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Abstract— Recent advances in the area of wireless communica-
tions have revealed the emerging need for efficient wireless access
in personal, local and wide area networks. Space division multiple
access (SDMA) with smart antennas at the base station is recognized
as a promising means of increasing system capacity and supporting
rate-demanding services. However, the existence of SDMA at the
physical layer raises significant issues at higher layers. In this paper,
we attempt to capture the impact of SDMA on channel allocation at
the media access control (MAC) layer. This impact obtains different
forms in TDMA, CDMA and OFDMA access schemes, due to
the different cochannel and inter-channel interference instances,
as well as the different effect of corresponding channels (time slots,
codes or subcarrier frequencies) on user channel characteristics.
We follow a unified approach for these multiple access schemes and
propose heuristic algorithms to allocate channels to users and adjust
down-link beamforming vectors and transmission powers, with the
objective to increase achievable system rate and provide QoS to
users in the form of minimum rate guarantees. We consider the class
of greedy algorithms, based on criteria such as minimum induced
or received interference and minimum signal-to-interference ratio
(SIR), as well as the class of SIR balancing algorithms. Our
results indicate that this cross-layer approach yields significant
performance benefits and that SIR balancing algorithms achieves
the best performance.

promising means of increasing system capacity through space
division multiple access (SDMA) [5].

Third generation (3G) TDMA-based IS-136+ is the successor
of Enhanced Data for GSM Evolution (EDGE). Direct sequence
CDMA (DS-CDMA) is also a major candidate for delivering
the envisioned high and diverse data rates of proposed UMTS
and cdma2000 3G systems. In DS-CDMA, user symbols are
modulated by a high-rate chip sequence, the spreading code.
The number of chips per symbol is called spreading gain. Multi-
code structures and different spreading gains per code enable
the support of high data rates for 3G systems [6]. Orthog-
onal frequency division multiple access (OFDMA) is another
proposed access and signaling scheme for wireless broadband
networks [7]. OFDMA is included in the IEEE 802.11a [8] and
ETSI HIPERLAN/2 standards for wireless local area networks
(WLANS). It has also been proposed by IEEE 802.15 and 802.16
working groups for wireless personal area networks (WPANS)
and fixed broadband wireless access (FBWA). In OFDMA, the
wide-band spectrum is divided into orthogonal narrow-band
subcarriers as in frequency division multiplexing. The bit stream

is split into subsets, each of which constitutes a subsymbol.
Each subsymbol modulates a different subcarrier and several
|. INTRODUCTION subsymbols of a user are transmitted in parallel over subcarriers.
Recent evolutions in the telecommunications arena indicate @he orthogonality of signals in different subcarriers is preserved
clear trend towards enhanced services that are expected to floly appropriate spacing between subcarrier frequencies. OFDM
ish in the near future. The advent of rate-demanding services sudhansmission reduces the effective symbol transmission rate and
as tele-commuting, home networking, video conferencing, fasthus provides high immunity to inter-symbol interference (I1SI).
wireless/mobile internet access and multimedia constitutes onlyhe subcarrier spacing results in high spectral efficiency and high
the first manifestation of the projected demand for broadbandchievable data rates.
access to information sources of every kind. The need for ubig- The early work in [9] considered power control to provide
uitous coverage and connectivity in personal, local or wide aredhe maximum common SINR for a set of cochannel transmitter-
networks and the increasing demand for mobility, flexibility and receiver pairs. In [10], joint power control and rate adaptation
easiness of system deployment necessitate wireless broadbafiod channel capacity maximization is studied. Existing literature
access. Providing diverse quality of service (QoS) guarantees ton CDMA with deterministic codes focuses on code design so as
users by using the scarce resources in the inherently volatile wirde maximize channel capacity or minimize interference metrics,
less medium is a challenging issue. At the physical layer, QoSuch as total square cross-correlation (TSC) of codes. In [11],
is synonymous to an acceptable signal-to-interference-and-nois®de design and power allocation for sum capacity maximization
ratio (SINR) level or bit error rate (BER) at the receiver, while are studied. The problem of assigning variable spreading gain
at the MAC or higher layers, QoS is usually expressed in termsleterministic codes to a set of users is addressed in [12].
of minimum rate or maximum delay guarantees. The fulfilmentFor a single-cell multi-user OFDM system, the authors in [13]
of QoS requirements depends on procedures that span sevefalmulate the discrete subcarrier allocation problem as an integer
layers. At the MAC layer, QoS guarantees can be provided byrogramming one and find a suboptimal solution by using the
appropriate scheduling [1] and channel allocation methods [2]. Atontinuous relaxation. A similar approach is followed in [14] for
the physical layer, adaptation of transmission power, modulationhe dual problem of finding the optimal subcarrier allocation in
level or symbol rate helps in maintaining acceptable link qualityorder to minimize total transmitted power and satisfy a minimum
[3], [4]. Moreover, smart antennas constitute perhaps the mogtate constraint for each user. Channel allocation with modulation
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and power control in a multi-cell system is investigated in [15] mobility, channel dynamics and traffic load variations. Related
for generic multiple access schemes with orthogonal channelsresearch on beamforming has mostly focused on beam adaptation
Space division multiple access (SDMA) is recognized as thdor a single channel in order to ensure acceptable SINR at each
primary means of enhancing capacity in wireless networks. Ireceiver. Thus, in a multi-channel system, beam adaptation for
can be combined with a multiple access scheme and it enablessers is performed independently for each channel, without any
intra-cell channel reuse by several spatially separable usersonsideration of its impact on users in other channels or on user
The SDMA-based smart WLAN (SWL) system is proposed forQoS at the MAC layer. However, a particular allocation of users
cooperation with the 802.11 protocol [16]. Several companiego channels affects the achievable system rate and the degree to
such as lospanwireless, Metawave, Navini and Arraycomm ainwhich QoS is ensured for each user, because spatial channel char-
at SDMA commercial products that support certain multiple acteristics of users may vary in different channels and because
access schemes. Within each channel, multiple beams are formeHannels may be non-orthogonal. Therefore, it is important to
by a smart antenna array at the base station. The radiation patteidentify appropriate cochannel sets of spatially separable users
of each beam is adjusted, so that the main lobe is steered to tiier each channel by taking into account cochannel and inter-
direction of the desired user and nulls are placed in the directionshannel interference.
of interfering users. Along with beamforming, power control is  In this paper, we investigate the impact of SDMA on MAC
used for adjusting interference levels, so as to ensure acceptadi&yer channel allocation, so as to increase system rate and provide
SINRs at receivers. In the up-link, the user separation problenminimum rate guarantees to users. We consider a generalized
is decomposed into independent problems, one for each usdramework that encompasses OFDMA, TDMA and CDMA. In
and beams are easily computed. However, user separation these multiple access schemes, different channels may have
the down-link is cumbersome, since beam adaptation for a usatifferent effect on propagation characteristics of users. Different
affects interference at all receivers. Furthermore, since receive®channel and inter-channel interference instances may also
are distributed and are not expected to have multiple antennabg created. We propose heuristic algorithms to assign users
they cannot perform joint signal detection as in the up-link.  to channels, while appropriately adjusting beam directions and
Down-link beamforming for power minimization in a single- powers. We focus on the class of greedy assignment algorithms
cell system is studied in [17], where the problems of findingwith criteria such as minimum induced or received interference
beams and powers are decoupled. In [18], the authors propose @md minimum user SIR, as well as on the class of SIR balancing
iterative algorithm for joint transmit power control and receive algorithms. The main goals of our study are to evaluate the
beamforming for the up-link of a set of cochannel links. The benefits of this cross-layer approach in terms of achievable rates,
algorithm converges to a feasible solution if there exists one antb identify the special features of the algorithms when employed
this solution minimizes total transmitted power over all feasiblein each multiple access scheme, and to motivate further research
power allocations and beamforming vectors. A weak point of theon cross-layer design.
approach is that the algorithm cannot detect infeasible solutions The paper is organized as follows. In section Il we present the
that lead to divergence if SINRs cannot be supported. The samigansmission and channel models. In section Ill, we outline the
authors in [19] solve the joint problem of power control and rationale of our approach and describe the general framework and
beamforming in the down-link by transforming it into an equiva- the proposed algorithms and in section IV we provide numerical
lent problem of transmit power control and receive beamformingresults. Finally section V concludes our study. A few words about
for the up-link and applying the technique of [18]. In [20], [21], notation before we proceed. Vectors and matrices are shown with
an iterative down-link beamforming and power control algorithm boldface letters. The cardinality of sét is |X|. Superscripts:,
is presented, which always converges to the maximum commof’ and  denote conjugate of a complex number, transpose and

