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Performance of Space-Division Multiple-Access
(SDMA) With Scheduling

Hujun Yin, Member, IEEEand Hui Liu Member, IEEE

Abstract—Efficient exploitation of spatial diversity is fun- The need for coordinated MAC and physical layers in a
damentally important to resource critical wireless applications system architecture is pronounced in antenna array networks.
[Tsoulos (1999)]. In this paper, we first study the performance of Only limited results are available to date, one of which is

intelligent scheduling for space-division multiple-access (SDMA) ~ divic —
wireless networks [Suard (1998), Farsakh (1998)]. Based on thethe so-called space-division multiple-access (SDMA) scheme

existing scheme, we propose a new medium access protocol (MAc)that attempts to multiply the throughput of a wireless local
for multimedia SDMA/time-division multiple-access (TDMA) area network (WLAN) by incorporating spatial channels [4],
packet networks [Xu (1994), Ward (1993)]. The improved protocol [5], [11], [12]. The SDMA scheme is particularly suitable for
performs scheduling based on users’ spatial characteristics and fixed wireless networks where the spatial characteristics are
quality-of-service parameters to achieve throughput multipli- relatively stable. For a system with! antenna elements, the

cation and packet delay reduction. Performance of SDMA with derlving idea is to divid h ti divisi ltiol
scheduling is evaluated under mixed audio and data traffic pat- unaerlying 1dea Is o divide each ime-division mullipie-access

terns and results show that significant improvement in network (TDMA) slot into M space slotso that the total number of

performance can be achieved under the new protocol. noninterfering slots is increased By fold.
Index Terms—Antenna array, packet networks, scheduling, Though m_tumvely promising, an obvious flaw of_ this sch_eme
space-division multiple-access. is that spatial channels are rarely orthogonal in practice. If

multiple terminals are assigned to one time slot without consid-
ering their spatial characteristics, the one with an unfavorable
spatial configuration will experience significant throughput
ACKET-SWITCHED networks are seen as the generic nafisadvantages. Since the effectiveness of spatial separation
work architecture for future wireless systems that musepends on the basestation array responses (often referred to

support mixed traffic in an efficient manner. In the presenas the spatial signatures) of all co-slot terminals, the instanta-
of multimedia traffic and environmental changes, it is requirgteous signal-to-noise ratio (SNR) of beamforming outputs can
that a medium access control (MAC) can effectively adapt wary dramatically. This problem is investigated by Ward and
changing channel conditions and traffic requirements. Many ifompton [5] whereollisiondue to unresolvable packets (when
novative MAC protocols have been proposed in the past decdble arrival angles of multiple packets are within a threslp)d
[6]-[8]. Most schemes, however, inherit some architectural feis-accounted for. Although the analysis is somewhat simplified,
tures of wire-line systems and treat “layers” as uncoupled esince in the presence of multipath the capability of reception
tities [9], [10]. For example, data link/media-access protocofdgorithms may not be a sole function of the arrival angles, the
have been frequently designed and analyzed without sufficistiudy reveals the limitations of the basic SDMA scheme.
regard to design details at the physical layer. A fundamental solution to the above problem is a “channel-

One of the key resources in wireless communication is tlavare” MAC that controls the traffic based on the spatial char-
spatial diversity provided by antenna arrays. While inherentécteristics of the terminals. In SDMA in particular, the perfor-
rich, the spatial resource Hghly irregular and, thus, is diffi- mance of the system can be enhanced with spatial signature
cult to deal with at the MAC level. For this reason exploitatiotvased scheduling (e.g., assigning the “most orthogonal” termi-
of the spatial diversity has been limited to the physical layéals to the same time slot to increase the traffic throughput).
using technigues such as spatial beamforming. However, if thech a MAC treatment allows a system to exploit the spatial
MAC protocol is designed without adaptability to the channeliversity in an efficient manner with fixed-complexity phys-
conditions, it has to be designed for twerstcase scenario andical layer processing. Several dynamic scheduling algorithms
as a result, there will be too much signal level margin and a sigre proposed and studied in [13]. All of them assume a static
nificant waste of network resources. homogeneous traffic with terminals transmitting packets at all

