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Abstract—In order to support the diverse Quality of Service result in significant improvements in supporting QoS for
(QoS) requirements for differentiated data applications in broad-  differentiated data users with diverse QoS requirements over
band wireless networks, advanced techniques such as space-timgyiraless networks.

coding (STC) and orthogonal frequency division multiplexing X . .
(OFDM) are implemented at the physical layer. However, the Space-Time OFDM-CDMA provides us with not only the

employment of such techniques evidently affects the subchannel- diversities, but also the multiple access control, such that
allocation algorithms at the medium access control (MAC) layer. multiple users can be assigned into a single subchannel, where
In this paper, we propose the QoS-driven cross-layer subchannel- they distinct themselves from each other by different signature
allocation algorithms for data transmissions over asynchronous sequences. As a result, how to allocate the resources efficiently

uplink space-time OFDM-CDMA wireless networks. We mainly . tisfvina th . S . ts b .
focus on QoS requirements of maximizing the best-effort through- in satisfying the various QoS requirements becomes increas-

put and proportional bandwidth fairmess, while minimizing the  ingly critical. While there have already been a large body of
upper-bound of scheduling delay. Our extensive simulations show literature on both space-time processing and OFDM-CDMA,
that the proposed infrastructure and algorithms can achieve the impact of such architectures on resource allocations at
high bandwidth fairmess and system throughput while reducing  \AC Jayer, its bandwidth faimess, throughput, delay analysis,
scheduling delay over wireless networks. and cross-layer optimizations, have received relatively much
Index Terms— Quality of service (QoS), cross-layer design and |ess attention. Therefore, it is important to develop a cross-
optimization, subchannel-allocation, wireless networks, space- | e scheme to integrate the resource allocation at the MAC
time spreading, OFDM, fairness, throughput, scheduling defay. layer and the multi-antenna infrastructure implemented at the
physical layer.
The subcarrier allocation for OFDM system has been stud-
ied in, e.g., [12]-[14]. However, the previous work mainly
The increasing demand for wireless network services sUgftses on TDMA-, FDMA-, or SDMA-based systems. In
as the wireless Internet access, mobile computing, and wirelggsg paper, we propose the QoS-driven cross-layer subchannel-
communications motivates an unprecedented revolution in thfcation algorithms for asynchronous uplink space-time
wireless broadband access [1][2]. This presents great chgfkpp-CDMA systems targeting at differentiated data trans-
lenges in designing the wireless networks since the wirelgggssion applications. The QoS requirements that we focus
channel has the significant impact on supporting the varioys include transmission reliability, bandwidth fairness, system
quality of service (QoS) requirements for different users. hroughput, and scheduling delay. Specifically, the proposed
A number of promising schemes are developed at thg,orithms are based on the delay-faimess-driven scheduling,
physical layer to overcome the impact of wireless channe|sonortional bandwidth fairess, and best-effort throughput.
Among them, space-time (ST) processing using multiplote that our proposed proportional faimess differs slightly
input-multiple-output (MIMO) architecture emerges as one Gfom the definition used in [15], where the assigned bandwidth
the important technical breakthroughs in wireless communiGa-proportional to the long-term average rate considering the
tions [3]-[7]. Besides, the combination of the widely employed i delay constraint. In our scheme, the bandwidth is propor-
code division multiple access (CDMA) with orthogonal freigng to the service-priorities of the differentiated services. We
quency division multiplexing (OFDM), called OFDM-CDMA, 5154 conduct extensive simulations to evaluate the performance
takes the advantages of these two techniques and also recei{§fe proposed algorithms. Our simulation results show that
a great deal of research efforts [7]-[11]. Clearly, employmeg{e yroposed infrastructures and algorithms can significantly
of the integrated design combining space-time processing gaghrove the bandwidth fairness and system throughput, while

OFDM-CDMA can achieve the integrated diversities fromhieving more efficient resource allocations over wireless
spatial, temporal, frequency, and code domains, which Wibnyorks.

This work was supported in part by the National Science Foundation The paper is organized as follows. SeCt'on.” describes the
CAREER Award under Grant ECS-0348694. space-time OFDM-CDMA system model. Section Il proposes
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Fig. 1. Block diagram of thé:th mobile user’s uplink transmitter.

the subchannel-allocation algorithms. Section IV evaluates apel described in Section Il with more details. Each (&f

compares the various performance metrics through simulaticngb-streams consists of bits, which are denoted bly;, ,, =

and numerical solutions. The paper concludes with Section (\1511¢ L0 ka“)T, where ()7 represents the transpose of
() andu € {1,2,..,U;}. The bit durationT} after S/P

Il. SYSTEM MODEL conversion become?ﬂ, = TyU. Then, eachby , is space-
We consider the BPSK modulation-based uplink from %me Spfeag (?TS) [4] using ‘the spreading code given;by
mobile user to the basestation in a packet-cellular networkW|ﬁk Cj, )", wherecj € {£1}, g € {0,1,...G — 1}