SIR for a set of cochannel links. _ _ conjugate transpose of a vector or matrix gudl=1/>7 , [u;|?
The employment of smart antennas at the physical layer raisqg the ¢5-norm of complex vecton=(u1, ..., u,)" . The domi-

sign@ficant issue; at higher layers. !n [22], [23], some heuristic%am generalized eigenvector of matrix pak, B), u (A, B)
for time slot assignment t'o.users N an TDMA/SPMA systgmis the normalized eigenvector that corresponds to the largest
are proposed. In [24], the joint problem of subcarrier allocation

'positive eigenvalue of eigen-problefix = ABx. When A and

gfndulatmrl c(;)_nt(;ol_r?]nd bezllnformlng |gdan OFS'}AA/SDM? sys—_ﬁ are symmetric and positive definite, this is equivalent to eigen-
was studied. The problem was addressed for a system wi oblemCy = Ay, with C:L_lA(L_l)H andy =L x, where

or without channel reuse. For the former case, a methodology foi is a non-singular lower triangular matrix that appears in the

construcpng cochannel user sets with high tptal subcarrlgr ratgholesky decomposition a8, which is B—=LL* [26].
was outlined. For the latter case, beamforming was considere

as an additional dimension to enhance user SINR. Suboptimal
heuristics for subcarrier allocation were proposed, with the goal
to maximize total system rate. We consider the down-link of a single-cell system with
With the exception of these works, channel allocation hasusers andV channels. Depending on the multiple access scheme
hitherto been studied independently from user spatial separatioffDMA, CDMA or OFDMA), channels are time slots, codes
through SDMA and from channel reuse. Intra-cell channel reus®r subcarrier frequencies. The base station (BS) has a uniform
is suboptimal and is usually based on static cell sectorizatiofinear array of M antennas, while each receiver has an omni-
[25] or beam switching methods, which do not fully capture userdirectional antenna. An underlying slotted transmission scheme

Il. SYSTEM MODEL
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Fig. 1. SDMA transmitter with a generic multiple access scheme. Fig. 2. The structure of/ transceiver modules for channel

is assumed. Packetized data arrive from higher layers and a}ge mth antenna is

decomposed into bit streams before being transmitted to users. m 2mnt)T
Channel quality remains constant for the duration of one time %k (1) = Z Doty pdn kg(t)e , 0<t<T, (1)

slot T, but may change between time slots. Each usbas a n=0

minimum rate requirement of;, bits/sec over some time interval where complex coefficiend,, , denotes the subsymbol of user
(0,t), which consists of several slots. This requirement denote$ at the output of thesth modulator. Ifk usesn ;. subcarriers, it
QoS that the MAC layer requests from the physical layer. A fixedachieves ratgbS/T)n;, bits/sec in a time slot.

number of symbolsS are transmitted in one slot and the symbol  Multi-path characteristics for a user are similar across an-
(signaling) interval isT". Single-rate transmission is assumed andtennas, which accounts for relatively small spacing between
ri IS mapped to a minimum number of required channgls antenna elements and no scatterers close to the BS, so that

The block diagram of a generic SDMA transmitter is depictedfading channels of different antennas are correlated. The multi-
in figure 1. User bits enter the channel allocation modulePath channel between antenmaand user is