" - ved A ¢ 21 2000 revised J 18 2002 times. It is shown that under steady traffic, the scheduling al-
Janfgrl;slcél,pzorgzc.e'll'\;]ee edil:g:J soord’inating’tLe(;l lrf:/iewa:)r#r?irsypar;erand’a?)gcrg\e rithm provides a minimum performance gap betwe('_m the_avf
it for publication is L. J. Cimini. This work was supported in part by the Of€fage and the worst case throughput among the terminals, indi-

fice of Naval Research (NOR) under Grant NO0014-97-1-0475 and the Natiomating a maximum capacity improvement in worst case limited
Science Foundation (NSF) CAREER Program under Grant MIP-9703074. Tg pIications
paper was presented in part at the 33rd Asilomar Conference on Signals, ;g )

. INTRODUCTION

tems, and Computers, 1999. In most real scenarios, however, the network traffic is bursty
H. Yin is with VIVATO Inc., Spokane, WA 99216 USA (e-mail: hujun_ and heterogeneous due to mixture of voice, video and data, each
yin@vivato.net). ; i i oAf ; ;
H. Liu is with the Electrical Engineering Department, University of Wash\—l;l]lth different qualll:]y of ser\ll(lceh(Qoszf_pa;rametgrs. Inéhls case,
ington, Seattle, WA 98195 USA (e-mail: hiiu@ee.washington.edu). the MAC protocol has to take the traffic dynamics and QoS re-
Digital Object Identifier 10.1109/TWC.2002.804188 quirements into account. Based on the existing scheduling algo-

1536-1276/02$17.00 © 2002 IEEE



612 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 1, NO. 4, OCTOBER 2002

n(t) =[ni(t), na(t), ..., nar(t)]" (2)

wheren(¢) is an additive noise vector amAl is defined as the
array manifoldwhose columns are the spatial signatures. To fa-
cilitate our presentation in the remainder of this paper, we as-
sume 1) all signals have unit power aak|| = 1 (i.e., perfect
power control) and 2) the noise is i.i.d. with strength Under
these assumptions the covariance matrix of the array output has
the form of

Ryy = E{y(t)y" (t)} = AAT + o] ®3)

In most practical situations, spatial signatures of different ter-
A minals are different, allowing the basestation to decouple su-
perimposed signals through spatial separation. To retrieve indi-
mo Yo (t) L Yar(2) vidual signals, e.gsx(t), f_rom the antenna outpyts, outputs qf
the antenna array are weighted and summed with a set of weight
Fig. 1. A typical array system. coefficients

s1(t) 59(t)

M
rithm, we propose an enhanced scheme for multimedia packet Si(t) =Y wi(m)ym(t)
networks. In this protocol, not only the terminals’ spatial sig- m=1

natures, but also their QoS parameters are considered in orggs, {wi(m)} so designed to constructively combine
to optimized the system performance. Simulation shows thajq, signal of interest and destructively combine the in-
substantial improvement can be obtained than the best eﬁf%rltference—plus-noise This processing is referred to as

scheme in W.hiCh aIItraff_ics are tre_ated homogeneously. sﬁpatial beamforming[14]. The optimum weight vector
The remainder of this paper is organized as follows. In =~ _ [we(1) wk(M)]T that minimizes the mean squared

Section Il, we provide an overview of slotted antenna arr k : . L
’ ror (MSE) of the signal estimate is given b
packet networks and evaluate the performance of the SDI\?LI& ( ) g 9 y

scheduling algorithm. In Section 1ll, we propose a new sched- Wi = R;;ak

uling protocol for multimedia networks. Simulation studieg, which case the output MSE and SINR, respectively, ofihe
of the protocol are presented in Section IV. In Section V, W&gnal estimate are

conclude the paper by highlighting our contributions.

