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Abstract—An orthogonal decomposition of a general wideband downlink channels are reciprocal so the transmitter can esti-
space—time frequency selective channel is derived assumingmate the channel using pilot and/or data symbols transmitted
antenna arrays at both the transmitter and receiver. Knowledge of by the receiver. In frequency-division duplexing (FDD), a feed-
channel state information is assumed at both the transmitter and . " .
receiver. The decomposition provides a framework for efficiently back channel may. be used to relay Chan_nel information esti-
managing the degrees of freedom in the space—time channel tomated by the receiver back to the transmitter. The use of CSI
optimize any combination of bit-error rate and throughput in  at both the transmitter and receiver for transmit diversity has
single-user or multiuser applications. The decomposition is used peen applied in the third generation WCDMA standard [2], [8],

to derive efficient signaling schemes and receiver structures for a \ hicpy js known as the closed-loop transmit diversity or transmit
variety of scenarios. For a fixed throughput system, we investigate . .
adaptive array (TxAA) technique.

a power allocation scheme that minimizes the effective bit-error ; . . . . .
rate. In addition, a strategy to maximize the throughput under In this paper, we investigate efficient signaling schemes
a worst-case bit-error rate constraint is proposed. For multiuser and receiver designs that exploit CSI at both the transmitter

applications, we propose a signaling scheme that achieves orthog-and receiver for wideband frequency selective space—time
onality among users by exploiting the temporal channel modes .hannels. This work builds on our earlier results in [6], in
which are common to all users. The effect of imperfect channel hich mini bit te (BER) i i h
state information at the transmitter is also investigated. w '_C mlnlrrium i-error rate (, ) §|gna|ng schemes are
o ] derived for single-user system given different types of channel
Index Terms—Diversity, high data rate, multiantenna systems, - jyformation. When perfect CSl is available, the BER-optimal
multlple-access communications, wireless communications. . . . . . .
scheme can be viewed as a generalization of selection diversity
via adaptive frequency hopping with spatial beamforming. This
I. INTRODUCTION scheme uses only one channel dimension in a particular symbol

SE OF antenna arrays at both base stations and mogii,gation. The results in [6] are extended in this paper to exploit
l J handsets is envisioned in future wireless communicati | channel dimensions. An orthogonal decomposition of the

systems [1]. It is well-known that availability of multiple an_general wideband frequency selective space-time channel is

tennas at the transmitter and receiver significantly increases Iﬁ%”ved assumingP-transmit and@-receive antenn_as. The_
annel modes are shown to be outer products of discrete-time

capacity. Consequently, exploitation of spatio—temporal divet- ; . : . :
sity has emerged as a key technology in state-of-the-art syste gysmds (representing temporal dimensions) and spatial beam-

For example, an antenna array is required at the base sta fgpners (representing Spatia_l (_jimensions). 'The decomposition
in the third generation WCDMA (wideband code-division muIprOVIdes a framework for efficiently managing the degrees of
tiple access) standard [2] freedom in the space-time channel to optimize BER and/or

Most existing space—time techniques assume channel staté' nghput.ijn sm%!e-Léiseir] and mu(;'c|Li|s?r applilicatlonfs. "
formation (CSI) at the receiver (see [3]). However, availabilitg/i e'lciﬁnstlh er ahlxet i?thase mto u.aéori sC _emdeboihconcrebe-
of CSl at the transmitter can be exploited to attain improved p ess. Thethroughput ofthe system 1S determined by the number
formance as demonstrated by some recent works (see [4]-[ distinct data streams. Our results show that there is a tradeoff

Channel information may be obtained at the transmitter via s ztween throughput and BER—higher throughput generally

eral means. In time-division duplexing (TDD), the uplink anaesults ina hlghe_r BER' Using only the most dominant channt_'-_\l
mode to transmit a single data stream represents one (min-

imum BER) extreme. On the other hand, transmitting distinct
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not require the channel or signaling information of other useignalx(t) = [z1(t), z2(t), ..., zp(t)]T € €* has duration

This scheme is analogous to methods employed in orthogofiahnd two-sided essential bandwidbh The transmitted signal

frequency division multiple access (OFDMA) or multiuser mulx(t) € €” undergoes a frequency selectieinput, Q-output

ticarrier systems (see [9]). fading channel with delay spread 6. The signalr,(t) at the
Prior work closely related to the results in this paper igth receive antenna can be written as

found in [4], in which the singular value decomposition (SVD)

of the overall space-time channel is exploited for maximum Ta T

throughput application in narrow band systems. The SVD in rq(t) = /0 hy (7)x(t = 1) d7 + ng(t)

[4] does not admit a closed-form expression. In this paper, T

we obtain a closed-form SVD for each channel coupling all hy(7) = [hqu(7) hga(T) -+ hep(7)] 1)

the transmit antennas to a particular receive antenna. These ) ) )
closed-form SVD's then yield a lower dimensional eigendd/neréh,,(7) is the channel impulse response representing the

composition for the channel after coherent combining across $UPling between thgth transmit andjth receive antenna. We
receive antennas. We demonstrate that our approach requiteume that The maximum transit time across the array is small
lower computation complexity. compared to the inverse baqdywdth of the S|gn§1I. We a_lso as-
To fully exploit the potential of our proposed schemes, sufffume that the channel coefficients corresponding to dlffer_ent
ciently accurate estimates of CSI are required at the transmitR#ths and antennas are not completely correlated. The additive
In practice, some nonidealities may exist (see [5], [6]). We aROiS€ process is temporally and spatially white zero mean com-
alyze the effect of imperfect CSI at the transmitter. It is showd€x Gaussian. That i&[n,(t)ng, (t')] = 0?6(t — t')bq, ¢ -
that while imperfect CSI at the transmitter does not result in the Ve assume for a single transmitted data stréaiat thepth
loss of multiuser separation, each user incurs some performafBienna waveform, (¢) has the following form:
penalty. Simulation results are given to assess the amount of per- N1
Logg;ggeclgls,;r:hh;%?;;lgc;:?tt;?ut single-user systems due to the 2(t) = /b Z sy lil(t —i/B), 0<t<T (2)
The rest of the paper is organized as follows. The space-time =0
channel model and orthogonal decomposition are given in S¢ghere w(t) is the (unit-energy) chip waveform of duration
tions Il and IIl, respectively. Signaling and receiver designs fqr/ 3, , is the transmit power, an&é = TB. Here s,[i],
single-user systems that trade throughput for BER are outlined- o 1, ... N — 1 represents the signature sequence asso-
in Sections IV and V, reSpeCtiVely. We discuss multiuser Systqﬂhted with thepth antenna. We Sampbe] (f-) at the ratel/B