N-1

which determines cochannel sets of users in different channels. L
Beamforming and power adaptation are subsequently performed R (t) = Z Bred (t — Tho+ Tz?f’z) , )
for each user that is allocated to a channel. Under SDMA, =1 ’

the transmitter can form at most/ beams for each channel where L is the number of pathsjy is the complex gain of

and translmit toM gfcﬁa_“”e' users at the same time. A b_eamthe ¢th path of userk and 7y, is its delay with respect to a
Uk = (U g - Uy )" 1S formed by a dedicated transceiver roference antenna element. The terfty = (3/c)(m—1) cos Oy
and a powerp,,; is assigned to usek in channeln. Beams .,y res delay difference between théh antenna element and
are normalized to unit power, i.¢u, k|| = 1. We assume that o reference element, whereis the distance between two
M transceivers (beamformers) are available for each channe lementsg;, , is the angle of theth path of usel: with respect

S0 that a separate heam can be _formed for each one of the ¢ array and is the electromagnetic wave propagation speed.
M USers that can be sgparated_m_a channel. A seMof_ The received signal for usér after down-conversion is
transceivers for a channel is shown in figure 2. Channel allocation

and beamforming are interdependent operations and they also K M L

depend on user minimum rate requirements and channel state ri(t) = Z Z Zﬁk’vw}n(t = The +Til) +2(),  (3)

information (CSI), which are assumed to be available at the J=lm=11t=1

transmitter. wherez(t) is the noise process. The received signal is digitized
An OFDM/SDMA transmitter is shown in figure 3. After by being sampled at pointgZ7’/N), i =0,...,N — 1 and the

subcarrier allocation, beamforming and power adaptation, uselN samples are fed into the DFT module. The subsymbol at

bits are forwarded intd\/ parallel modules ofN modulators.  subcarriem is

Each modulator modulates the corresponding subcarrier with M L
bits of users thqt are aIIocated_ to the subcarrier. For single-rgt@m: Zusz Z dy 1 rmk5/«71?(”)@j%(fﬁ%)”@e+yg’k+z”7k,
transmission) bits of each assigned user modulate a subcarrier m=1 =1
and constitute a subsymbol. Subsymbols of each user are then fed 4)

into an inverse discrete Fourier transform (IDFT) module and arévherey;, , is the undesired interference from users other than
transformed intaV time domain samples, which form an OFDM N subcarriem, z, ;. is the noise at subcarrier, f. is the carrier
user symbol. A cyclic prefix of some time samples is appendedrequency and the factor

to eliminate ISI. After D/A conversion, continuous signals are Eee(n) = B eI (Fet )T (5)
transmitted from thé/ antennas. Assuming that OFDM symbols '

do not interfere with each other, it suffices to concentrate on oneaptures the different impact of thi¢h path delay on different
OFDM symbol. The transmitted base-band signal to éskeom subcarriers of usek. Define themth element of theM x 1
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where user symbols are normalized to unit power. If paths are
Foo---- uncorrelated,

! daptive Modulator
‘ | . Y 0,  ife AL
. | ] " [~ Cyclic | 5] Base-band * _ ) : 1 2
Beantormig | | : E IDFT Prefix DA, toRF | Antennal £ {gk’zl (n)fkvb (n)} Ak 05 if by =4y =1 (11)
=
. |
Subcarer power control | \ - ! : and
andbit | {7 T | DT : L
allocation for each ‘ A I 5
foreach subcarrier | | Cyclic Base-band Hnk = § : ke VTL(9k7€)V7L (Hk’,@) : (12)
il DR, ok —

and user Antenna M

! 3 3 IDFT [ Prefix [~
i Matrix H,  is called spatial covariance matrix of uskrat
******** : subcarriern and in general it has rafk, ;) > 1, unless all
Fig. 3. Block diagram of a multi-user OFDM/SDMA transmitter. paths have the same variandg, that is, they are identically
distributed. The expected SINR is given by (8). Deterministic
CSI at the transmitter is difficult to obtain in practice, since
i ) it requires knowledge of spatial signature, which means that
antenna steering vectorn(gg) at Sgb%‘r”em for a path at  gngular and multi-path characteristics for each path are known.
directionf, asw;;'(6;) = e~7*>7Uetn/T)7i" Then, the vector CSl in terms of spatial covariance matrices is more common. The
L spatial covariance matrik(,, ;, can be estimated by sampling the
a, = Zg;ﬁé(n)vn(gu) (6) received vector signal for each subcarrier in the up-link. Known
=1 pilot symbols can be used for this purpose. Then, the estimate
of H,,\ is obtained by sample averaging. With reasonably small
time variation of the channel, the BS can use this estimate to
adapt the down-link beamforming vector.
In single-carrier TDMA, theN available channels are time
_ H —(H ] ) slots. The transmitted base-band signal for éstrat is assigned
U w =P (@i k) dnick D P (@nxung) dngtens RO T sun(t) = 3. do ()9 (t—iT), where{d,, (i)} is the
jeum ’ s . :
£k symbol sequencd; is the symbol duration angl(t) is the pulse
(7)  shaping filter. If there is no pulse overlap, each symbol can be
where /(") is the set of users in subcarrier. If paths are studied separately. By setting=0, we haves,, ;(t) = d,, ,g(t).
resolvable, their angles, complex gains and delays are knowat most M users can be assigned to a time slot. User signals
to the transmitter and the SINR of userat subcarrien is are then multiplied by beamforming weights and powers and
H are transmitted from thd/ antennas. A modulation level &f
Pn.k (“n,anykunﬁk) bits/symbol is used and a rate b$ /T bits/sec is achieved for

is called spatial signature of uskrat subcarrier and captures
angular and multi-path properties &f at that frequency. The
received signal fok at subcarriem is

Wik = , (8) : . . )
Z Puj (ufinMuw) + o2 a user in a time slot. The received symbol for ukds
FEUM) M L
i k() = D0 VP DU Geelwe)el T s (1)
whereo? is the noise variance and matrk,,  is defined as jeut™ m=l =1 (13)