M antennas at the basestation (BS) avicantennas at each and G denotes the spreading gain of the code. The chip

mobile user. LetK denote the total number of mobile userglfrat'onj;‘ of thef spreading code sa;lsrf]|€$ Eb/G q
andU the total number of subcarriers or subchanfeidich TU/G. T de wave orn:jexpressu(:;ncé ) of the spreading code
are to be assigned to tH€ mobile users. The index set of allcorresponding t@’f Is determined by

K users is defined a@ £ {1,2,..., K} and theU subcarrier
frequencies are denoted by the set{gS;} _,. In addition, at Z cip(t
any instantaneous time point, only the users which have been

assigned with bandwidth resources can transmit data packiétgerep(t) is a normallzed rectangular chip waveform which
These users assigned with bandwidth resources are definefiags the finite duratiori0, 7¢). In this paper, we focus on
activeusers. Denote the index set of active user®bglearly, @ specific subset of the general STS schemes investigated

the set of the active users is a subset of the all-usef2sie., in [4], by which theN-bit data is coded, spread, and allocated
dCQ. to N transmit antennas, and then transmitted By time

intervals. This kind of STS schemes can provide the maximal
. . . transmit diversity without demanding extra spreading codes
A. Mobile Upllr]k Transmitter Model and thus be considered a#iractive schemes [7]. Denote the
The kth mobile user’s transmitter structure of our proposegbrresponding space-time block coding square matrix of the
space-time OFDM-CDMA system is shown in Fig. 1. In thigth sub-stream by
paper, we consider the asynchronous uplink, where different

—gT.), 0<t<T, 1)

b1,1 b1,2 o bl,N
users transmit data asynchronously to the basestation, and kau o Pk ku
thus we cannot use the synchronous model as used for b21u bii big . space
downlink from the basestation. As shown in Fig. 1, using the B, = ’ ' @)
Serial-to-Parallel (S/P) converter, a block @f x N BPSK ' : : : | time
symbols each with bit duration of; is converted toU, N1 . No NN

. . bY v R

parallel sub-streams. The valdé. (U, < U) is determined ku Ok kou

by our proposed subchannel-allocation algorithms, which W|IIhere the rows and columns of mati,.,, consist ofby..

We use the terms “subchannel” and “subcarrier” interchangeably in tmgth d|ffer.en'F signs and sequences accordmg tothe orthogonal-
following discussions. design principles [5]. The spreading code vedt) used for
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Fig. 2. Uplink data-/signal-flow received by theth receive antenna at the basestation for itte user.
STS can be expressed as B. Uplink Channel Model
Cu(t) = (Czlf(t) ci(t) ... Ciy(t)) ©) We assume that the Rayleigh fading channel is frequency-

selective, but the delay-spread$, of the channel satisfy
T,, < T, such that each subchannel conforms to the flat
fading. In addition, the channel is assumed togbasi-static
¢i(t) = { cp(t — (i —1)Ty), (i—1Tp <t <iTy @ i.e., the fading coefficients are invariant over a block-interval

whereci (t), i € {1,2,..., N} has the finite duratiofo, NT3),
which is given by

0, otherwise and vary from one block to another. Thus, during each block-
Using Egs. (2) and (3), STS can be expressed as interval, the fading coefficient of theth subcarrierh;”" " (¢),
A betweennth transmit antenna of théth user and thenth
Siu(t) = (5,u(t) 52.u(1) - stu(t) =Cr(t)Bru.  (5) receive antenna of the basestation, can be denotéd ],

Following STS, theU, data streams of each antennidherei € {1,2,..} is the discrete time index for théth
are transmitted simultaneously by modulatibg different block interval. The time-varying channel can be modeled by
subcarriers, which can be implemented by the operation ¥t auto-regressive (AR) process [11] as follows
inverse fast Fourier transform (IFFT). The frequency spacing R i) = &b i — 1) 4+ v i) )

A between any of the adjacent subcarri¢fs}?_, satisfies 7 ] ’ ’ )

A = 1/T,, guaranteeing the orthogonal subcarrier condfthere . is determined by theith user's Doppler velocity
tion. The selection of which/, out of U subcarriers are andv;’,"[i] is a zero-meaindependent identically distributed
used to transmit data is also determined by our proposg&d.) complex-Gaussian variable. In Section Il and Section IlI

subchannel-allocation algorithms. Denote thig subcarrier We Will focus on the discussion within a block interval.
central frequencies assigned to thth user by{f.} %, Therefore, we drop the time index for convenience. We

m

the transmitted signaty_,(¢) from the nth transmit antenna assume thagh;7" | vk, u,m, n} are independefiidentically
of the kth user to the basestation within a block-intervdi“St”bUt_ed (i.i.d.) comple>_(—Gau'SS|ar? variables with zero-mean
(74, 7 + NT},) can be expressed by and variance ot /2 per dimension, i.e.,