design within our framework in Section VI. The effect of im+g enable discrete-time processing without loss of information.
perfect CSl at the transmitter on the system performance is digst

cussed in Section VI, followed by the concluding remarks in

Section VIII. def T
Superscriptl’, H, and« indicate matrix transpose, matrix Fa ra(0), ry(1/B), -, (N = 1)/ B)]

conjugate transpose, and complex conjugation, respectively. s, def [s,[0], sp[1], ..., s, [N — 1]]"

Uppercase boldface denotes a matrix while lowercase boldface def

indicates a vectorIy denotes theN x N identity matrix. S'= [sy --- sp]. 3

x ~ N¢[m, R] denotes a complex Gaussian vectowith

meanm and covariance matriR. Expectation is denoted asHence,r, contains samples of the received signal at jtte

E[.] and the Euclidean norm of vecteris denoted a§x||. The ~antenna over one symbol duration, wtilés anN x P matrix
symbol ® denotes Kronecker product andc (A) is formed containing the s[gnature codes from all transmit antennas. Now,
by stacking the columns of matri& into a vector [10], [11]. defineA,, € €V*N as the time-shift matrix corresponding to
e,, is the column vectof0” 1 07|17 with 1 located at thesth  the path delay/;. We assume the delay is cyclic, so gy, is

row. Kronecker delta distribution is defined as circulant. For example, whefy = 1 andN = 3
5 . = 1, 21 =19 00 1
21,22 07 il 7& LQ Adl _ 1 0 0
0 1 0

The diagonal matrix generated by the vectois denoted by
diag{v}. The ith largest eigenvalue and the corresponding/hile the actual delay corresponds to a linear shift, negligible
eigenvector of matrixA is denoted by\;[A] and ev;[A], error is introduced by this assumption for sufficiently laje
respectively, and we assumeA] > Aiy1[A]. In this paper, provided thatd, < N. Furthermore, if achip-levelcyclic
since A is always Hermitian symmetric and nonnegativgrefix is introduced, the cyclic shift is exact [12]. By defining
deflnlte’)\T[A] Z 0 Adéf [Ad] tte A(IL] E CNX]\TLV s = vec (S) E CNP!
def PxL
H, = [hy, ---hy,] € C , andh, = H,), we have
Il. WIDEBAND SPACE-TIME CHANNEL MODEL from (1[) ;(:']d @ zal a = vee(H,)

Consider a single-user system withtransmit and) receive

antennas. We assume that each component of the transmitted r,=pbA(I,®8S)h,+n,.
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Defining H, = A(HqT ® Iy) and applying the identity Hfrq, followed by matched filtering with the signature code

vec (AXB) = (BT ® A)vec (X) [10] twice, we get s. We shall study theéV P-dimensional vectof as it contains
the channel coefficients. Substitute igrto obtain
r,=/pbH,;s+n, (4)
Q Q
wheren, ~ N¢[0, oIy]. F=/pb <Z HE Hq> s+ Y Hin,. 9)
q=1 q=1

Il. SPACE-TIME CHANNEL DECOMPOSITION Now apply Theorem 1 and the identifi; ©X») (Y ©Y>) =

The overall space—time channel may be represented 3syY; @ X,Y, to show

HY T HL]T € €VY*NP The number of available

h . . . . Q N-1

space—time dimensionsYq;m, IS precisely the rank ofH. Hoy H PNxPN

Since we assume that the channel coefficigtg, } are not 2:1 Mo Ha = 2:0 Ln@ene, €€ (10)

perfectly correlatedNgin = N x min(P, Q) w.p. 1 (see = "

[13]).t Our goal is to design transceivers that accessvall, where

degrees of freedom in a way that different channel modes do Q

not interfere with one another. This goal can be accomplished I — Z g, g e PxP

when a SVD ofH is available, analogous to [4]. This SVD has " ™ aSn.q

to be computed numerically since f@ > 1, a closed-form

SVD for H can not be obtained. Numerical computation i the overall spatial mode matrix at frequeriey /N )n. Since

prohibitive in practice sinceV is usually large for wideband the rank ofT,, in (11) ismin(P, Q), it is clear from (10) that

applications 32). >&  HIH, is of rank Ngim = N x min(P, Q) w.p. 1.
In this paper, instead of using an SVD féf, we derive a A0 ZQzl HIH, = HTH is the Grammian of{, hence

closed-form SVD forH, and show that via appropriate sig- d 0 _ . .
naling and receiver designs, d\l;;,, degrees of freedom canrank(Zq:1 Ty Hq) = rank(H) [11]. Itis easy to verify that

i Q H
be accessed via noninterfering modes. The circulant structffg Naim €igenvectors op_ =, H,"H, are
of A4, is exploited to obtain a closed-form SVD for thth re-