MSE, =1-aj'R;ja; 4)
Il. ANTENNA ARRAY PACKET NETWORKS allR;la||?
A. Spatial Beamformin — -
P g. . o > lafRyyax||? + |laf Ryyaxl|lo2
Antenna array processing has been an active topic in wireless ik

communications for more than a decade. Through controlling itslt can be shown that through spatial beamforming, upfo
beam pattern, an antenna array can improve some key operatiorchannel terminals can be perfectly separated in the absence
parameters such as the signal-to-interference-plus-noise-rafimoise. The capability of simultaneous communications with
(SINR) over single antenna wireless system. Fig. 1 depicts a typultiple terminals using an antenna array makes SMDA very
ical antenna array system where the spatial diversity is exploiteiractive to resource critical wireless applications.
for multiple access communications. In the absence of noise, the
response of aM/-element antenna array to a narrowband sour8e SPMA/TDMA Packet Networks
s(t) can be written as Before we review the concept of SDMA/TDMA, let us de-

scribe the packet radio network under consideration. The slotted
= as(t) packet network consists @€ radio terminals actively commu-

T . nicating with a basestation. Information is transmitted in blocks

where () denotes transposition, anda = : SR : )

T . f symbols calledbackets The time axis is divided into time
[a(1)a(2) ... a(M)]" is the array response vector tha? ) ; L oo

. e L . _framesof fixed length. Each frame is evenly divided intcime
captures the spatial characteristics (d|rect|on-of-arr|vals1, . . :

. . : . sgtsthrough which multiple packets can be transmitted. Each
number of multipath reflections, and attenuation) assomat{e : . : )
: . ) erminal transmits packets in one out of theslots at a fixed
with the terminal. In some literature the array response VECté{)arlta rate
is referred to as_thspatlal S|gnqture : . Assume that the basestation has total control of the network
When d terminals communicate simultaneously with th

basestation. the total outout of the antenna arrayv is given b %raffic. When a terminal has packets to transmit, it places an
' P yisg yadmission-request packet through a reserved request slot, from

Y& [y (8) ya(8) ...y ()]

d which the basestation obtains the spatial signature and traffic
y(t) = ZakSk(t) +n(t) = As(t) + n(t) (1) information of the terminal. The basestation then assigns cer-
k=1 tain time slots to the terminal depending on the request and the

A =[ay,...,aq], s(t) = [s1(t),...,sqa(t)]" traffic situation. The focus of this paper is on how to schedule
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4 they experienced. Assume there afeterminals in current
5| user 15eTio slot, The SINR margin of theth terminal in this slot is:
5 = useTs usery users SINR margin (i) = SINR(i) — SINRin. The the SINR margin
8 user11 user22 user; user44 of this slot is SINRmargin = min{SINRmargin(é)}. The
slot index  glgorithm would test all the time slots and insert the terminal
Frame size into the time slot with the largest SINR margin provide that the