U, N — B (lhn7m|2) (8)
P . ) . o U
() = \[ o 2 D Bl (t — 7)) (6) "
NU u—liz1 Assuming perfect power control, the received signalt)

which satisfies) < 7, < T,; P denotes the maximum trans-Shown in Fig. 2, by

mission power, which can be achieved whHén= U; the co- P N U, N o

efficient /P/(NU) indicates that the maximum transmission n(t) = /57 SN hprvien(t — )
power is independent of the total numbers of transmit antennas ke® n=1u=1i=1

and subcarrierd),” is given by Eq. (2) and () is given by T2 (E=Th) g (1) (9)

Eq. (4), respectively. Clearly, the transmission throughput is2 . N _ _ _
proportional to the assigned number of subcarriers. The |ar%erTheoret|cally, the coe_fﬂc[ents between different 'sub(_:amer's are not in-
h berU. of subcarriers assigned to thgh user. the ependent. However, this independence assumption is valid if we em-
t_e num k _g ! ploy frequency-interleaving operations [7][11]. In this paper, we omit the
higher the throughput can be achieved. frequency-interleaving to simplify the presentation.



where w,,, (t) denotes the complex Additive White Gaussiawhere(-)* denotes the conjugate transposg-pfH;",, is given
Noise (AWGN) at thenth receive antenna with zero-mean andy Eq. (11), andd;’,, corresponds to the original transmitted
double-sided power-spectral density &f /2. Demodulating N bits expressed bjokyu = (b b7y - i)' Follow-

the received signat,(t) given by Eq. (9) and expressinging space-time decoding, all decision variabledy’, }5/_,

the multiple demodulated signals in a matrix form, the olsbtained from/ receive antennas are combined together as
tained complex low-pass signal received at thth receive follows:

antenna through theth subchannel, denoted hy”(¢) for

u e {l,2,...,U,} (see Fig. 2), can be expressed as o = Z A, ke ®,Vu=1,2,..,U; (14)
| P
") = — Cr(t — B O N (¢ . . . .
v (1) NU ];) et = 7B, + N(0) which represents the procedure of Maximum Ratio Combining
(MRC). Based upon decision variables given in Eq. (14), the
] / Z C(t — i) H b + NI (1) receiver makes the decisions of the transmitted bits (see Fig. 2)
keb by
(10) T
2 (i1 LN -
where ", = (b hiw ... hkNm)T denotes the channel b = (b’“‘ Ok - b’“‘) = sgn[Re(dy..) (15)

vector from the moblle User to the basestation and the matfiX are sgi) is the signum function and Re denotes the real
H}'., has the form as follows:

part of (-). Denote the index-set of active users allocated in

1,1 1,2 1,N Lt
My 2 BN the uth subchannel byp,,. It is easy to see that
W P Bium
= | a o=U 16
hfc\’ulm hé\’im hkNLNm To derive the SINR of the decoded signals received from the

kth user ¢ € ®¢,,) through theuth subchannel, we apply the
where the rows and the columnsigf’, consist ofh;’, with property of the orthogonal-design principles [5] such that
different signs and sequences according to the orthogonal-

design principles [5], i.e., ( v u) Hy, = ( miy = (Z’hm n ) Iy (17)
BkﬂL Z?u = Hklubk’yu' (12)
where |y represents aV x N unity matrix. Then, from
C. Uplink Receiver Model at the Basestation m( ) given by Eq. (10), the signal energy associated with
The schematic for thenth receive antenna at the basestatiotie decoded signal received from thih user through theth
of our proposed space-time OFDM-CDMA system is showgtibchannel, which is the summation of the signal gains over all
in Fig. 2, where we focus on the decoding scheme for tf{@/ x N) transmit-to-receive antenna channels, is determined
kth user within a block intervalr, 7, + NT3). In addition, by
we assume that the channel state information (CSI) and the o 9
transmission delay of each user can be perfectly estimated by PT;, ( m )*
the basestation. NU k) Dhiu
Performing the inverse operation of the transmitter, the m=t
received signalr,,(t) at the mth antenna is split into The variance of the interference associated with the decoded
U, sub-streams by demodulating, different subcarriers signal received from théth user through theith subchannel
{e=927fku(t=m) Uk Then, each sub-stream correlates withan be expressed as:
the kth user's referenced waveformg: (t — 7))}, dur-

- o (Z D ln ) (18)

m=1n=1

M 2
ing [k, 7 + NTb) to obtain correlation outputg;’, = <PTb> Z P (Tht) Z H( " )* m (19)
(2 zp2 . zpN)T. Then, the space-time decodmg (De- \NUJ “—= 1€d, 1k ol

ST) is employed to obtainV decision variablesd;’, =

(™1 d™2 . g™N)T which can be expressed as where||- || » represents the Frobenius matrix norm [16]; =