11)

q=1

ceive antenna space—time channel maktixin (4). wl=O¥ ) g e, nefo1,...,N-1}
Theorem 1: Define ie{1,2, ..., min(P, Q)}
C, = 1 [1 pd2mm/N ej27r(N71)n/Ni|T e (5) w((E=DN+n) _ ev;[T,] (12)
VN
L L H . . .
—iomnd /N iomm with the corresponding eigenvalues _1yyin+1 = XNi[Ln]-
8n.q = Zh’qle s N Zhl'ﬂ’e 7 dl/N] TheseNaim eigenmodes represent§all 2chér aK/aiIabtmi[nte]r-
=1 =1 fering space—time subchanndlsr any MRC-based receiver.
e ¢f. (6) While a single data stream was assumed to motivate the MRC
receiver structure, in generaly;,,, honinterfering data streams
Then,H, € CV*N" admits the following SVD: can be transmitted in parallel using th&;;,, eigenmodes of
N1 Zqul HIH,. Each of these streams can be demodulated using
H. — Z o covH @) the MRC receiver described above. This issue will be discussed
T Ly e in Section V.
B Notice that to compute all the eigenvectors in (12), the most
On,q = lI&n,qll, Vn,q = Sna_ ® Cp.- (8) costly operation is finding the eigenvectorsidfmatrices, each
gn.qll with the size ofP x P. This is much less complex than com-
Proof: Appendix A. puting the singular modes of théQ x N P matrix H sinceN

Notice that the left singular vectors:, }' = are indepen- is typically large £32) andP is typically small (currently 2—4
dent ofg since they are associated with temporal channel ch&! WCDMA [2]) in practice.
acteristics. Also, notice that theh row of g,, , is the complex
conjugate of the frequency response of the channel between the IV. MINIMUM BER SNGLE-USERSYSTEM

gth receive angith transmit antenna at frequen(yr /N )n. Minimum BER is obtained by transmitting only a single data

~ Consider implementing the maximum likelihood or maxgieam via the most dominant subchannel [6]. In this case, we
imum ratio combining (MRC) receiver for the data We pggse

may decompose the MRC receiver into two stages: front-end
matched filtering withonly the channel coefficients and com- S=WQcq (13)

bining across all received antennas, as denoteﬁdé{/ Zqul
where
1As long as the channel is not completely correlated, there eRists,
nonzero singular values w.p. 1. Higher channel correlation, however, results W= ev [I‘—] T = are  max A [I‘ ] (14)
in larger channel singular value spread. 11Enl gn:O Ny Tt

3oty
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We assume the availability dfg,, .}, 7, andw at both the
transmitter and receiver. In practice, this availability depends on
the system constraints. For TDD systefs,_,}, 7, andw can
be computed at both the transmitter and receiver by exploiting
reciprocity. Alternativelyp andw can be computed at the trans-
mitter and signaled to the receivég,, ,} can always be esti-
mated at the receiver for front-end processing. In FDD systems,
reciprocity does not hold, hence CSI needs to be signaled to the
transmitter via a feedback channel. In order to reduce feedback
overhead, the receiver may compateandw and feed them
back to the transmitter, rather than feeding back CSI.

I, e o V. HIGH THROUGHPUTSINGLE-USER SYSTEMS

Since we assume a fixed modulation scheme, the throughput
of the system is determined by the number of streams trans-

I, —r—> mitted simultaneously. To transmi/ data streams via the
N i channel, we choose a transmitted signal of the form
WgnQ M
®) > Vo b st™ (18)
Fig. 1. Single-user minimum BER system for BPSK (a) transmitter m=1

(b) receiver. .
where the signature codés™) } are chosen to be a subset of the

eigenvectors ozle H}I‘IHQ given in (12). Define theelative
throughputof a system as the total system throughput relative
nant eigenvector. Notice that onyredimension is used in any [ the throughput of a one-stream system with the same modu-

one symbol duration to achieve minimum BER. This signalinlqt'on scheme. The relative throughputis bounded byVain,

scheme can be implemented as shown in Fig. 1(a) with. the maximum number of parallel subchannels. Without loss of
For receiver design, we assume BPSK modulati(ﬂ?nera“ty’ we assume that = 1 in this secuo_n. Tha_t 1$9m 1S

(b € {£1}), although extension to other modulation schemest@e transmit power for thewth stream normalized with respect

straightforward. The MRC receiver compuie (9) and then to the noise variance?. At the receiver, different streams are
correlatest with s = w ® ¢ to obtain the decision statistic 2SIy separated due to the orthogonality#f™}. The trans-

7 for b. To simplify receiver complexity, we exploit Theoremmmer and receiver for this _ma>_<imum throughput scheme may
1 as follows. It is easy to show using the identiff; ® Xs) be implemented as shown in Fig. 1(a) and (b), respectively, for
(Y: ® Y2) = X;Y; ® X,Y, and the orthogonality of each data stream withh andw chosen accordingly.

Thatis,m is the frequency of the spatial mode maifrix with the
largest dominant eigenvalue amdis the corresponding domi-

{cn}N_—Ol that Throughput is maximized by using all théy;,,, spatio—tem-
"= poral dimensions for data transmission as discussed above.
H, (W®cq) = (gg /W) Ci. (15) However, for a fixed total transmitted power, this comes at
the expense of BER since the power has to be distributed
Hence,Z can be written as follows: between Ny, Streams. Hence, there is a tradeoff between
0 throughput and BER. One may trade throughput for lower

Q
Z=(ween)"y Hirg=3 (w'es,)err, (16) 3=R by choosing to transmit with! < Ny, data streams.
e Since perfect CSl is available at the transmitter, the subchannel

