computer
MIMO system is given by simulations have concluded that ISBM is only effective for
the case when the number of receive antennas for each MS
N . o is greater than or equal to the total number of co-channel
C=v > Cm  bits/transmission (63) signals within the system.) In addition, results demonstrate
m=1 that under this configuration, the performance of MTxSINR
The above capacity expression is generally not exact, but islegrades and the performance difference between JMMS and
good approximation when the number of users or the numbendTxSINR is remarkable. This can be explained by the fact

Cy, = log,

where
M
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Fig. 3. Average user bit-error probability versus SNR for three-user MIMO systems. Six BS antennas, three antennas pefMSfandi;) = (2, 2, 2).
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Fig. 4. Capacity versus SNR for three-user MIMO systems. Six BS antennas, three antennas per(M3, dig, K3) = (2, 2, 2).

that the solution of MTXSINR comes from the maximizatiorand, hence, the MTXSINR weights are unable to control all the

of the lower bound of the system spectral efficiency and &CI. The performance of DTx, JADE, and SVD-MMSE is not
the number of users increases, the lower bound is inaccurgt®d, which implies that CCI minimization at the transmitter
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Fig. 5. Average user bit-error probability versus SNR for three-user MIMO systems. Six BS antennas, six antennas pe(MS,Bad K3) = (2, 2, 2).
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Fig. 6. Capacity versus SNR for three-user MIMO systems. Six BS antennas, six antennas per MS,.aRd, I'3) = (2, 2. 2).

side is important. One more thing worth mentioning is that bguperior to that of MTXSINR with six antennas per MS for SNR
comparing the results in Fig. 6 with those in Fig. 4, we note that 17 dB. This means that we could manage six co-channel
the performance of IMMS with three antennas per MS is eveignals with only three antennas per MS. Specifically, 48 b/s/Hz
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Fig. 7. Average user bit-error probability versus SNR for six-user MIMO systems. Six BS antennas, two antennas pe( Mg, &hd K, K4, K5, Kg) =
(1,1,1,1,1,1).

(16 b/s/Hz per MS on average) can be achieved at an averagerage) can be obtained for SNNR20 dB when using JIMMS.
SNR = 20 dB. It is also noted that the performances of ISBM and MTxSINR
We conclude this section by providing results of the systeare degraded compared with the configuration with six antennas
where the number of co-channel users is large and each & MS. One more interesting remark is that with six transmit
could only be allowed to have a small number of antennas. Raitennas at BS and two or three antennas at MS, the combined
sultsin Figs. 7 and 8 are provided for a six-ugefr £ 6) MIMO  channel is more or less nonfading.
system with six BS antennaga£ = 6), two antennas per MS
(nr,1 = --- = ngr,6 = 2), and one spatial dimension per M piscussion
(K1 = Ky = --- = Kg = 1). Notice that the total number ) _ ) o
of co-channel signals is strictly greater than the number of an-In this section, we summarize some characteristics of our pro-
tennas per MS. Thus, interference cancellation relies greatly psed system that we have observed. They are given as follows.
the adaptation of BS antenna weights. A close observation of « Number of Transmit (BS) AntennaBhe number of an-
this figure indicates that JMMS achieves similar performance tennas at the transmitter (or BS) should be at least the
as that of the upper bound with only 3- to 4-dB degradation in  total number of co-channel signals within the system for
average SNR. Because the bound is loose, especially for alarge JCD to be achieved. However, to take full advantage of
number of co-channel signals in the system, it is believed that the algorithm, the number of transmit antennas should
JMMS is a promising tool for achieving the optimal multiuser be exactly equal to the number of co-channel signals in
separation in space. Results from Fig. 7 indicate that even forthe the system so that the size of the transmit weight ma-
case of a large number of users, JMMS works well as long as trix T agrees with that of the updating matGx™ (i.e.,
the necessary conditions are satisfied. Remarkably, the achiev- npy = Ky + Ko + --- + Kyp).
able diversity advantage of JMMS is nearly the same as that of « Number of Receive (MS) Antennas and the Number of
the performance bound, and an average user BER of i9 Spatial DimensionsThe number of receive antennas at
possible when the average SNR8 dB. Consistent results for the mth MS should be greater than the number of spa-
system capacity can be seen in Fig. 8. Similar to all the cases tial dimensions of that mobile (i.eng » > K,). For
when the necessary conditions for JCD are satisfied, the overall example, for a three-user system where User 1 transmits
system capacity can grow linearly as the average SNR increases two data streamsH; = 2), User 2 transmits three data
and with the increasing rate as large as that of the performance streams K, = 3), and User 3 transmits five data streams
bound. In particular, about 50 b/s/Hz (or 8.3 b/s/Hz per MS on (K3 = 5), the minimum number of antennas required for
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Fig. 8. Capacity versus SNR for six-user MIMO systems. Six BS antennas, two antennas per M§; aft,, K5, K4, K5, K¢) =(1,1,1,1,1, 1).