margin is greater than zero. Otherwise, the terminal is ignored.
The algorithm then randomly picks the next terminal. The
process continues until all the terminals are tested.
packet transmissions after the terminals are admitted. We do nothe best-fit scheme implicitly assumes that the traffic is
emphasize access initiation in this work. steady, i.e., all terminals have packets to transmit at all times.
In most practical situationsX > M. SDMA/TDMA In real applications the number of terminals changes every
accommodates these terminals in both the space and the tiife a terminal becomes active/inactive. Under these scenarios
domain. Fig. 2 illustrates how this objective is achieved in ia may not be reasonable to perform a full-scale scheduling
4-slot, 10-terminal SDMA/TDMA network [4], [5]. Built upon on all terminals every time when there is a change in network
the slotted TDMA network, the SDMA expands the capacity biyaffic. While optimization for variable traffic patterns is
allowing multiple (up toM) terminals in each slot, and withinan important topic that requires further investigation, one
each slot spatial beamforming is performed to acquire packstgaightforward strategy is partial best-fit scheduling, i.e.,
from multiple terminals. In essence, SDMA adds anoth@tlocating only the newly activated terminals based on their
dimension to the spectrum resource by expanding each sipatial signatures. We shall refer to this scheme as “partial-fit”
into M space slots (vertical axis), translating into &hfold SDMA. Let {m;,}_, be theK mobile terminals in the system,
increase of system throughput in an ideal scenario. and m{_l = {my1...myq} be the terminal set allocated to
In reality however, the ability of capturing multiple packetshe /th time slot in thef — 1th frame. Then, in thg'th frame,
depends critically on the spatial configuration of the co-slot tethe “partial-fit” algorithm updates the terminal allocation as
minals. Intuitively, by assigning “most-orthogonal” terminals tdollows:
the same time slot, the worst case and average performance of
the system can be improved. This motivates us to design effi-
cient scheduling algorithms that separates “aligned” termin IsL Ffo1 B
so that the spatial resource is efficiently exploited. Note that t}: et m; =m for_ b=1, L L.
scheduling criteria depends heavily on the system configurati _Rgmove allthe ?iewe.d. termlr}?ls. I .
Thus there is no single “optimal” solution for all the systems. Ingmmal m’kfe my f finishes it's transm|s-.
the following, we focus on a TDMA-based single-cell systeri©": €t~ m; = mj —my, where subtraction
with perfect power control. We try to develop scheduling af€moves the terminal from the set.
gorithms to accommodate packets with fixed size into the timie Add New  terminals. If f1s e, Mfn 818

slots to improve the system performance. newly arrived terlmllnals, thgn they are
added to the existing terminal profile

_ _ m/, [ =1,...,L according to the “best-fit”
C. Scheduling Algorithms algorithm described above.

Assume that the transmission data rate of each terminal is
fixed. Then the terminal has to operate above certain SINRpgformance of the above scheduling algorithms is studied in
threshold SINR,,;;, to avoid excessive packet errors. Th‘?‘uext section.
threshold depends on the coding and modulation scheme and
the packet PER requirement. In the scheduling process a performance of Scheduling SDMA
terminal is allocated to a time slot as long as the resulting SII\]??'

after beamforming is above the thresh8INR i, Let {a,};_, be the spatial signatures of tiié terminals in
the system and

Fig. 2. SDMA without scheduling.

SINR > SINRmin- (6)

Al = [all N aldl]

Shadet al. [13] studied several scheduling algorithms to im-

prove the frame capacity. Among all algorithms studied, t
Best Fit algorithm has the best performance.

The best-fit scheduling algorithm first pick a terminaf

note the array manifold of the co-slot terminals in ttie
slot. The basestation performs spatial beamforming on the re-
eived co-slot signals as described in Section II-A. According
randomly from the terminal pool (to ensure the fairnestfc_]I P'a(;;salgc:)Verdfu [1.5]’ thetre?gual méerfergnc_el'li\ndhnmset Of_
among terminals). The algorithm tests the current una € - beamlorming output has a >aussian-like character
located terminal by calculating the SINRs for all co-sloﬁltlc’ allowing us t[O calculate the bit-error rate (BER) based on
. . . . . . the output SINR in (5)
terminals in the current time slot as if the candidate termina
were to be added. The SINR margins of co-slot terminals

are calculated by subtractin§INR,,;, from the SINR Pg = Q(SINR). @)
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control and the spatial signatures are generated as independent
Gaussian vectors (normalized to unit power). The SNR is set at
20 dB and SINR threshold is 10 dB. Clearly, SDMA/TDMA

is fundamentally better than pure TDMA in that each terminal
has four times the chance to transmit successfully. However,
o~ Best i SOWA ~ the worst case performance of random SDMA could be even
—— TDMA worse than pure TDMA due to high possibility of collisions
of co-channel terminals. With simple MAC layer planning,
the system throughput of best-fit SDMA/TDMA increases
substantially across the board. More importantly, the variance
of the terminals’ throughput becomes very small, one can prac-
tically use the average throughput as the design parameter for
the system capacity. This is particularly important to wireless
applications whose capacity is usually worst case limited.
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Fig. 3. Throughput improvement of SDMA due to SS-based allocation. In the presence of multimedia traffic, different traffic class