) ) o o gains (eigenvaluesjy,, }\4= defined in Section Ill can be
that{g,. ,}, which represents the CSlI, and the transmit beam-

formerw need to be known at the receiver. For BPSK modula- ~; > vy > -+ > v > yar41 > -+ > vy, > 0. (19)
tion, the maximum likelihood detector is= sgn(Re{Z}). In
this case, [6] where the nonzero gain assumption is achieved w.p. 1 by As-
sumption 2 in Section I. Clearly, the most power-efficient way
2 Q to achieve a relative throughput 81 is to use thel/ subchan-
BERuin = Q | ([ 5w > gneg, |w|.  (17) nels with the highest gains. We define tiiectiveBER of an
q=1 M-stream system as

q=1

Choosings = w ® ci with w defined in (14) maximizes the | M
argument ofQ(, /) and therefore the BER is minimized. Note BERY < — 3 BER(pmm) (20)
that the effective SNR i§/0?)\1[T'5], S0\ [T'5] is the gain of M =

the dominant subchannel. where p,,vm is the received SNR corresponding to theh

2 Q) = A= [ e=v?/2 du. stream. BER (pmvm) is a strictly decreasing function of




ONGGOSANUSIet al: EFFICIENT SIGNALING SCHEMES FOR WIDEBAND USING CHANNEL STATE INFORMATION 5

the received SNR, and depends on the chosen modulatior?) For a given total transmit powerror and subchannel
scheme. The effective BER reflects the average system SNR values{ym}Ndim the minimum effective BER

m=1"
performance across/ subchannels. The transmit power power allocation results in
allocated for all stream$p,,,}}_, is assumed to satisfy the
constraint "™ _ p,, = pror. In general,p,, is chosen BERi]f\f[) < BER%H) (27)
based on the subchannel gaifs,,}_;. Note that to
achieve relative throughput dff, we requirep,,, > 0 for all provided that{c,.},,_; is & constant or decreasing
me{1,2 ..., M} sequence.

We now investigate a power allocation scheme that minimizétence, to maintain a relative throughput df for different
the effective BER for a fixed throughpud{) in Section V-A. channel realizations, the total powefor may need to be ad-
This scheme further leads to a strategy to maximize the instginsted accordingly. The property represented by (27) demon-
taneous throughput for a given worst-case BER requirement siisites the tradeoff between BER and throughput. Thatis, higher

discussed in Section V-B. throughput results in higher effective BER. Note that although
this property is intuitively pleasing, it is generally not true for
A. Fixed Throughput Criterion arbitrary power allocation schemes.
We assume BPSK or QPSK modulation, so tha The solution of (26) must be obtained numerically. The

_ ivation in Appendix B suggests an iterative procedure to
BER(pmvym) = Q(2pm7ym). The results presented erva : ) ) :
below can be extended to other modulation schemes. fHin the solution of (25) and (26). Starting with an arbitrary

—C . : Ay . ;
a given relative throughput oM, we choose{p,.}}_, to P (26) is solved numerically fofp,, },,_;. A unique solution

. M — —
minimize BERAD. Since the effective BER reflects the ayS 9uaranteed for any value pt If 3, _, p, > pror, 711
8reased to reduce eap),. Similarly, if >~."_, 7,, < pror,

erage performance over all subchannels, it may result in soffl : ; )
subchannels with extremely high and some with extremely lot'S Iow&red to increase eagh,. This procedure is repeated
received SN Rp,,v,, being used for data transmission. Thigtl 2251 pm = pror is satisfied within a prescribed

effect is more pronounced when the total transmit poweyy nuUmerical tolerance.

is low. To prevent this, we impose a worst-case SNR constraint’\" @PProximate solution of (21) can be obtained by replacing
resulting in the foIIowing optimization problem: the exact BER for each subchannel in (21) with its Chernoff

bound. In this case, we minimize the following upper bound on
the effective BER:

M
Pty = argpg_f_l_{g\{ z::l Q (\/ 2/)me) (21)

M
) 1
y BERG < M > exp(=pmym).
m=1

s.t. Z Pm = PTOT (22) . . . . -
m=1 This approximation is accurate for sufficiently largeor.
P > Cmy M =1, ..., M. (23) Again, using Kuhn—Tucker conditions as in Appendix B, we ob-

tain the following closed-form solution fagr,,,m =1, ..., M

The constant,, is chosen such th@(y/2¢,,) is the worst-case aSSuming (24) holds:
BER for subchannetn. max (e, 10g Yo — ji)
The above optimization problem can be solved via the Pm = m Ui (28)
Kuhn-Tucker conditions [14]. The following is shown in Tm
Appendix B.

1) A solution exists if and only if

wherefi is chosen to satisfy the power constraEff:1 Pm =
pror.- We term this solution th€hernoff-basegower allo-

M cation. Analogous to the exact solution, it can be shown that
3 Cm BER® < BERM*Y holds in this case as well
PTOT = Pco, M Pco,M = — (24) eff  — T et s )
o= Im When prort is sufficiently large, it is easy to see that the

_ worst-case subchannel BER constraint in (23) is not active. In
wherep.,, v denotes theutofftransmit power for a rel- this case, the exact solution to (21)i§ = p,,, for all m, where
ative throughput oft/. When (24) is met, the solution is ,  is given in (26). The Chernoff-based solution is simply =

unique and characterized by: (108 ¥m — 1) /Y.
Another simple suboptimal power allocation scheme that sat-
Py, = MAax (C_m7 ,,m> (25) isfies the constraints in (22) and (23) assuming (24) holds can
Tm be obtained as follows:
wherep,, satisfies Cm 1
Am = — ST — Pco,M /- 29
p o +M(PTOT Pco, M) (29)

Tm _
(X —PmYm) = M, =1....M 26 . L . -
Pm eXP(=pmYm) = T m ’ (26) That is, after satisfying the minimum SNR constraint in each
subchannel, the remaining power is distributed equally for all
and7 is chosen such th@fle P = PTOT- subchannels. We term this schemréformpower allocation. It
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is easy to see that ER'Y) < BERE*Y holds for uniform P=Q=2,N=16, 6, {0,1,2}

power allocation. 5 ; : , :