L L where ¢, ¢(w.) is the complex gain of théth path of userk
Mok = Y > (Erer ()& 1, () (Oke,) v (Br,).  (9)  at carrier frequencyw, = 2rf.. For the received symbol of
01=105=1 userk we obtain an expression similar to that in (7) and the

. . SINR at the output of the matched filter éfat time slotn is
In our model, we assume that cochannel interference is the. . )

A . ; given by (8). The difference of TDMA from OFDMA is that
prevailing interference type and that the noise level is not known.S atial signatures,, . and spatial covariance matrices, . do
Then, the SINR is replaced by the signal-to-interference ratio P 9 ok P vk

(SIR). Apart from practical implications, this approach eliminatesgggsggﬁqsnoen ;rgguelznucﬁt/hzlr"r;%?g ?: (t)eIEnDplslfl;:(?r_}rgeilmvﬂanatlons
the need for total transmission power constraints. ) ' ok

: . : o o does not depend on transmissions to users in other channels, due
If CSl is provided in terms of a statistical characterization of P

the parameters above, gaifis , can be modeled as complex to channel orthogonality.

pa > 9ang. . -omp In CDMA, the N channels are deterministic real codes with
Gaussian random variables with zero mean and variaghge fixed spreading gairG. Let ¢, — (c erc) denote the
and delaysr, ¢ are uniformly distributed irf0, 7']. The expected P g gat. n = \nl - OnG

ful ved sianal - o P normalized vector corresponding to code Each code pair
useful received signal power B{[./puk(a,xunk)dnrl} =, 1) is characterized by cross-correlatiop,, = c?'c,,, where

" .
Prk (0 Ho gt 1), With pnn = 1. In time domain, coder is represented as, (t) =
I L Zle gm,p(t - (r—1)T,), whefep(t) _is the chip pl_JIse antd’. _is

Ho = Z Z Vn(9k,el)Vf(9k,zz) E {gwl (n)& s, (n)} 7 the chip duration. The transmitted signal to usevith coden is

Spk(t) =, dnk(i)cn (t—iT). By settingi =0, a single symbol

£1:1€2:1
(10)  is denoted as,, x(t) = d, kcn(t). User signals are multiplied by



5

beamforming weights and powers and are transmitted from thslot. The spatial covariance matrix of a user is the same for all

M antennas. Each code is associated with 1#{€'7T.) and user  slots of a time interval within which user channel characteristics
k with nj, codes achieves rate,/(GT.) bits/sec. do not change. In OFDMA, the frequency-selective broadband
The receiver of usek consists of a bank of matched filters, channel and the channel assignment in the frequency domain
g??ﬁeogmﬁpcﬁ tmhgt(r:r?gt?: é‘;é" ;izlct)edre tgsceg dtgsthe usEr.c';he SigN@leate an additional challenge. Spatial separability depends also
wherey, is the signal at the input of thieth receyicgr. Not%%ﬁét on the _|nd|V|duaI subcarrier. User_s that_ are separable_ in one

Ynge = Yo, -yt wherey? = /por(al . i)dn e is the subcarrier may not be separable in a different subcarrier. The
desired signal of user that is transmitted with code andy“ , dependence of spatial separability on subcarriers is attributed to

is the undesired interference signal. The latter is ’ the fact that different subcarrier frequencies have different impact

N on angular and multi-path characteristics of a user. In TDMA and

Yyl = Z Vg (@l W ;) dn ; + Z Z Prim/Brg (A W ;)i 5 OFDMA, a user in a channel experiences cochannel interference
seum m=1 jcge(m) from beams of cochannel users. When many users are assigned to

J#k m#n (14) the same channel with SDMA, the total channel rate is increased.

and the SIR at the output of the matched filter to codef  is With higher channel reuse, users require fewer channels to satisfy
rate requirements. Thus, more users can be accommodated in the

H . . .
Prk (W, Hitin i) system and capacity is increased. However, a large number of

" N cochannel users renders spatial separability more difficult, since
Z (ul Heun ;) + Z Z 2 (ul Him, ;) ; ;
Pn,j(Up,j EUn,; PrnmPm,j\Um,j "tkUm, cochannel interference increases and user SIRs decrease.
e1g(n) =1 sec1y(m) . ..
]E]Zk mn 1Y In CDMA, multi-path characteristics of a user can be com-

(15)  pensated at the receiver with the use of a RAKE path combiner
where the first term in the denominator captures cochanneifter matched filtering and thus the impact of user channel
interference from other users that use coda@nd the second characteristics on different codes is the same. Therefore, the
term denotes inter-channel interference from other utilized codespatial covariance matrix of each user is the same for all
due to code cross-correlation. Note that spatial signatugeend  codes. The salient feature of CDMA is non-orthogonality of
spatial covariance matricds, are independent of channel channels, due to pairwise code cross-correlations. A user that

A single modulation levelM of b bits/symbol is employed. s assigned to a code receives cochannel interference from
The minimum required SIR (in dB) in order to maintain other users which use the same code, as well as inter-channel
BER < ¢ at the receiver is given by SIR threshold = interference from other utilized correlated codes. Due to this
—(In(5€)/1.5)(Mp — 1), as shown in [27]. interdependence among transmissions with different codes, user

As a final note, consider beamforming and power control inspatial separability must be defined with respect to all channels.
the up-link. The relationship between the up-link and the down-A set of users is spatially separable with respect to a set of
link will be used in the sequel. Beamforming is performed at BSchannels if there exist beamforming vectors and powers, one
and power is adapted for the up-link transmission of each usefor each user in each utilized channel, such that minimum SIR
The SIR for usert in channeln is requirements are satisfied for each user. A large number of

Pnk (quHn LUy, k) users in a chan_nel increases channel rate _and contributes _to
i 'k ’ wr T (16)  System capacity increase, but it also has negative effect on spatial