(1 —m), andpy ;(7x,;) denotes the correlation factor between

we=(Hr) Z, (13) spreading codesy (t — ) andc¢;(t — ;). The variance of the
PT;
(52) (23 me )
S'NR}eﬁu _ m=1n=1 (21)

PT; *
<Ng(bj)z Z Plekl H Hku Lu

m=11€d,,l#k

(R

m=1n=1



noise associated with the decoded signal received frortthe whereQ(-) denotes the Q-function defined by
user through theith subchannel is given by

oo 1 t2
A MON Qz) 2 / —5me Tt (24)
> (i) hit No = (Z > Ih 2) No. (20) . § :
m=1 m=1n=1 The corresponding packet error rdtgy. is upper-bounded by
Using Egs. (18) through (20), we obtain the SINR of decoded Pt <1— (1 Py)* (25)

signals for thekth user(k € ®,) at theuth subchannel as

expressed by Eq. (21), which is shown at the bottom of tlvehere L denotes the packet size and we assume that the bit-

previous page. losses/errors are independent with the probability equé,to
When applying Selective-Repeat ARQ, the system goodiput

can be expressed as
[1l. SUBCHANNEL-ALLOCATION ALGORITHMS o
In order to design the subchannel-allocation algorithms for R=R(1 = Ppe) (26)

data transmissions, we mainly focus on QoS requiremeRffere R denotes the system throughput. Finally, the optimal
for guaranteeingransmission reliability maximizing system g|NR thresholdy,,, can be derived by
throughput optimizing proportional bandwidth fairnessand
minimizing maximum scheduling delayn the rest of this Yopt = argmax {172} 27)
section, we will discuss each of these issues in detail. 7

Note that we focus on uncoded system in this paper. For the
A. Optimizing the SINR-Threshold coded system, the approach for finding the optimal threshold

Due to the nature of CDMA technique employed in ous similar but the threshold is smaller. Thus, more users can
system, subchannel can be reused by multiple users. TBfsassigned into the same subcarrier.
introduces the following tradeoff. On one hand, in order to

increase the system throughput, we need to assign as mBnyThe Proportional Bandwidth Fairness

users as possible inFO a s?ngle subchannel. The 'f’.‘rger th?—'or data transmission over wireless networks, different
number ﬁf usehrs asagnt()ad m;O' a Zutg:haﬂnel, r:he hhlgzer H? bile users usually have different bandwidth capacities due
system t roug put can be ac ieved. Ln the other hand, egela qware or power facilities and service priorities due to the
user experiences co-subchannel interferences from other u (?rang schemes. This differentiated QoS in bandwidth can be
within the same subchannel. When the number of users witlif,;eeq by employing the fairness-design criterion. The fair-

the same subchannel becomes large, the interferel_"nces Increasg problems have been widely studied in literatures [15][17]-
and users’ SINRs decrease. As a result, the bit-error r%

BER he ohvsical | 4 th di K %)]. In this paper, we develop our algorithms based on the
( ) at the p ysical fayer an the corresponding pac tr'oportional bandwidth fairnesswhere the allocated band-
loss/-error rate at higher network-protocol layers increases. th to different users is proportional to their different
characterize the tradeoff between error rate and throughput,

d 1o introd d ined SINR threshold d dwidth capacities and service priorities. Thus, the users
need to introduce a pre- ete_rm_me o threshold denofggy, e higher bandwidth capacities or priorities, which are
by . To ensure the transmission reliability, each user th

éﬁaracterized by their maximum bandwidth capaciligs*
is assigned with the:ith subcarrieru € {1,2,...,U}, must y P

. . : (the maximum number of subcarriers assigned tdithauser),
satisfy SINR> ~ requirement, which can be expressed as

will receive the larger bandwidth-resource allocations. Note

SINRg,, >, Vke ®,. (22) that our proposed proportional fairness is slightly different

In order to guarantee the transmission reliability QoS féFom the d_ef|n|t|on used in [15], where the assigned _ban_dW|dth

3 IS proportional to the long-term average rate considering the

data transmissions, the upper-layer protocol must employ som .
error-control methods, e.g., ARQ based protocol, to recover t-delay constraint.

Lo ’ Let the kth user's maximum bandwidth requirement be

the data error/loss caused at the physical layer. When \ﬁk a (Umex < {7 in terms of the number of subchannels
choose a too small SINR threshold the system throughput “% . . ;

in terms of the number of users per subcarrier is high, but tﬁ%S'.gned o théth user . To formally deﬂ.ne the faimess factor,
number of retransmissions will be increased due to randofy introduce theaggressive factory; by:

loss; when we choose a too large SINR threshg|dthe o 2 Uk
number of retransmissions will be reduced, but the system b Ujnax?
throughput drops because more subchannel admission reqr.kgf1

ke (28)

tg o
. T . : < ay < 1. Then, definfa fact 17
are rejected. This implies that there is the optimal SIN re0 < a < en, we can definfaimess factor) [17]

threshold~ that can maximize the systegoodput which -

is defined as the rate the packets are transmitted without ~ (X Qak)z
. . . o= S (29)
retransmissions. When satisfying SINR~ requirement, the KS. 2
BER P, of physical layer using BPSK modulation is upper- hea Tk
bounded by where the cardinality of Q2| = K (the total number of users)

and oy, is given by Eq. (28). It is easy to see thaK ¢ < 1.
P, <@ (\/ 27) (23) The perfectly fair allocation has the maximum fairness factor