may have different QoS requirements. For example, the voice
Assuming the error correction capability of a coded packéf of traffic is sensitive to delay, but can tolerate certain degree of
bits ist, i.e., a maximum number otits in error is correctable, packet loss. However, the data traffic must not have any missing

the packet success probability packet, but can endure longer delay. Therefore, it is beneficial
for the MAC protocol to take the specific QoS parameters of
P, =P(SINRy,) each traffic class into account. In the following, we describe a

t scheduling protocol that significantly increases the performance
= Z <N> Q(SINRy)™ (1 — Q(SINR,C))N’" . (8) ofamultimedia SDMA network by incorporating the following
o\ QoS parameters:
* SINR;

WhereSINR,, is the beamforming output SINR of thigh ter- « Packet timeout:

minal. Thethroughpubf each terminalin SDMA canbe defined . packet loss rate.

accordingly. . o We consider a single-cell network with one base station and
Definition 1. The terminal frame throughpiy. is defined as - 7 mopile terminals. Fixed-length packets arrive at the mobiles
the packet throughput of thgh terminal in aframe. Lek be the - 4¢cording to bursty random processes. The packets are buffered

total number of time slots in a frame. Note that in a given timg; the mobile terminals until they are transmitted to the base
slot, thekth terminal can transmit at most one packet. Denotgation.

Py, the packet success probability of thi terminal in theth
slot. If the terminal dose not transmit in this slé%,; = 0. Then,
S}, is the summation of alPy;

When a mobile terminal has packets to transmit, it sends an
access packet in the access slot using ALOHA random access.
After the basestation successfully receives an access packet

L from a mobile terminal, it obtains information from the mobile
S, = ZPM. (9) terminal which includes the QoS class of the packets and the
1=1 spatial signature of the terminal. Based on received information,

In cases where the frame length is variable, the avera%\? basestation then grants certain time slots to the terminal ac-
number of packets can be successfully transmitted in a time $8fding to & desired packet transmission policy. The transmit

is a better performance measure. The average slot througHpglimission is broadcasted in the following downlink frame.
is defined as The mobile terminal listens to the downlink frame, when it

hears the permission, it begins to transmit in the next uplink
1 & frame. Each time a mobile terminal transmits a packet, it also
T= T Zsk' (10) includes a Piggybacking Request to indicate whether it has
k=1 more packets backlogged. The basestation checks the Piggy-
Fig. 3 illustrates the performance gain of SDMA bybacking Request, and updates the mobile terminal information
comparing the terminal frame throughput of pure TDMAaccordingly.
(single antenna), random SDMA (terminals allocated to slots Now our focus is on how to design a packet scheduling policy
without regarding to their spatial signatures), and best-8b that the mobile terminals share the limited communications
SDMA/TDMA. We consider a TDMA-based single-cellbandwidth in an efficient manner: maximizing throughput and
system, where the basestation is equipped with four antenmagmimizing packet loss. To accommodate the different QoS
Each TDMA frame has ten time slots, and each time slotquirement, gpacket schedulers added to the protocol to
accommodates packets with fixed length of 256 b. There are &hedule packet transmissions in such a way that the spatial
terminals in the system. All terminals are under perfect powegsource can be used efficiently. The ensuing sections describe
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User 1 FIFO |Qos/SINR SS Spatipl
| a3 Packet al SINR(al)| &(s1) Packet Slotd c4
User 2 | Prioritizer| cl SINR(c1)| @(c1) | Allocator [y, 49 a3lbg
(b2 b1 2 |SINR(c2)| d(c2) allclfc2[c3]..]
User 3 c3 SINR(c3)| a(c3) Time Slots
bl [SINR(b1)| &(b1)
. Packets’ position in a
Baéklogged Packets Prioritized list of packets with their scheduled frame
of Different Terminals SINR requirements and Spatial Siganture

Fig. 4. Packets assigning procedure.