B. Maximum Throughput Criterion

We now consider an adaptive throughput scheme wher  _gl i
the instantaneous relative throughput is maximized subject ti
constraints (22) and (23). Let the set of “allowable” relative & _10| ]
throughput beM with 0 € M. This is intended to allow et
“no-transmission” when the channel undergoes such deep fad«z _15| i
that the BER requirement cannot be achieved for a gixesr.

e

The solution of this problem is simply choosing the largest _ool . ,
such that
-25F
Peo,M < PTOT (30)
-30 i ' : ! : :
still holds for each channel realization. 5 10 Sulf_channefo 25 30
Note that the maximum throughput criterion is not coupled @
to any subchannel power allocation scheme but only requires
Pm > €m/7¥m. Thus, one may use the minimum effective BER P=Q=2, N=16,d € {0,1,2}:e= 10

or uniform allocation scheme described above to choose the 35 ‘ ‘ ' T

C. Examples

For all the examples, we considetra= Q = 2 andN = 25
16 system. There aré = 3 paths withd, € {0, 1, 2}. The o
channel coefficient$h,,, } are assumed IID anli¢ [0, 1/QL] 120
(Rayleigh fading). To illustrate the fixed throughput criterion, &
we considerM = 32. Perfect CSI is assumed at the trans- “‘{515
mitter and receiver. The system is required to achieve the samg3
worst-case BER of on each subchannel. Hence 10

whereQ~1(x) is the inverse oD(z).
We first compare the minimum effective BER power alloca-

301

e

2

em = (Q 7)) /2, m=1,..., M 5

tion (based on the exact and Chernoff-bounded effective BER) (b)
to uniform power allocation. One channel realization ang  Fig. 2. (a) A channel realization faV =16, P = @ =2,L =3 (d; €

102 are used. The resulting sorted subchannel SNR values eégl#

, 2}). (b) Cutoff powerp.,, \ as a function ofdf to achieve feasibility
ition (24).

the cutoff transmit powep., m as a function ofM are de-
picted in Fig. 2(a) and (b), respectively. Fbf = 32, which _ _ _
implies proT > 33.54 dB is required to satisfy the worst-case  subchannels with low channel gain than does the uniform

BER

constraint. The allocation of power and resulting BER ~ scheme, which results in lower effective BER;

across subchannels fpiror = 33.6 and 37 dB are depicted 3) The worst-case subchannel BER constraint in (23) is ac-
in Fig. 3(a)—(d). From this example, we make the following  tive only for low pror. This is evident from Fig. 3(c) and
observations. (d). The subchannel BER values foror = 37 dB fall

1)

2)

The Chernoff-based solution is virtually identical to the ~ P€low 1072, which indicate thap,, v, > ¢, for all m.
exact minimum effective BER solution. The difference The effective BER for differend/ is displayed in Fig. 4(a) as
between the minimum effective BER and uniform powea function ofpror using the same channel realization and exact
allocation schemes is small wheror is close to the minimum effective BER solution. A comparison to the effective
minimum value 33.54 dB. The difference is more proBER obtained using Chernoff bound and uniform power alloca-
nounced when excess power is available; tions is shown in Fig. 4(b). Observe that the loss of performance
Both the minimum BER and uniform power allocatiordue to uniform power allocation compared to the minimum ef-
schemes allocate relatively more power to subchannétxtive BER solution is more pronounced/sincreases. Also,
with low gain. However, as evident from Fig. 3(b) and (d)}the Chernoff approximation introduces negligible performance
thereceivedSNRp,,, v is largest in the subchannels withloss.

the largest channel gaif,,. Notice that the minimum  To demonstrate the notion of adaptive throughput introduced
effective BER solution tends to allocate more power tm Section V-B, we assume = 1072 and 10* worst-case
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Fig. 3. Different power allocation schemes and the resulting subchannel BER for (a},d®)= 33.6 dB and (c), (dpror = 37 dB.

BER requirements and use the Chernoff-bound power allocation
scheme. Four different sets of allowable relative throughputs ar

used
M; ={0, 2, 8, 32} (4 levels)
My =1{0, 2, 4, 8, 16, 32} (6 levels)
M3=1{0,1,2,4,6,8,...,30,32} (18levels)
My=10,1,23,...,31, 32} (33 levels).

The resulting average relative throughput and averagdi .«

VI. MULTIUSER SYSTEMS

%ora general multistream system wikh active users, the

sampled signal at thgh receive antenng, in (4) can be written
as

M,

K-—1
rg= 3 HE Y omibmas™ +n,  (31)
k=0 m=1

whereH{") = A® HPT @ Iy) and the index denotes the
kth user. Here théth user transmitd/;, data streams. Note that

are depicted in Fig. 5(a)—(d). The averages were computed olfegeneral the signal transmitted by different users see different
600 channel realizations. Observe that larger sets result in beglgannels. It is easy to show that the svorf”) € €Y NP in
average throughput for amyto and the resulting BER profiles Theorem 1 can be written as

are closer to the worst-case requirement. With small sets excess

N-1
power tends to reduce the effective BER rather than increase the HF) — Z Cn (gflk) ® Cn)H (32)
number of channels, while with the larger sets increasgsdn: = 4

tend to increase the number of channels, rather than reduce av-

erageBE R .. Also, decreasing the worst-case BER results iwhere thepth row ofgff)q is the complex conjugate of frequency
a decrease in throughput as more power is needed to achievesponse of theth user channel between tifth receive angith
certain throughput. transmit antenna at frequenr /N )n.
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ferent spatial dimensions. These available spatial dimensions
may be used to increase throughput and/or minimize BER by
deriving the appropriate spatial beamformers.