00. Procedure: Initial Allocation Algorithms ;

01l. ¢ :=0; ! The initial value of the index-set of the active users

02. {®,}Y | :=0; ! The initial value of the index-set of the active users in each subcarrier
03. for j:=1to K do I The sequence is based on deadline-fairness-driven scheduling
04. for u:=1to U do ! Sequentially test all subcarriers

05. begin Joining-Test for thejth user at theuth subcarrier; ! Using Eq. (30)

06. if Eqg. (30) is satisfiedhen

07. begin ¢ :=® + {j}; I The jth user becomes an active user

08. o, :=®,+{j}; ! The jth user becomes an active user at ttle subcarrier
09. break; I Test the next user

10. end;

11. end,

Fig. 3. Pseudocode of initial subchannel-allocation algorithms.

¢ = 1, which is attained whety;, = «;, Vk # j, i.e., the band- Eq. (21). Thejth user is admitted to use thgh subcarrier if
width allocated to all users are equally proportional to theand only if
maximum bandwidth capacity/;"**. The worst bandwidth- SINR. . >
. . v = Y

allocation falrne_ss hag = 1/K - 0asK — oo When_ only { SINRy , > 7, Vk e ®,
one user occupies all the bandwidth resources. Obviously, the ' )
more the number of inactive users, the lower the bandwidffhere SINR., and SINR. .., as the special cases of Eq. (21),
fairmess attained. It is worth noting that when glrmax}&_~ are then derived and expressed by Egs. (31) and (32), respec-
are equal, the proposed scheme reduces to the conventidtgly, Which are shown at the bottom of this page.
max-min fairness. If Eqg. (30) is satisfied, thgth user is qualified to be assigned

Our proposed subchannel-allocation algorithm can be df the uth subcarrier. Then, it becomes a new active user in
vided into three steps, which are callaftocation-scheduling ®u- Otherwise, if any of the SINR in Eq. (30) is lower than the
initial allocation, and dynamic allocation respectively. In thresholdy, the jth user is rejected to use théh subcarrier.
Section III-C and IlI-D, we first describe our initial and ©OUr initial allocation algorithm attempts to “activate” as
dynamic allocation algorithms. Then, in Section III-E wdnany users as possible under the constraint that these users’
present our allocation-scheduling scheme. All algorithms apiNR > 7. Fig. 3 illustrates the pseudocode of the proposed

exerted each time the system receives its CSI information. Initial allocation algorithm. As shown in Fig. 3, th€ sub-
carriers are sequentially tested for each user (step-04). Once a

N ) ) user is successfully assigned a single subcarrier, it becomes an
C. Initial Allocation Algorithm active user (step-07 and step-08). Then, the basestation stops
Let the jth user(j € Q,j ¢ ®,) be the candidate which join-in-testing for this user and starts searching bandwidth for
attempts to transmit data using thh subcarrier. Since the other users (step-09). The sequence of testing users is based
basestation knows the information and the statistical chara our allocation-scheduling scheme, which will be described
teristics about the channel, we can pre-compute the SINRiofSection IlI-E with more details. The users which cannot
decoding signals for each user at th#éh subcarrier using be assigned with any subcarrier are not allowed to transmit

(30)

() (5w

o m=1n=1
SINR; ,, = i 7 ; YA (31)
b m \* gym n,m
() 22 3 o ) s+ (30 e ) o
m=1ked,, m=1n=1
M N 2
PTb n,m
(5 (35 e
SINRy,,, = m=ln=1 (32)

PTb M ) . 2 M N s
()X 2 sl wifl+ (3w ) w




00. Procedure: Dynamic Allocation Algorithms;

01. © :=0; I Set the initial value 0f®
I Dynamic subcarrier allocation ends when there is no user which can be assigned any extra bandwidth
02. while (© # @) do I The algorithm ends whe® = &
03. begin ! find the active user which has the minimum aggressive factor and can be assigned extra bandwidth
04. k :=argmingep\0 ax; ! Computingay using Eq. (28)
05. if (ap # 1) then ! The user does not achieve its maximum bandwidth requirement
06. begin for w:=1to U do ! Segentially test subcarriers
07. begin Joining-Test for thekth user at thesth subcarrier ! Using Eq. (30)
08. if Eq. (30) is satisfiedhen
09. begin U := U, + 1; ! Assign bandwidth to theéith user
10. Updatex,,; ! Using Eq. (28)
11. break; ! Find the next user which has the minimum
12. end;
13. end,
14. if Eg. (30) is not satisfiethen © := © + {k}; ! No leftover bandwidth for theéth user
15. end
16. else © := O + {k}; ! User achieves the maximum bandwidth requirement
17. end