B uﬁ{k( Z pn,an,j)un,k ' separability in that channel and other correlated channels.
jeum The tradeoff between cardinality of cochannel user set and user
J#k spatial separability affects achievable system rate. The arising

issue is whether there exists a way to perform channel allocation
and user spatial separation jointly, so as to increase system rate
and provide QoS guarantees to users. For TDMA and OFDMA,
A. Problem Satement a large number of spatially separable cochannel users should be
SDMA allows intra-cell channel reuse by several users. Conassigned to each channel. This is possible if users are spatially
sider first the cases of TDMA and OFDMA with orthogonal well separated. For users with a LOS path, spatial separability is
channels. Two or more users are calfpdtially separablein a  easier if they are well separated in angle. For the more general
channel if they simultaneously receive transmitted useful signalsase, spatial signatures of users should not be highly correlated
in that channel and there exist beamforming vectors and powerand spatial covariance matrices and beamforming vectors should
for each user, such that minimum SIR requirements at correbe such that users do not induce much interference to each other.
sponding receivers are satisfied, so that the specified BER can Gée identification of the spatially separable cochannel user set
maintained. For a given channel, spatial separability depends orith maximum channel rate is a hard optimization problem.
the number and identities of individual users through their spatiaFirst, a set of (at mosi\/) spatially separable users must be
covariance matrices, which in turn capture angular and multiidentified. Then, beamforming vectors and powers must be com-
path characteristics of user channels. In addition, beamforminguted for these users, so that minimum SIRs are satisfied. The
vectors and transmission powers affect interference levels angroblem is that the SIR at a receiver depends on beamforming
SIRs at all receivers and thus affect spatial separability. In singlevectors and powers of all users. The enumeration of all possible
carrier TDMA, user spatial separability is addressed for a timeuser assignments in a channel is of exponential complexity.

Ill. RESOURCEALLOCATION IN SDMA-BASED NETWORKS:
A UNIFIED APPROACH
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In addition, even if the spatially separable cochannel user sewith the method outlined at the end of section I. We also compute
is given, the computation of beamforming vectors and powerghe corresponding ratio for usérthat is tentatively inserted in
that maximize channel rate is a highly non-linear problem.channeln,
For CDMA, cochannel user sets in different channels create

H
. . u ,H EUn
inter-channel interference among themselves. Users should bep,, , = max mk T

. . . N !
assigned to codes, so that user spatial characteristics, code cross- tn.k ol Z "o+ Z Z > 2 \y
correlations, beamforming vectors and powers create a spatially R\ ‘) ™ W )p mn ! tm.i [Enk
separable cochannel user sets in all channels. Jeu Zf;n’eu

The discussion above necessitates the adoption of heuristic (18)

algorithms for constructing spatially separable cochannel usesuch thafju,, x|| = 1, where the denominator captures cochannel
sets with appropriate beamforming and power control. In theand inter-channel interference caused by the beaktofother
sequel, we study three such algorithms. The first two fall withinusers. With the computed beamforming vectors, we evaluate the
the category of greedy heuristics, but utilize different criteria for SIRs for userk in channeln and for users in other channels.
assignment of users to channels, namely minimum induced or 2) Power adaptation: If SIRs of some users do not exceed
received interference to or from other users and minimum usethe minimum SIRy, we fix the computed beamforming vectors
SIR. The third algorithm follows a different approach in channeland activate power control. Given a set of assigned users to
allocation and tries to maintain the highest possible commorsome channels, the question is whether there exist powers,
SIR in each channel, by jointly adapting beamforming vectorsso that all SIRs exceed. For each channel, let x;, £; be

and powers. The algorithms are described for the general cadadices of users in that channel. Defiig¢ as the ensemble
that encompasses TDMA, OFDMA and CDMA. Namely, we of computed beamforming vectors for users and channels, i.e,

consider non-orthogonal channels and different spatial covariancdd = {u,x: k€ U™, n=1,...,N}. Then, we define the
matrices for a user in different channels. (N ™)) x (SN ™)) block matrix A (U) as
A (U) Ap(U) ... Ain(U)
B. Algorlthm A Agl(U) Ay (U) ... Aoy (U)
1) Beamforming vector adaptation: The basic idea is to form U)= : : : (19)
large cochannel sets of spatially separable users in each channel. Ani1(U) Apna(U) ... Ann(U)

In order to keep complexity to a reasonable level, we consider

algorithms for which users are sequentially inserted in the chanThe [x;, &;]th element of the(|t/()| x [t4()|) matrix A;;(U) in

nel and no channel reassignments are performed. Beamformirtje diagonal ofA (U) specifies interference that is caused by the

adjustment is allowed and power control is considered onlypeam of the/;th user to the receiver of the;th user in channel

when beamforming alone is insufficient for ensuring requiredi, namely

user SIRs. At each step of the algorithm, an appropriate user is WCHH,  u if ki £ 0
. . _ 1,0, " VR L ? ?

assigned to a channel and beamforming vectors of other users are  Ayi(U)[xq, £i] = { 1 T

adjusted, so that acceptable SIRs are ensured. An inserted user ' L

in a channel should induce the least cochannel and inter-chann€he [x;, ¢;]th element of the(|i/)| x [U/9)]) matrix A;;(U),

interference to users that are already assigned in that channgl j, denotes the inter-channel interference caused by the beam

and in other channels. It should also receive small amount obf the /;th user in channej to the receiver of the:;th user in

cochannel and inter-channel interference from other users. channel;,
Fix attention to channet and letk be the user to be inserted
nextinn. Letu,, ; andp,, ; denote the beamforming vector and A (Ui, 4] = pfj (ujijHim uj, ). (21)
power of userj in channelm. Insertion of uselk in n creates i i _ ' '
a new interference instance for cochannel users in chamnel Define also the diagonal matriA,

(20)

and for users in other correlated channelsThus beamforming 1 4
vectors that result in acceptable SIRs are needed. For each useA = diag{ — —,i=1,...,n, 8 =1,..., |u(1>|}
j € U™ define the ratio of desired power generated by beam u;y Hikug

u,, ;, over interference power which is causediy, ; to other (22)

users, including the new usérin channeln. In fact, we are and the(ZnN:1 lU™]) x 1 vectorp of transmission powers to

interested in the maximum value of this rat'ri[z,f;“j"’) over all  users in all channels. Then, the requirem8nt , > v can be

directionsu,, ;, written in matrix form as
H 147
B~ max . Pl . —— P> AAU)p. (23)