Suppose the maximum number of us&fs= N is desired.
The transmitter and receiver structure in Fig. 1 may be employed
for each user (or each user’s data stream) with= cy, w =

w(m™ k) andg, , = g,(f)q. Denote the test statistic for data
streamm of userk’ asZ(™ *) which can be written as

M,/

70m k) = Z VPm, k! bm,k’W(mJC,)H
m=1
< K’ kK'H 4
‘ (z e )ww“

g=1

Ck/l’lq

(34)

The spatial beamformer (™ *") may be chosen to optimize the
k’th user's BER, throughput, or a combination between the two
as discussed in Sections IV and V.

If the number of user& < N, then temporal dimensions can
also be used to increase each user’s throughput and/or minimize
BER. In this case, usek is assigned tanin(P, @) X Nt i
dimensions, wher&/r ;, is the r]umber of temporal dimensions
(frequencies) for uset andZi‘:_O1 Nrr < N.

= + finiform As noted, user separation in this framework is a result of the
--0: t ’ H i
108 7 Z’:‘C . channel’s temporal eigenstructure. The temporal eigenstructure
—=X: erno’

-8

10

(b)

Fig. 4. BERY for different . (a) Minimum BER(A . (b) Comparison

of power allocation schemes.

In this section, we demonstrate that upXousers can be

accommodated without resulting in multiaccess interferenGfe amount of transmitted powdp:
This is possible by exploiting the left singular vectées, }) ;' '

2 25
pTOT?dB)

is independent of the channel realization and hence, is common
to all users. This also implies that multiuser separation can be
achieved without the availability of CSI at the transmitter. This
is analogous to the use of sinusoids for multiuser separation in
OFDMA systems. The perfect multiuser separation property
also implies that the signaling and receiver design for each user
do not require any channel or signaling information of other
users. This greatly simplifies system design. For example,
each user’s total transmit powa&kgT may be independently
adjusted. Thus, CSI at the transmitter can be utilized to adjust
e DMy RS O
achieve a certain target BER for each user.

which are independent of the channels ofdlfferent users. Choose
s(mk) = wim 7 @e, 4, Where{w( )}iso canbeanyarbi-
trary permutation of0, 1, ..., K — 1}. Here 7 (k) represents

the frequency assignment fordlfferent users. For simplicity, we The results in Sections IV and V assume that the CSI
chooser(k) = k. Analogous to (15), we have from (31) anc@t the transmitter is perfect. In practical systems, however,
(32) some nonidealities may exist. For instance, both FDD and
TDD provide delayed versions of the estimated CSI at the
transmitter. In addition, for FDD systems, CSI is quantized
and suffers from feedback bit error. Delay is by far the most
prominent nonideality since sufficiently fine quantization, low
error rate feedback channels, and a strong pilot for channel
Slnce{ck} ! are orthogonal, perfect user separation can lestimation can be used. The performance loss due to delayed
achieved W|thout using a decorrelating detector at the receiveil at the transmitter for minimum BER closed-loop scheme
It is apparent that the separation of users is achieved using cimSection 1V is investigated in [5], [6]. It is demonstrated that
the N orthogonal temporal dimensions. In general, spatial dier sufficiently high fading rates, open-loop technique starts to
mensions can not be used for separating users because diffepetperform closed-loop technique.

users generally have different channel coefficients. After thisIn this section, we investigate the effect of imperfect CSI
temporal frequency assignment, each userthag P, Q) dif- at the transmitter on the performance of the high throughput

. EFFECT OFIMPERFECTCSI AT THE TRANSMITTER

M,
-3 z Pk bk (27w 9)

=

(33)
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Fig. 5. Adaptive throughput performance. We chodse= 16, P = Q = 2,L =3 (d; € {0, 1, 2}). (a) AverageM for ¢ = 10~2. (b) AverageBE R for
e = 1072, (c) AverageM for e = 10—*. (d) AverageBER ¢ for e = 104,

single-user system in Section V. As noted in Section VI, per- Q NE =

fect user separation is a result of the channel’s temporal eigean’ = Z (W(m ) gn(m')-,q) Crn(m)Tq

structure, which is independent of the channel realization. This 9=1

implies that imperfect CSl at the transmitter and/or receiver will M

not affect multiuser separation. Each user, however, will incur = /pp/ s /b + Z VPm O/ mbm + Ny
some performance loss. Denote the imperfect CSI at the trans- m=1, m#m/

mitter as{?flq}?:1 and the corresponding spatial mode matrices (36)

as{f‘n 7]:’:_01. It is apparent from (12) that the effect of imper-
fect CSI at the transmitter is manifested in the choice of spatia

beamformers and power allocatiéw (™, p,,}M_,, which are Wher,ezm/ ~ Nel0, ] @Nd @t = (), n(m) X
wmIHT, o, w™). As expected, the data streams trans-

derived from{T',,}"_\. Denote the frequency associated with"™ ! ; _ :
themth stream agrn(m)/N. Thatis,s(™ = w(™ g ¢ ~mitted at different frequencies do not interfere with one another.
’ o ))nter-stream interference at the same frequency occurs since

Note thatmn — n(m) is in general not 1-to-1. This is especiall X . g
true forM > N. Inthis case, at least one frequency correspon{ft€ SPatial beamformers are derived from the imperfect CSI at

to multiple values ofn. Analogous to (33) and (34), we have the transmitter. To gain some insight in how the deviation from
’ the actual CSI affects the amount of interference, we relate the

actual and imperfect spatial mode matrices as follows:

M
r, = VP bm (g2 w() ¢y + 1 35 .
=2 (0o 0 (39 T, =1’f, +E, (37)
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Fig. 6. Degradation iBER.¢ due to delayed CSI at the transmitter. (a) Six-level set; 10~2. (b) 18-level set = 102 (c) Six-level setg = 10—*.
(d) 18-level setz = 10—4.

wherer? < 1 is a multiplicative constant anB,, is the error For large M, the inter-stream interference element can be