how the scheduler prioritizes and organizes the transmissiorttoé following properties: 1) the priorities of each queues are cal-
packets by taking these criteria into consideration. culated independently such that it has much lower complexity;
The main objective of the scheduler is to maximiz@) the priority based on timeout value gives advantage to the
throughput and minimize packet loss. This is achieved in twoore time sensitive packets (voice, video); 3) the priority values
steps: indicate how many slots should be allocated to a terminal in the
1) determine packet priorities; current frame; and 4) the priority values are calculated based
2) allocate prioritized packets into SDMA/TDMA slots.  on all buffered packets so that the longer queues which subject

These tasks are performed byacket prioritizerand apacket 1© higher packet loss rate can have more advantage. The pri-
allocator, respectively [16]. In particular, the packet prioritizeP"ty defined here is not optimal because the optimal solution
minimizes the packet loss, while the packet allocator maximiz¥©U!d require to consider all the existing queues jointly. How-

the throughput. The basic protocol is illustrated in Fig. 4. ever, given the desirable properties described above, it works
well as we will show in the simulations.

After prioritization, the packets are put into a FIFO (an or-

] o dered listL,, according to their priority values). Notice that the
There are many ways to define packet priorities [16]-[18}ame length i<.. So one terminal can be assigned ug ttime

Here, we consider the case where each terminal only supp@jitsts. So one terminal can have at maéspriority values, and
one type of traffic (voice, data, or video). However, terminalg -an appear in the list for up tb times. As will be explained
can be easily configured to support heterogeneous traffics kgt the listL, is used by the packet allocator to determine if a
maintaining multiple first-in—first-out (FIFO) queues for dif-terminal should be granted transmission privileges for the next
ferent traffics. Since the packets in each queue are of the SaPfne, and if so, the number of packets that will be allowed to
type, the priority values can be determined based on their tijdgng. After each frame, the packet prioritizer updates the pri-

A. Packet Prioritizer

out requirements. _ ~ ority list for the next frame.
Assume that théth terminal hasB;, backlogged packets in
its buffer, with timeout valuef, t-, ..., tp,]. Ideally, if every B. Multimedia Best-Fit Packet Allocator

packetin the queue is allowed to transmit at a minimal constantafier prioritization, each ordered packet enters the buffer with
rate so that it can finish transmission before timeout, the rate 8f -<sociated SINR/data rate requirement and a spatial signa-
theith packet isy. (i) = 1/t 'll;he aggregate transmission rat¢, . The objective of the packet allocator is to arrange packets
atcurrentframe s thus, = 3 ;2 74(i). Itindicates how many ¢ have the highest priority into SOMA/TDMA frames so that
slots are required by this terminal at current frame. We can usgg throughput in the next frame is maximized. Toward this end,
the aggregate transmission rate as the measurement of priogi. modify the best-fit algorithm to accommodate the heteroge-
Definition 2: The priority of a packet is defined as the aggresequs traffic. First of all, the order of t the backlogged packets
gate transmission rate of this packet and the remaining packgfs getermined by the prioritizer. In addition, we allow one ter-
backlogged after it. So the priority of théh packet inkth ter-  min,) to have more than one slot to transmit packets within each
minal queue can be calculated as frame. The lisiL,, implicitly contains information of the number
B, of packets that the packet allocator shou]d allow a tgrminal to
Pu(i) = Z l. (11) send. Furth_ermore, packe_ts belong to different trgfflc classes
t; may be assigned to one time slot, as long as their own SINR
= requirements are all satisfied. Taking these factors into consid-
If a packet cannot be transmitted before its time out, it Bfation, a QoS-aware SDMA scheduling algorithm is summa-
simply discardedP (i) is a monotonic decreasing function offized as follows.
i. Its value reflects how urgent one packet must be transmitted Multimedia Best-Fit SDMA/TDMA:
because a higher value indicates a higher probability of packets The algorithm picks packets in the order given by ligt
loss. The value also indicates the average transmission rate this Each packet is associated with its SINR requirement de-
terminal should have. If the value is greater than one, it means termined by its QoS class.
more than one slot should be assigned to this terminal to avoid « The scheduling starts with the first packelip. The algo-
possible packet loss. So the priority definition adopted here has rithm tries to assign the current packet into one of the time
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35 T T T T T T T T