Um,j "

N
Um, j (Z > Prm Myt ZHm,ﬁpinan»'v)um,f Matrix AA(U) is non-negative definite and irreducible.
P e From the Perron-Frobenius theorem, it has a positive, real
(17)  eigenvalue A0 (AA(U)) = max;{|\|}, where \;, i =
such that|lu,, ;| = 1. Vector uj, ; that maximizes this ratio 1,...,(3, [4/(™)]) are the eigenvalues cA A (U). The eigen-

is the dominant generalized eigenvector of the pair of matricesvalue\,,...(AA(U)) has an associated eigenvector with strictly
that appear in the numerator and denominator and it is computegbsitive entries. Furthermore, the minimum realfor which
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the inequalityA\p > AA(U)p has solutionsp > 0 is A = assignments and ultimately increase the number of users with
Amaz (AA(U)). In our case, we start by finding the maximum SIRs abovey. The assignment factors are now defined as
real positive eigenvalue aA A (U) to request the existence of a

power vector with positive entries. Np.o (AAU) < (1+7)/7, Pr e = min { Wi, iebgim) Wi }- (27)
then (23) holds and SIR levelis achievable. The power vector m=1,...,N
that leads to an achievableis the eigenvector that corresponds
t0 Anas(AA(U)). D. Algorithm C
Next, we define an assignment preference fackgyr, for Algorithms A and B perform sequential assignment of users

channeln and userk. First, the beam and power must yield in channels based on different greedy criteria. Recall that
strong desired signal for usdr. Furthermore, all beams and beamforming and power control were decoupled, since fixed
powers should be such that interferedgg, caused by usetto  beams were used to find feasible powers. Algorithm C follows
other users, as well as induced interferel¢g on k by other  a different approach, in the sense that it attempts to provide

users is low. These requirements are captured by ratio the maximum common SIR for users in the system. A salient
oH i feature of algorithm C is that it performs joint adaptation of
B, ) = Pn,k(un,an,kun,k) (24) beamforming vectors and powers in order to obtain the highest
n,k —

max {In oo I k} common SIR.
T 1) Single-channel algorithm: Consider channet in isolation
wherel, ; and I’ , are with the set of user#/ (™. Let p,, andU,, be the power vector
’ and the ensemble of computed beamforming vectors for users in
N n. Define the(|/™)| x [U(™|) matrix B(U,,) with elements
Lo = pap it D Hogt D D prnHm) Wy (25)

Hpiuy,,; f
JEU™ m=1 ey (m) B(U.)[i,j] = { W, Mt i F ]

0, if i — . (28)

m#En
N B(U,,) is the interference matrix for users in channelDefine
L= prg(WHa s )+ D pronpms(uiHagur, ;) @lso the diagonal matrix
jeu m;l ieu(m) 1
m#n — di E—
(26) D = diag{ I VR
. . . un.i n,zun,z
Clearly, if power control is not activated (when all SIRs exceed ’

~ after initial beam computations with (17) and (18)), the ratiosAN instance in which all users achieve a common §|Rn the
above do not include powers. down-link by using the ensemble of beamforming vectfs,

and power vectop,, is described by the set of equations

cieuU™}, (29)

At each step of the algorithmp,, ,’s are computed for all
channelsn, for which a user insertion leads to acceptable _ 1
SIRs and for all userg that have not satisfied minimum rate DB(U..)p» = cp”' (30)
requirements:;,. Among assignments that yield acceptable SIRsyp, s Yo

, , is a reciprocal eigenvalue of matrR@B(U,,). Matrix
for users, we select the one Wlth_ the maximumy, . After DB(U,,) has the same properties AsA (U) with respect to the
each assignment, the rate of uders updated. When a user

o - ’ . existence of an eigenvectepr, with positive entries. Therefore,
reachesry, it is not considered for assignment until all users we havel/v. = Ames(DB(U,)). Therefore, the maximum
c max n . H

reach their minimum rate requirements. Then, all users are aganssible common SIR* is

considered for assignment. If the cardinality of a cochanne N

user set reachea/, the corresponding channel is not included NE = — 1 . (31)
for user assignment. The algorithm terminates when no further min Aq (DB(Un))

assignments are possible to any channel.

We now consider the corresponding problem of beamforming
and power control for the same users in thelink. It can be
C. Algorithm B verified that the instance in which all users achieve a common

. . . IR 4. in the up-link by using an ensemble of beamforming
The 's'econd clas_s.of algorithms is based on thg criterion o\%ectorsUn and transmit power vectqs,, is described by the set
maximizing the minimum SIR of users. In Algorithm A, a

user that causes and receives the least interference is preferagfeequatlons’ - 1
for assignment. By following this greedy approach of least DB’ (U,)pn = ﬁ_f)n (32)
incremental interference, we aim at inserting as many users ¢
as possible in channels. In algorithm B, a user assignment if
a channel is performed if it maximizes the minimum SIR of ~x 1

. f . . Vc - . T /¥~ . (33)
users in the system over all possible user assignments. Algorithm min A, (DB* (U,,))
B does not simply consider induced and received interference, Un
but it also attempts to capture the impact of an assignment oRor the relationship between the down-link problem (31) and the
other users, so that SIRs that are close to the SIR threshold aup-link problem (33), the following properties have been proved
maximized. With this assignment, we intend to facilitate futurein [20], [21]:

nd the maximum possible common SiR for the up-link is
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Property 1. For a given set of beamforming vectdis,, itis by the set of linear equationAF(U)p = (1/v.)p. The cor-
Amaz(DB(U,)) = Apaz(DBT(U,)). respondence with the single-channel system in (30) is obvious.