the mobiles are three, four, and six for users 1, 2, and 3, V. CONCLUSION

respectively. Following also Property 1, the minimum re-

quired number of BS antennas is 10.
 Orthogonality of Multiuser MIMO ChannelsMulti-

This paper describes a solution (JMMS) for the problem
of performance enhancement in terms of both maximizing
the system capacity and minimizing the average user bit-error
. . Bﬁobability of a multiuser MIMO system for wireless communi-
an M-user MIMO downlink channel intd/ uncoupled cations. In particular, we provide some necessary conditions for

MIMO channels. Essentially, it becomeéd single-user the solution to exist. The formulation of our solution is general

systems with no interference (see Fig. 2). In addition, the, | applicable for both frequency-flat and selective-fading
parallel data streams (transmitted in spatial dimensio annels

for.a particular user will be orthogonal with eaph other. Simulation results reveal that the proposed IMMS system sig-
This property allows t_he use of advanced te_chnlques Sur?ltﬂcantly outperforms all the existing systems in any configura-
as adaptive modulation and power alIocaﬂ_on t(_) furth‘ffon when the conditions presented in Section 111-C are satisfied.
|mproye the user performance without deteriorating Oth‘ratrhas also been demonstrated that the multiuser capacity can
users _performange. . .. grow linearly as SNR increases, similar to the single user case,
’ Capacny Expressiontn the ylrtqe OT the orthogonality, and this only occurs in JIMMS. We have noted that JMMS can
the _mu_It|use_r system capa_cr[_y 'S given by (15)' The_c reserve the highest diversity advantage available in the system
pacity is a linear monotomc-l_n_creasmg funpt!on again (tichieves similar diversity order as without CCI). As a result,
average SNR under the conditions of the minimum nu MMS can be thought of as a generalization of SDM, and it
bgrs of BS and MS antennas. A general nule of thumb f?§ a promising technique for implementing multiuser SDM for
single-stream systems (I.é(; = Ky = --- = Ky = 1) high-rate and reliable wireless communications.
Is that with two antennas at all mobiles, deployﬂ@an- Our results provided in this paper assume perfect channel
tennas at BS can suppart co-chann_el USers SIrnuItame'knowledge at both the transmitter and all receivers. In practice,
ously _at the same frequency and time slot without a¥s) is estimated from the signals received in the uplink, and
cross interference. O_ne more user can be accommodaé? rs in channel estimation may be imposed that would cer-
by the system by having one more antenna at the BS. tainly degrade the system performance. Further study is needed
Properties 1 and 2 agree with the necessary conditions in Secguantify the robustness of the proposed system in the pres-
tion 11I-C for JCD when the fading is flat. This suggests thatgnce of channel estimation errors. Though conditions for JCD
the conditions can be considered to be sufficient for flat-fadirtg exist have been provided as rules of thumb at the end of the
channels though we are unable to provide the proof. paper, another interesting direction of research is to determine,
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analytically, the exact relation between the number of antenn
the number of users, the number of subchannels accommod:
by each user, and the number of paths.
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