A~

component. Using (37) and defining\;,,,/[T'»(n/)] @s the approximated as Gaussian, which results in the following

i(m')th eigenvalue of',,(,,,/), @', m CanN be written as approximation:
BEanI ~ Q
Am/,m = 5n(m’), n(m)
2 I m/H m ’ ey
X (6m’,m v )\i(m’) |:I‘n(m/)i| +W( ) En(m’)w( )) . (38) X 2 % Pm! Cm ,m . (40)
. ) . 1+ Z pm|am',m| /am’,m’
Hence, inter-stream interference is caused by the error compo- m#EM’

nentw(m/)HEn(m/)w(m). In addition to inter-stream interference, another source of

The performance loss due to the above inter-stream interfgerformance loss due to imperfect CSl at the transmitter comes
ence can be quantified from the increase in the system error ratem the power allocation (reflected ifpm YM_1). This is
It can be shown that assuming BPSK modulation, the BER @imply because the optimal power allocation derived from the

streamm’ can be written as eigenvalues of(T',,}"7! is not necessarily optimal for the

actual CSI.
BER,, — Mlq Z 0 \/m . As an example, the effect of delayed CSI at the tran;mitter is
2 b {1} ! simulated for the adaptive throughput system in Section V-C.

We assume a typical closed-loop WCDMA scenario with one
20m Re{cin mlb (39) slot delay (one slo0.667-ms, 2 GHz center frequency [2]).
Qon ! me,mpEm e The average effective BER versygor for various mobile
’ speeds are depicted in Fig. 6. We use the six- and 18-level sets
3For delayed CSl? is inversely proportional to the fading rate. with e = 102 and 10*. In contrast to the case where perfect
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CSl is available at the transmitter, the worst-case BER codsing the same argument as in [6], it can be shown that
straint is not always satisfied when delayed CSl is used at the
transmitter. Observe that the degradation is more pronouncefPq1 -+ Dyp]
for higher pror. This is expected since the inter-stream lZo, 4|l
interference becomes more severgagt is increased. Notice _
also that the system with more stringent worst-case BER re-
quirement incurs larger penalty from inter-stream interference. lgv-1,4l
g o/ llgo, 4l
X L PR

g%—hq/HgN—l;qH

VIIl. CONCLUSION

An orthogonal decomposition of a general space-time
multiantenna multipath channel is derived and utilized to
ot e oty oo eres.. £ e i @) anlly vy =(lp 0 o1 I &
N x min(P, Q) available noninterfering spatio—tempora}ﬁatrix [10]PHen(J;Ve ' yp
dimensions in the channel. The time bandwidth prodict '
represents the number of available temporal dimensions. The(y, ¢ F)# Opn = [Ip@Fle; -+ Ip@Fley]
number of available spatial dimensionsnisn(P, @), where o Ir@co - Tp®cyi] (43)
P and Q are the number of transmit and receive antennas, P PN
respectively. This decomposition provides a framework Wherecn
jointly address system design for minimum BER, maXimurFEientity
throughput, multiuser applications, as well as the combination
of the three, provided CSI is available at the transmitter. For (X; ©X9) (Y1 ®Y5) =X, @ XoYs (44)

a fixed throughput system, a power allocation scheme that

minimizes the instantaneous effective BER of a multistreamith appropriate dimensions. The proof is completed by com-
transmission is derived. In addition, a strategy to maximizgning (41)—(43).

the system throughput given a worst-case BER requirement

and is proposed. For multiuser applications, analogous to APPENDIX B

OFDMA systems, the proposed scheme possesses a perfect MINIMUM BER.g SOLUTION

multiuser separation property as a result of the common, .o appendix, we denote the power parameter,agnd
temporal eigenstructure across all channels. In practice, SORE optimal solutio’n a®_. The same holds for the Lagrange

performange loss may oceur when imperfect CSlis used rﬁhltipliers p andv,, (defined later). The superscripd/) for
the transmitter. We analytically show that while imperfect ) will be suppressed when the context is clear

CSI at the transmitter does not result in the loss of multiusé?’

separation. each user incurs some performance penalty. S Claim 1: If (24) is not satisfied, the constraints in (22) and
P ’ P P Y %255 are not feasible. If (24) is satisfied, the constraints in (22)

simulation results are given to illustrate the performance lo . .
9 P ld (23) define a compact set {p,, }}/_,. This ensures the

in high throughput single-user systems due to the delayed é|stence of a minimizef7, . }M_, . Hence, (24) is a necessary

at the transmitter. Degradation in the effective BER is observe g . m=1° L
; . and sufficient condition for the existence of a minimizer.
as the channel fading rate increases.

Notice that the cost function in (21) and the inequality con-
straints in (23) are convex. The equality constraint in (22) is

(42)

is defined in (5) and the first equality follows from the

APPENDIX A affine linear. Hence, the optimization problem is convex and the
PROOF OFTHEOREM 1 Kuhn-Tucker conditions are necessary and sufficient conditions
) T : . n
Since Ay, is circulant, A, = FHALF, where to_fmt(_j the ml;rlumlz_er{pm}mzl. The Lagrangian of this opti
FZ = [cg ¢ - cyo] € €V is the N-DFT MiZalON probiem s

matrix and [11]

Ay, =VN diag {Fey, 41}

M
= diag {1/ 6_1277(11/“7 T e_]Qﬂ—(N_l)dl/N} . + 1% (Z Pm — pTOT) (45)
m=1
LetD,, def ZzL—1 higpAq, . Then, it can be shown that where{v,, } andy are the Lagrange multipliers. The optimizers
B P, M_,, {7, YM_,, andfz must satisfy the following condi-
I I tions:
Hy=A(H] ®Iy) = [Z higtAg, - Z hquA(l,] * For {7 bm—1s {Zim }i—1, andm