Property 2: The up-link and down-link problems have the In step 3 of algorithm I, a set of decoupled generalized eigen-
same solution in terms of maximum achievable common SIRproblems are solved, for which

Litisy; = 3.

N
Property3 The beamforming vectors that solve the down- R, Z pEt)H i+ Z Z Pimpg},)j m.i- (38)
link problem (31) and the up-link problem (33) are the same, jeum m=1 jegg(m) ’
namelyU? = U”. itk m#n
Property 4: In the following iterative algorithm (algorithm 1), For a given assignment of users to channelsqletdenote

the sequence of eigenvalueéf; is monotonically decreasing the maximum common SIR which is computed by applying
with the iteration numbet and the algorithm converges to a algorithm 1. For each usek € U™, let 7., (k) denote the

minimum, which is related with the maximum common SIR common SIR of remaining users when is removed from
through (31) and (33). subcarriern. Again, v..,(k) is found by Algorithm I, after
deleting the appropriate row and column fr@d (U). The main
steps of algorithm C are as follows:

« STEP I Sett = 0. Start with arbitrary beamforming | gTEP 0: Start by assigning alk’ users in each channel

ALGORITHM |

0
vectorsU,. _ ) . « STEP 1: Run algorithm | and find maximum common SIR
o STEP 2 t « t + 1. For givenU,,’, solve the following ~* of users.
eigen-problem for theiplink: o STEP 2: If 4 > v, desirable SIRs are achieved for all
DBY(UMp® — \O) @) 34 users and algorithm is terminated. Otherwise, go to step 3.
(U)pn mazPr (34) « STEP 3: For eachk € U™, computey, ,, (k).
« STEP 3 For the computegh'!, solve a set oflecoupled « STEP 4: Select pair(n*, k*) with maximum-. (k) and
genera”zed eigen_pr0b|ems remove usek* from channeln*.
o « STEP 5: Update user rates. If a user reaches minimum rate
W, Hon kW g requirements, do not consider it for further removal. Go to
u, ; = argmax 0 , (35)
Un, ufkRn k(py))u nHk step 2.
_ By removing the user that yields the highest common SIR each
subject to||u,, || = 1, for all k € (™), where time, we intend to remove fewer users until a desired common
SIR is obtained, so as to achieve high system rate.
R, k pg) Z p n,j . (36)
f;ﬁ;) E. TDMA, OFDMA and CDMA as special cases

o ) ) The three algorithms were presented for the general case that
« STEP 4 With the computedU,,", go to step 2. Continue encompasses TDMA, OFDMA and CDMA. Algorithms A and
until convergence. B are applicable to these multiple access schemes with minor
In step 3, the quantity to be maximized is the up-link SIR of modifications, that reflect their special features. In single-carrier
userk. The beamforming vecto§, at the end of the algorithm TDMA with orthogonal time slots, we hays,,,, = 0 for different
are the required down-link beams.\f, .. = A\nax(DBT(UZ))  slotsn, m. In a time interval of N slots where channel quality
is the eigenvalue at the end of the algorithm, the down-link poweidoes not change for usér the spatial covariance matrix &fis

vector is given by the eigenvector Bf(U ;) that corresponds to the same across all channels, i%,, , = Hi, forn=1,..., N.
D N The spatial covariance matrix varies according to temporal chan-

2) Description of Algorithm C: The rationale of Algorithm  nel variations from slot to slot. The interference factors given by
C is based on a simple observation that eliminates the need f@17) and (18) are now defined éfsg”’k’) only for cochannel users
channel assignment in a multi-user multi-channel system, where < 7/(") and the denominator denotes cochannel interference
channel allocation, beamforming and power adaptation need tenly. SinceA;; = 0 for i # j, the problem of finding feasible
be performed jointly. AK-user system withV non-orthogonal  power vectors that satisfy (23) decomposes iffoseparate
channels can be viewed as a single-channel system. For a givgiioblems of the form((1 +~)/v)p, = AL AL, (U,) - p, for
user assignment to channels, users interfere with each otheach channeh, whereA,, is the diagonal matrix that contains
based on their spatial covariance matrices and channel crosgeciprocal of useful signal powers of users in channglU,,

correlations. For this system we define the block interferencgs the ensemble of beamforming vectors of users.iandp,,

matrix F(U) with matrix elements is a (U™ x 1) power vector. In OFDMA with orthogonal
A, (U) it i £ subcarriers, each usér has different spatial covariance matrix
F;;(U) = { A:Z(U) T I if i :?_ (37)  H, for each subcarrien. Finally in CDMA, codes are non-

orthogonal due to cross-correlations and user spatial covariance
wherel is the identity matrix and the matrix elements of block matrices do not depend on codes, namely itis , = H, for
matrix A(U) are defined in (20),(21). A system in which all »=1,..., N. For these multiple access schemes, algorithms A
users achieve a common SHR in the down-link is described and B are executed whenever channel quality varies with time.
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A special note should be made for Algorithm C. In CDMA, the BS asd~*. For each link corresponding to an antenna and a
algorithm is executed as described previously and the objectivaser receiver, multi-path fading is simulated witR-say model.
is to provide the highest acceptable common SIR to users. IiThe angle of the first patt§; is uniformly distributed inf0, 27],
TDMA and OFDMA with orthogonal channels arll;; = 0 while the angle of the second path deviates fromd; by a
for ¢ # j, a separate problem of the form (31) is solved for random amount, uniformly distributed [0, 0.17]. The complex
each channeh. Algorithm C is modified as follows. We start gain of each path is an independent log-normal random variable
by assigning allK users in each channel and we execute with standard deviatiom = 6 dB, which accounts for shadow
Algorithm | for each channel. The outcome is a vector of fading.
common SIRSy. = (Y¢.15- - - Ye,N), Wherery,. ,, is the resulting
common SIR of users in channel If v., > ~ for all n, B. Comparative results
desirable SIRs are achieved for cochannel users in all channels The primary objective of the simulations is to evaluate and

and the algorithm terminates. Otherwise some users need to %mpare the performance of algorithms A, B and C and the
removed from channels in which the common SIR does nogjfferent alternatives for beamforming and power control in
exceedy. For each usek in such a channet, lety. (k) denote  TpmA, OFDMA or CDMA. It is also desirable to assess the
the common SIR of users in channekfter & is removed from  performance benefit of power control in algorithms A and B.
n. At each step, we remove the ugefrom a channeh, so that  Hence, we present results for these algorithms with and without
the resultingy.,»(k) is maximum over possible user removals power control (NPC). The performance metrics are the total
from channels. User rates are updated after each step of thghjevapble system rate in terms of number of utilized user
algorithm and if a usel: reachesr, it is not considered in  channels and the total residual rate, which is defined as the

further removals. Ify.,, > -y for a channel at some stage of aqditional required rate, so that users reach their minimum
the algorithm, no further users are removed from this channelgte requirements. An algorithm is preferable if it results in