Fig. 4. Pseudocode of dynamic subchannel-allocation algorithms.

data during a block-interval. But, they will apply for dataCase |: The kth user has achieved its maximum bandwidth
transmission when the next subchannel-allocation procedwsgpacity, i.e.U, = U;"**; or

is performed. We define these users within a block-interval ggse [I: There is no leftover bandwidth available for thth
inactive userslt is clear that the index set of inactive users igser,

Q\®. As aresult, every active (inactive) user which is accepted o dynamic allocation algorithm searches for ke user
(rejected) to transmit data is assigned one (zero) subcarr(igr6 ®), which has theninimumaggressive factor;, defined
during the initial allocation algorithm, which can be expressqgi, Eq. (28) and can be assigned with extra bandwikiti ©).

as As shown in Fig. 4, the index of this user can be obtained by
U i, k€ ®  (active userl;, = 1) (step-04):
o = = k . .
F U 0, k e Q\® (inactive user[J; = 0).
k= i 34
(33) arg krergr\le{ak} (34)
D. Dynamic Allocation Algorithm where® is the index set of active users obtained by the initial

The initial allocation algorithm maximizes the number oftllocation algorithm.
active users, but it considers neither optimizing the propor-If the kth user does not achieve its maximum bandwidth
tional bandwidth fairness nor maximizing the system througgapacity (step-05), i.el/y < U, the algorithm at the
put, which are the goals of our dynamic allocation algorithnpasestation attempts to assign an extra subcarrier to it based
The key idea of our dynamic allocation is to assign all then SINR criterion given by Eq. (30) (step-07). The attempt
leftover bandwidth resources after the initial allocation t6an succeed or fail. If it succeeds (step-08), the basestation
active users based on the proportional fairness criterion [dédates the aggressive factog of the kth user and selects
Eq. (29)] defined in Section Ill-B. The pseudocode of th#he new user which has the minimum using Eq. (34) (step-
proposed dynamic allocation algorithm is shown in Fig. 4. 11). If it fails (step-14), the basestation adds #th user to

Let © denote the index set of active users which cannot I (Case II).
assigned with extra bandwidth resources. At the beginning oflf the kth user has achieved its maximum bandwidth capac-
dynamic allocation algorithm® is initialized as an empty setity (step-16), i.e.U, = U;"**, the basestation also adds it to
O = ) (step-01). If thekth user belongs t® (k € © C &), ©O (Case ). The dynamic allocation algorithm repeats until
it implies that: 0 =9.
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E. Delay-Fairness-Driven Scheduling fairness high, it will limit the total number of users assigned
Re-examining the subchannel-allocation algorithm d&2 the system. Then, we cannot achieve the maximum system

scribed above, one can observe that when the initial allocatigiioughput. This implies that there is an optimal tradeoff

is applied, the user which is tested earlier receives the higiR&tween fairness and throughput, which is specified by the

priority to become the active user than the later tested on@8limal number of user&™ for the given system. To quantify
This is due to the fact that SINR criterion is easier to bis tradeoff, we define theifferential-constrained throughput

satisfied by the earlier tested users. If we employ a Rourfd Py
Robin-based scheme testing &ll users, the later attempted g2 oF (35)
users are more likely to be rejected for transmitting data in o

each subchannel-allocation. As the result, their SChedU'iMereﬁ denotes the average System throughput_ Because the
delays will be longer than the earlier attempted users. Thisirness is a monotonic-decreasing, while the throughput is a
problem gets more serious when the numbérof users monotonic-increasing, function ok, the product of¢ and
becomes larger. In the worst case, some users even carRolas the maximum value, which is the optimal tradeoff
transmit any data at all. between fairness and throughput. Using the paraméter
To solve this problem, we propose the delay-fairness drivefe can determine the optimal total number of users, which
scheduling scheme to minimize the upper-bound of schedidpresents the best system traffic load, for the given SNR-

ing delay. Specifically, the scheduling is applied periodicalfyreshold,y, and the number of antennas as follows:
to adjust the sequence of mobile users’ attempts. During

each interval of scheduling, the scheduling delays ofZll K" = arg IHI?X{G} (36)
users are recorded accumulatively and sorted. The complexity
of the scheduling varies, depending on different schedulirag
algorithms used. The user which experiences larger delay
will be tested earlier in initial allocations during the next Our proposed subchannel allocation algorithms are executed
interval of scheduling. Therefore, the scheduling delays wiy the basestation each time when it obtains the new channel
be fairly shared by all users, and thus this scheduling $6ate information (CSI) of the uplink channel. Then, the
called delay-fairness driverscheduling. Note the idea of the@llocation decision is fed back to the each mobile user. It
proposed delay-fairness driven scheduling is similar to the clear that the feedback will introduce certain amount of