slots. The algorithm tests the current unallocated packet | ——FeTSouA
calculating the SINR for all co-slot packets in current time ) Fartial-iit SOMA
slot as if the candidate packet were to be added. The SIN ’
margins of co-slot packets are calculated by subtractir
their SINR requirements from the SINR they experience@ r
Assume there aré terminals in current slot, The SINR
margin of theith terminal in this slotiSSINR margin(2) =
SINR(7) — SINR;eq(2). The SINR margin of this slot
iS SINRmargin = min{SINRmargin(?)}. The algorithm
would test all the time slots and insert the current packe
into the time slot with largest SINR margin provide that3 ,,
the margin is greater than zero. Otherwise, the packet
ignored.

The algorithm moves to next packet and continues t
search for appropriate slot to insert. The process continu
until all packets are tested. % 5 1 15 20 25 30 3 40 45 50

The packet prioritizer orders the packets according to their Arereoe Aqoregate Trafle Rate (Picrame)
priority. The packet allocator then searches and allocateg. 5. Throughput with bursty traffic.
packets according to their priority order. The throughput is
maximized for the given packet priority order.

20+

Throughput (Pkt/Frar

rregate

0 T T T T T T

—-©- Best-fit SDMA
ol —+- Partial-fit SDMA -
% Random SDMA x

IV. PERFORMANCE EVALUATION 8

Our analysis so far assumes that all terminals have packets -
transmit at all times, which is not always true in practical wire
less networks [19]. In this section, we present some performang
results for a network with more realistic traffic models. Thet
SDMA/TDMA schemes (random SDMA, best-fit SDMA, par-g§
tial-fit SDMA and multimedia best-fit SDMA) are studied under  *
homogeneous bursty traffic and mixed voice and data traffic.

A. Homogeneous Bursty Traffic

For a network with homogeneous bursty traffic [16], we 1]
assume

1) There are a fixed number of terminals in the system eac
with its own spatial signature.
2) The packets arrive at each terminal according to a bursty. 6. Delay with bursty traffic.
traffic model. In this model, the terminal has two alter-
nating statesoN and oFr. During theoN state, packets The terminal, after receiving the scheduling information, begins
arrive at the terminal with Poisson distribution. No packeb transmit the backlogged packets at the given slot.
arrives in theorrperiod. The length of theN andoFrpe- We simulate a basestation with four antennas serving 160
riods obey certain distributions. terminals. There are ten time slots per frame. In each slot, the
3) The spatial signature of each terminal varies slowlyacket length is 256 b. The SNR is set at 20 dB, and the sched-
during the oN period, so that all the packets arriveduling SINR threshold is 10 dB. The length of tber period is
during one period are transmitted with the same spati@kponentially distributed with mean time 100 frames. The
signature. period has fixed length 1/2 frame. The average aggregate traffic
The above case presents a realistic WLAN type of scenarate ) is given by the equation at the bottom of the page.
most suitable for SDMA. In practice, once a terminal becomesFigs. 5 and 6, respectively, show the throughput and delay of
ON, it submits a request to the scheduler and the scheduler mahes three SDMA schemes as functions of the aggregate traffic
this terminal as active and estimates its spatial signature. It eithate \. For low traffic, the rise in throughput is approximately
randomly assigns one slot to this terminal (random SDMA) dinear with respect to the traffic rate for all schemes. In this
allocates a slot based on its spatial signature (best-fit SDMAggion, there are essentially no collisions due to failure in

Average Aggregate Traffic (Pkt/Frame)

__ Traffic Rate during ON periock Number of Users< ON Period

A ON Period+ OFF Period
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40 T T T T T T T T T