The algorithm terminates whe., > v for all n. high system rate and low total residual rate. For CDMA, we
assume that code cross-correlation is uniformly distributed in
F. Optimal solution for a special case [0, p2,..] and we consider the cases of low and high cross-

We now consider the special case6f= 2 users in a channel  correlation, wherep?,,, = 0.02 and 0.1 respectively. Results
for M > 2. The objective is to find the maximum common are averaged over several random experiments with different

powers that achieve this SIR. L&t;, u; andp; be the spatial 0 minimum rate requirements of users. When these are omitted,

covariance matrix, beamforming vector and power for user Curves are expected to be smoother.

i = 1,2. Start with initial beamforming vectorago). In the In figure 4, the total system rate is depicted as a function of
SIR thresholdy for OFDMA. A high SIR threshold corresponds
to a stringent BER requirement. Algorithm C achieves the best
performance for the entire range of valuesypfwhile algorithm

A always performs slightly better than B. Furthermore, power
control seems to provide more significant benefits when incorpo-
A2 = Amaz (M1, Ha) Amin (H1, Hz) (39) rated in algorithm A. Thus, for moderate values,dfn the range

. of 10— 15dB), rate improvements of abo2® —25% are achieved
and power rat'Ql(Q) = \/)\maw (H17H2)/)\mzn (Hla H2)u where H H ; ;
s (M1, Ha) and Amin (Hr. Hs) are the maximum and mini- by power control in algorithm A, while the corresponding rate

lized ei | 61, H.). Th d t ch benefit of power control in B is onl$ — 10%. In addition, the
mum generalized eigenva ues (@t 1, 2)'. ese do not change performance of algorithm B with no power control is relatively
in subsequent iterations. Thus the maximum common SIR is

close (within5 — 10%) to that of A with power control. This
N = 1 (40) seems to suggest that algorithm B with no power control could
¢ VAmaz (H1, Ho)Amin (H1, Hz) be adopted in situations where reduced algorithmic complexity
is a prerequisite. For large values of(e.g.,v > 17dB), the
three of the four alternatives of algorithms A and B result in
similar performance. Similar conclusions can be derived for
) TDMA (figure 5), where algorithm C again yields the highest
A. Smulation setup rate. However, the performance difference between C and the
We consider a single-cell system witli = 10 users that other techniques is smaller than that in OFDMA for a wide range
are uniformly distributed in the cell area. The BS uses TDMA, of 4. Another important observation is that algorithm B is slightly
CDMA or OFDMA and is equipped with an antenna array with better than A.
M = 4 elements andd = \/2. For illustrative reasons, we In figures 6 and 7, performance results are illustrated for
consider a system withV = 10 available channels. Due to CDMA with low and high code cross-correlation. For low cross-
single-rate transmission, minimum rate requirements of users amorrelation, algorithm C vyields the highest total rate, while
normalized by channel rate and are given in terms of a minimurnalgorithm A results in similar performance. In addition, algorithm
number of channels. Thus, each ugeneeds at least;, = 3  A-NPC performs better than B regardless of the use of power
channels. The received power decays with distahdeom the  control in B, although A-NPC achieved the lowest rate in TDMA

first iteration of Algorithm |, we find\(1). as a function ofH;
and u!” and power ratiou)) = p,/p; in step 2. In step 3,
we find beamforming vectora; = ua.(H1,H2) anduy =
Upmaz(Hz, H1). In the second iteration, we have

with beamforming vectorsi;, u, and power ratio given above.

IV. SIMULATION RESULTS
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and OFDMA. As code cross-correlation increases, algorithms$IR so as to maintain a given BER and thus it disallows the

A and C achieve very similar rate and the performance gagormation of large cochannel sets. Furthermore, codes with low

between these two and the other algorithms decreases. Finallypreading gain have higher rate but they usually have higher

in figure 8 we depict the performance of the algorithms incross-correlation with other codes, they are associated with lower

terms of total residual rate for OFDMA. Algorithm C vyields SIRs and they do not allow large code reuse.

much better performance than all other techniques. Minimum Another interesting direction would be to consider multi-cell

rate requirements of users are always satisfied/far14dB and  systems, in which a user is characterized by different spatial

a very small portion of user requirements remain unsatisfied focovariance matrix with respect to each BS. BS assignment can

larger~. Algorithms A and B result in similar performance. balance traffic load, alleviate interference and improve system
We also considered the case ®fantennas but we did not performance when combined with appropriate beamforming and

include the corresponding plots due to space limitations. Wepower control. As a first step, single-channel linear multi-cell

observed that algorithms A and B fdd = 8 yield rate only = systems can be studied, in which a user can be assigned to one of

30 — 35% more than algorithm C with\/ = 4, while algorithm  at most three surrounding BSs. The identification of meaningful

C achieves almost double rate faf = 8. This justifies the objectives and heuristics for different multiple access schemes

claim that performance depends both on physical layer methodsnd the incorporation of channel allocation as another dimension

and channel allocation at the MAC layer. Our results suggesto improve performance are some issues that warrant further

that the SIR balancing algorithm C that involves joint adaptationinvestigation.
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