earliest deadline first (EDF) [20] for the real-time services. overhead. However, such overhead can be relatively small,
especially when the channel changes slowly (e.g., in an indoor

slow-mobility environment), and the channel allocation can be
done once every many symbol intervals [12]. Examining our
Clearly, when the total number of users becomes larger, theposed subchannel allocation algorithms, the computational
system throughput will increase, but the bandwidth fairnesemplexity is mainly concentrated on the joining-test, i.e.,
will decrease due to the larger number of the inactive useEqs. (31) and (32). Clearly, the complexity of this part is
However, if we want to keep the proportional bandwidti® (M N2K). However, in real wireless networks, the number

Implementation Issues

F. The Tradeoff between Fairness and Throughput
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N of transmit antennas at the mobile users is usually small V. SIMULATION AND NUMERICAL EVALUATIONS

due to the limited power supply and the cost constraint of \ve investigate the performance of the proposed system
handsets. Furthermore, the major algorithms are only execufgflastructure and subchannel-allocation algorithms by simu-
at the basestation, which is much more powerful than thgions. In the simulations, the chip duration is setTio=
mobile users in handling more complex algorithms. Thus, ﬂ?@Sl25,us and spreading gaifi set to 16. Thus, the bit duration
proposed algorithms still remain practical for real wirelesg T, = T.G = 125us and bit rate per subcarrier is 8Kbps. We
networks. set the total numbel/ of subcarriers equal t&/ = 8. There-

fore, the total bandwidth of the systemlg'T, = 1.024MHz.

The packet size is set td, = 8000bits and the SNR per

bit v, is set to 10dB at the basestation. The subchannel-
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allocation-scheduling is executed every 10ms. The spreadisgaround 10dB, which represents the optimal SINR threshold
codes are random signature sequences. The correlation fagtgr(~ 10dB) for K = 15. We can also observe that the
between different asynchronous random spreading sequersgce-time infrastructure can significantly improve the system
is approximated as a Gaussian random variable with zetbroughput and goodput, but the optimal SINR threshold
mean and variance af/(3G) [8]. Doppler frequency is set v,,, ~ 10dB virtually does not change regardless of what
to 20Hz for all users. Also, we omit the cyclic prefix (CP) fodifferent antenna combinations are used.
simplicity. To further investigate the influence of total numhEr of

Fig. 5 plots the simulated system throughput and numermobile users on the optimal SINR threshold,;, Fig. 6
cally solved goodput [using Eq. (26)] versus SINR thresholalots the numerically solved system goodput against two
~. The plots of throughput are obtained through simulatiandependent variables SINR thresheldind the total number
experiments and the results of goodput are based on theof mobile users. The number of transmit antennas is set
numerical solutions for the analyses derived in Section Ill-A0 N = 2 and the number of receive antennalMs = 1. As
The total number< of mobile users is set to 15. As expectedshown in Fig. 6, the system goodput attains the maximum
the system throughput decreases when SINR thresholdwheny ~ 10dB which is virtually independent of the total
increases. However, the goodputs have the peak value whenumber K of mobile users. From Fig. 5 and Fig. 6, we can
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conclude that the optimal SINR threshold,. can be pre- the larger number of users, the higher spectrum-efficiency of
determined as a fixed value, regardless of what number @DMA system, and thus the higher system throughput. On
transmit antennas are used and what number of users the other hand, the larger number of mobile users makes the
employed. Since the maximum goodput can be achieved, dahdwidth fairness more difficult to be achieved, which results
the goodput approaches to the throughput whert 10dB, in decreasing the fairness factor. For the cases with the number
thus, we set the SINR threshojdo 10dB and only investigate M of receive antennad/ = 1 shown in Figs. 7(a) and 8(a),
the system throughput{ goodput wherny = 10dB) in the the fairness and the throughput of initial allocations can be
following simulations for convenience. improved by increasing the numbéf of transmit antennas.

. - . : - hen the number of\/ of receive antennad/ = 2 shown
Applying the initial and dynamic allocation algorithms, théN i )
simulated fairness and throughput versus the nuniieof In Figs. 7(b) and 8(b), both the faimess of the throughput of

mobile users with different numbers of transmit and receigitial allocations are virtually independent of the number of

antennas are presented in Figs. 7 and 8, respectively. The b Fﬁ;{lsm't antennas, since the initial allocation has achieved its