=1 =1 oL

=F7[D,y - Dyp](Ip & F). (41) B ML M (46)
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» Constraints (22) and (23). First, we show that sufficient conditions f(BERSf‘f” <
*Upm >20,m=1,.., M. BERY™Y to hold are
* Un((em/pm) — Pm) =0,m=1, ..., M.
The condition in (46) is equivalent to 1 pM) > p)MAD) gy =1 M (49)
VYo 5 o = 2. pgnM)'ym > pfgi)ﬂm“? m=1,...,M -1
B e = AT Vm. for any M. (50)

It will be demonstrated later in the uniqueness argumentthat t8g,ce B E R (pmm) is a strictly decreasing function of, .,
parametefz can be chosen to satisfy the power constraint (22} following can be obtained from (49) and (50):
For a giveng, the optimizersp,,, and7,, that satisfy four
conditions above can be chosen for eachs follows. Consider , LM
the following: BERY = i > BER (pﬁ,{”)vm)
m=1

I =pmvm — (47) 1 M
V o © a =T (mz::l BER (pﬁé‘”vm)

If there exists &,,, > ¢ /vm that solves (47), choosg,, = 0 | M
andp,, = pn- This happens whemis sufficiently small, which +— Z BER (p%‘l)vm))
is the case whepror is sufficiently large. Otherwise, choose M m=1
P = Cm [¥m @ndw,, > 0suchthaty,,e " = /¢, (T—V). 1 M
Suchv,, > 0 exists because the left hand side of (47) is a < (Z BER (p%\['i_l)fym)
: . ST M+1
decreasing function gf,,,. Hence, the minimizefp,, } is m=1

M
Py, = max (c—m pm> +% > BER (pgjyﬂ)%))
Tm m=1

M
wherep,, is the solution of (47). < 1 BER [ p(M+1) + € x M
Now, we argue the uniqueness of the minimizer. Define a TM+1 7n§::1 (pm 7m) M
function F'(p) for a fixedy > 0 as follows:
o <OER (41510
F(p) = \/; exp (—py) - (48) -
1 y
_ (M+1) _ (M+1)
Hence, (25) can be written &(p,,,) = w,m = 1, ..., M. TM+1 Zl BER (pm Vm) =BERy

Notice thatF(p) is a strictly decreasing function gf Hence,

givenyy,, p,, andp are one-to-one related and inversely propoondition 1 states that for a given total powefor and
tional. Also, F'(0) = oo andF'(o0) = 0. SinceF(p) is contin- - supchannel gaingv,, }N4=, adding one new subchannel
uous and strictly decreasingj{p) takes on all values d0, o).  (subchannel// + 1) does not increase the amount of power
Hence, there exists a solutionkp) = p foranyu € [0, 0o).  allocated to any existing subchannel, which is intuitively
Note that solution is unique due to one-to-one relation betwegasing. Condition 2 requires that the total received SNR for
pandg. a subchannel is proportional to the corresponding subchannel
As demonstrated in the Claim 2 derivation below, the powgyain for a givenM, pror, and{~., }2__, assuming (19).
constrainty")"_, p., = pror is satisfied by tuning the param-~ Next, we argue that the exact minimum effective BER solu-
eter u to obtainzz. Note that in the equation8'(p..) = 1, tion satisfies Conditions 1 and 2 above. To show that Condition
m = 1, ..., M, increasing/decreasing results in simulta- 1 js satisfied, observe the optimality conditions for minimizing

neous decrease/increase infall, },,,_, sincey is commonto ppRM) andpERA*Y without the inequality constraints:
all m. Hence, it is easy to see that there is a one-to-one corre- )

spondence betwegn and pror. Combining this fact and the 5, (p%m) —aM =1, M

unigqueness argument in the previous paragraph, it can be in- a
ferred that there is only one combination {of,,, }_, with M (51)
that satisfies (25) and (26). This establishes the uniqueness of Zﬂm = pTOT
the minimum effective BER solution. m=1
Claim 2:BERS}? < BER%IH): Givenachannelrealiza- g (ﬂ%er)) =gM+) =1, ..., M+1

tion with Ng;,,, subchannel SNR values in (19),EER£¥) and

) . - . M+1 52
BER%”I) represent the effective BER defined in (20) for sys- e (M+1) _ (52)
E Pm = pTOoT
m=1

e

tems with relative throughput @ff andM + 1, respectively. Let
the corresponding subchannel power allocatior{,liié”)}f)f:1
and{psrjl”“) yM+L respectively, with the same total power conAssume that for a giveiVg;,, subchannel gaingy,, } 4, the

straintprot. solution of (51) has been found. By choosjag’+?) = 7(*)
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and psrjlu—l_l) = pgnM), form = 1, ..., M, the first optimality  [11] G.H. Goluband C.F.V. LoaMatrix Computations Baltimore, MD:
condition in (52) is satisfied, but The John Hopkins Univ. Press, 1996.
( ) [12] J. G. ProakisPigital Communications3rd ed. New York: McGraw
M+l Hill, 1995.
(M+1) (M+1) [13] R.J. MuirheadAspects of Multivariate Statistical TheoryNew York:
Z Pm = proT + P, 2 PTOT- Wiley, 1982.
m=1 [14] R. T. RockafellarConvex Analysis New York: Wiley, 1984.
(M+1)

Consider choosing®™+ = ;) 1 5,6 > 0. Sincepy,
and;(M+1) are one-to-one and inversely proportional, this re-
sults inpgnMH) < p5nM> forall m = 1, ..., M. By choosing

an appropriaté, the power constraint in (52) can be satisfiec
and the solution of (52) is obtained. Applying the inequalit
constraintsg 4" = max ((em/vm), pﬁ,ﬂ”)), hence we have
ﬁ,(ff”l) < ﬁ%m. This demonstrates that Condition 1 is sai

isfied.
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