TABLE |
VOICE TRAFFIC PARAMETERS -6~ Multimedia Bset-fit SOMA
35 . | —x- Best-fit SOMA
Patterns Mean Value (s)
Main Talkspurt 1.000 sor X
Main Gap 1.350 Tos,
Minispurt 0.275 <
Minigap 0.050 St
£l
TABLE 1l
SIMULATION PARAMETERS ok
Parameter l Value sk
Frame Size 16 msec g
Slots per Frame N, 10 % 5 10 5 2 2 2 3 20 25 50
B oy (bt ) 256 Cell Load (Active Mobile Terminals)
acket Leng its
Number of Antennas 4 Fig. 7. Throughput per frame vs. cell loads.
SNR 20dB .
10 T T T
Average Rate 16 Kbps o~ Multimedia Best-fit SOMA |
—x— Best-fit SOMA
Voice Traffic | Packet Timeout 2 frames
SINR Requirement 9db
Packet Loss 1 percent v
Data Traffic | Average Rate 15Kbps 2
o
Packet Timeout 200 frames 8
SINR Requirement 12db g7
Packet Loss 107 F
2
beamforming acquisition. As the traffic increases, the effect « o
scheduling becomes more and more evident. The throughj
of best-fit SDMA saturates at around 35 packet/frame whe
the traffic rate is greater than 50 packet/frame, showing . \ \ ;

throughput gain of over 50% than that of random SDM# ©o 5 o s 2 2 .0 % 4 4550

Cell Load (Active Mobile Terminals;

(without scheduling). The improvement in delay characteristics ( )
due to scheduling is as significant as that in throughput. A#®.8. Packet loss rate of voice traffic.
evident from the figure, there is only a small performance
gap (about 10%) between the best-fit SOMA (full scheduling) simylation results are provided to compare the throughput,
scheme and the partial-fit SDMA (partial scheduling) schémg|ay and packet loss of the improved protocol (multimedia
for the bursty traffic. This is particularly encouraging fofyest-fit SDMA) with that of best-fit SODMA. In the later case,
practical bursty data applications because of its reduced sysigl0 oS requirements are worst case limited, e.g., the most strict
overhead. SINR requirement of all traffic classes must be applied to all

i i i classes. In the case studied, the data traffic is assumed to have
B. Multimedia Traffic the highest SINR requirement at 12 dB, which is applied to both

We now evaluate the performance of the proposed protocol tigta and voice traffic in the simulation.

considering an SDMA system with two types of traffics: voice Fig. 7 compares the throughput characteristics of the two pro-
and data. Each terminal only generates one type of traffic, attols. We observe about 30% of increase of throughput due to
there are the same number of voice terminals and data termir@&S-based prioritization. The is because that by taking the QoS
in the system. The voice traffic model is based on the three-stato consideration, we are able to pack more voice packets into
Markov model in [20]. In the model, it is assumed that a speeehframe with an acceptable packet loss penalty. Fig. 8 shows
source generates patterns of talkspurts and gaps as the resuhatfthe new protocol can keep the voice packet loss rate at an
the talking, pausing, and listening behaviors in a conversati@cceptable level even when there are a large number active ter-
All spurts and gaps have independent exponentially distributednals in the system. Assume that the voice packet loss must
durations. The values for the speech activity model is listed e kept below 1%, then the QoS-enhanced multimedia SDMA
Table I. The data packet length and packet arrival interval azan accommodate up to 40 active terminals, which is 50% than
modeled as exponentially distributed. The mean data unit stbe regular best-fit SDMA. This is because we cannot only pack
is 30 kB. The simulation parameters are listed in Table Il.  more voice packets into a frame, but also we give higher priority
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Fig. 9. Delay characteristics of different traffics. [16]

to the voice packets based on their QoS requirements. The ift7)
creased ability to handle voice traffic is paid by the increased
delay of data traffic. Fig. 9 shows that for the multimedia SDMA 18]
protocol, the data traffic experiences longer delay. However, be-
cause the data traffic is relatively insensitive to delay, it will not
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