width capacitied/;"** are randomly chosen between 1 did performance limit.
We observe that the bandwidth fairness decreases, while th&igs. 7 and 8 also show that after exerting the initial alloca-
throughput increases, ds gets larger. This is expected sincdion, algorithm, the dynamic allocation can evidently improve
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the bandwidth fairness and system throughput for Bdte=1 M = 1 shown in Fig. 11(a), the optimal traffic load is
and M = 2. When the number of users is relatively smallaround K* =~ 25. When the number of receive antenna
there are sufficient leftover bandwidth resources after tlmcreases talM = 2, the optimal traffic load also becomes
initial allocation. Therefore, the dynamic allocation can easilarger asK* =~ 31 as shown in Fig. 11(b). Furthermore,
assign these resources to active users based on the fairtlessdifferential-constrained throughput can be significantly
criterion. Hence, both fairness and throughput can be signifiaproved by increasing both receive- and transmit-antenna
cantly improved. When the number of users becomes largéiversities, verifying that the space-time coding technique used
there are less leftover bandwidth resources after the initialour scheme can provide both better quality of services and
allocation. Thus, the improving rate slows down. Fig. 7 andl&rger throughput than the system without using the space-time
also show that the space-time OFDM-CDMA infrastructure a&bding technique.
physical layer can significantly increase the fairness and theFinally, Fig. 12 compares the simulated throughputs using
throughput of the system as the number of transmit antenmar subchannel-allocation algorithms for two differentiated
increases. For example, as shown in shown in Figs. 7(a) amskrs during a period of 1 second with different numbers and
8(a), both fairness and throughput can be increased more tikambinations of transmit and receive antennas. The maximum-
40% by usingN = 4 and M = 1 antennas instead df = 1 bandwidth requirements for the first user and the second users
and M = 1 antennas when 30 mobile users are in the systeare U = 8 subchannels, i.e., 64Kbps, aidg*** = 5

Fig. 9 plots the simulated average numbeinaictivemobile subchannels, i.e., 40Kbps, respectively. Fig. 12 shows that
users versus the total numbkr of users with the different the space-time coding techniques significantly improve the
combinations in the number of antennas. From Fig. 9 we figloportional bandwidth fairness and throughput performance
the average number of inactive mobile users increases Whenas the receive and transmit diversities increase. Wkiea 1
gets larger, which agrees with the observations in Fig. 5 sineed M = 1, we can hardly distinguish which user has the
the more inactive users, the lower fairness attained (see Sectiggher bandwidth requirement as shown in Fig. 12(a). When
[1I-B). We can also observe that the space-time infrastructufé = 2 and M = 1, Fig. 12(b) shows that the user which has
significantly reduce the number of inactive users. For examglee smallerU;"** nearly achieves its bandwidth requirement
in Fig. 9(a), for total number of{ = 30 users, the averagebut the bandwidth achieved by the user with larggr** is
number of inactive users approaches to zero wNes 4 and still much lower than the required maximum bandwidth. As
M =1 antennas are employed as compared to the case whbreenumbers of transmit and receive antennas further increase
the average number of inactive mobile userg, when only as shown in Figs. 12(c) and 12(d), the two users’ throughputs
N =1andM =1 antenna is implemented. This verifies thatan be clearly differentiated from each other. Finally, when
the space-time structure provides higher QoS than the systdm= 3 or N = 4, and M = 2 as shown Figs. 12(e)
without the space-time infrastructure. When further increasimgd 12(f), both users’ throughputs converge closely to their
the numberM of receive antennas td/ = 2 as shown in own maximum bandwidth requirements specified §y** and
Fig. 9(b), the number of inactive users is further decreaség"**, respectively. Thus, Fig. 12 shows that the space-time
as compared to the results shown in Fig. 9(a). For the casesling techniques can offer a great deal of advantages for
with N = 2 and N = 4, there is already no inactive usersupporting differentiated services.
when the number of usek < 30, implying that the antenna
diversity can significantly improve the performance of QoS V. CONCLUSIONS
provisioning. We proposed and analyzed the subchannel-allocation algo-

Fig. 10 investigates the performance of our delay-fairnessthms based upon Quality of Service requirements of maxi-
driven scheduling scheme by simulations. We can see franizing fairness and throughput while minimizing upper-bound
Fig. 10 that the delay-fairness-driven scheduling scheme aafnscheduling delay for the space-time OFDM-CDMA-based
significantly reduce the upper-bound of the scheduling delaywageless networks. Also, we conducted extensive simulation
compared to Round-Robin based scheduling. For instancegiperiments to evaluate the performance of the proposed
Fig. 10(a), the upper-bound of scheduling delay is alio28 algorithms. Our simulation results show that the proposed al-
second using delay-fairness-driven scheduling as compaggrithms can significantly improve the proportional bandwidth
to 0.73 second using Round-Robin scheduling fer = 60 fairness and system throughput while reducing scheduling
mobile users withV = 4 transmit antennas and = 1 receive delay. Furthermore, the space-time infrastructure can achieve
antenna for each mobile user. Also, the larger the numbermbre efficient bandwidth allocations over finite resources in
transmit antennas, the lower the upper-bound of schedulithge wireless networks.
delay. The delay performance can be significantly further
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