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ABSTRACT

We consider the problem of multiuser opportunistic fair transmis-
sion scheduling (OFS) in power-controlled CDMA systems. OFS
is an important technique in wireless networks to achieve fair and
efficient resource allocation. Power control is an effective resource
management technique in CDMA systems. Given a certain user
subset and the channel states, the optimal power control scheme
can be calculated. The multiuser OFS problem then refers to the
optimal user subset selection at each interval to maximize instan-
taneous system throughput subject to some fairness constraint. We
propose discrete stochastic approximation algorithms to adaptively
select user subsets with the maximal system throughput. We also
consider the time-varying channel scenarios where the algorithm
can track the time-varying optimal user subset. We present simu-
lation results to show the performance of the proposed algorithms
in terms of the throughput optimization, the fast convergence, the
excellent time-varying tracking capability, and the fairness.

1. INTRODUCTION

Opportunistic fair transmission scheduling (OFS) is an important
resource management technique in wireless networks [1, 2, 3]. It
aims at balancing two conflicting goals, fairness and utilization
of resource, and thus, in general, a tradeoff is needed. Most of
the existing works treat the single user scheduler [1, 2]. In [3],
an multiuser scheduler is proposed and a general framework is
presented based on [1, 2]. Note that, instead of incorporating
the physical-layer constraints and implementation details, perfect
channel knowledge is assumed and simplified models are em-
ployed in the above approaches. Specifically, in [2], the physical-
layer condition for each user is captured by a single value of
channel-dependent metric; in [3], it is described by a per bit power
cost for certain signal-to-interference-plus-noise ratio (SINR).
Power control is an effective resource management technique
in CDMA systems. SINR-based power control (SBPC) aims at
eliminating the near-far effects by balancing the SINRs of the
users. Several approaches have already been developed [4, 5, 6, 7].
Note that the optimal power control scheme can be calculated
for each user subset. The multiuser OFS problem then refers to
the optimal user subset selection at each scheduling interval to
maximize the instantaneous system throughput subject to the fair-
ness constraint. Straightforward implementation of the user sub-
set selection suffers from several problems in practice. One is
the high computational complexity, for the number of candidates
is normally large. Another problem is that the perfect channel
knowledge is not available. In addition, when the channel is time-
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varying, the algorithm should be able to track the time-varying
optimal user subset. In this paper, we propose discrete stochastic
approximation algorithms to achieve the optimal user subset selec-
tion. The approach is based on the advanced stochastic optimiza-
tion techniques [8, 9], which has recently been applied to solve
some other problems in wireless communications [10]. The algo-
rithm optimizes the performance metric over a set of user subsets,
where the performance metric cannot be analytically evaluated but
can be estimated using noisy channel observations. Moreover, it
adopts a fixed step-size so that the time-varying optimal user sub-
set can be adaptively tracked.

The remainder of this paper is organized as follows. In
Section 2, the OFS architecture and the signal model of power-
controlled CDMA systems are described, and the user subset se-
lection is formulated as a discrete stochastic optimization problem.
Section 3 presents the discrete stochastic approximation algorithm,
and then the optimal throughput scheduler for power-controlled
CDMA systems is proposed. Moreover, the time-varying user sub-
set tracking algorithm is developed. Simulation results are given
in Section 4, and Section 5 contains the conclusions.

2. SYSTEM DESCRIPTIONS

2.1. Multiuser Opportunistic Fair Transmission Scheduling

Figure 1 shows the generalized OFS architecture [3], which con-
sists of a scheduler and a controller. The scheduler chooses a num-
ber of users at each interval to maximize the weighted instanta-
neous system throughput. The controller guarantees the fairness
among the users by adjusting the weights of the users.
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Fig. 1. Generalized architecture of OFS.

Suppose that there are totally N users in the system. At
each scheduling interval ¢, the inputs to the scheduler are the data
flows, the channel conditions {h1 (%), - - -, hn (2) }, and the weights
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w(i) = [wi(i),- -, wn(i)]". Denote 6 as a user subset and || as
the number of users in 6. Let © be the set of all possible user sub-
sets. Denote H (i) as the channel set of the users in 6 and (i) =
[X1(3),- -+, Xn(i)]T > 0 as the instantaneous rates of the users.
Define the objective function ®(H (i) £, o wn (i) Xn (i) as
the instantaneous total weighted rate for 6. Then the user subset
selection is formulated as the discrete optimization problem

07(i) = argmax @(Ho(i)) = gleag%wn(i))(n(i), $))

where 6" (7) denotes the optimal user subset for the interval i.
For the controller, the inputs at each interval i are the through-
put priorities of the users 1) = [¢)1, - - -,4n]" and x(i). The de-
L e =
terrr;mlstlc fairness constraint is given l;y Bl G (93 )(} l;( . =
A _ 7
sixnvy Define y(hw(i) = ox' o — sv Gy
where x (i, w (7)) denotes the decision under given w (7). To guar-
antee the fairness constraint, w(4) is then updated by [2, 3]

w(i) + v()y (i, w(i), ()

where v(i) = 1 is the step-size.

w(i+1)=

2.2. Discrete Stochastic Optimization Formulation

Henceforth, it is assumed that H (i) and w (%) remain fixed for
each ¢. For notational simplicity, we then drop the index i. Note
that in practice, the channels in Hy are estimated and thus noisy.
Denote {H y(m), m = 1,2,---} as a sequence of the noisy es-
timates of Hy. For each Hy(mn), we can compute ¢(m, 6), the
corresponding estimate of ®(H y). Then we obtain the sequence
{#(m,0), m=1,2,---}. If each ¢(m,0) is an unbiased esti-
mate of ®(H ), the problem (1) can then be reformulated as the
following discrete stochastic optimization problem

0" = arg max O(Hy) = arg rgleaé(E {d(m,0)}. 3)

2.3. Signal Models of Power-controlled CDMA Systems

We consider the power-controlled CDMA systems employing
matched-filter receivers in this paper. Suppose that there are K
users in a chosen user subset §. Denote p = [Pi,---, Pg]”
as the transmit powers, {h1,--+,hx} as the path gains, and
[N1, - -, Nk] as the spreading gains. Denote 7 as the noise power
in uplink cases, and n = [ny,---,nk]7 as the noise levels in
downlink cases. Then the received SINR of user k is given by [4]

SINRVL — ~UL _ Ny Prhy 7
k Vi Z[K=1ﬁkplhl+n @)

Prhy
SINRPY = 0t = Dbt
k Tk Z{il,l#k Prhy+ng

3. ADAPTIVE USER SUBSET SELECTION IN
POWER-CONTROLLED CDMA SYSTEMS

3.1. Discrete Stochastic Approximation Algorithm

One method for solving (3) is the exhaustive search of all possi-
ble user subsets, which can in principle find the optimum solution.
However, it is highly inefficient in the sense that most computa-
tions are useless and only those corresponding to the optimal one
are eventually useful. Moreover, if the channels are time-varying,

such scheme cannot track the time-varying optimal user subset.
We now present the discrete stochastic approximation algorithm
for solving (3) [8, 9]. which has high computational efficiency in
the sense that most of the computational cost is spent close to 6*.
We use the unit vectors {e1,- -, ejg} to denote all |©| possible
subsets. Denote 8™ as the subset visited at the m-th iteration.
We map the subset sequence {0(’”), m = 1,2,---} to the unit
vector sequence {D(m), m = 1,2,---}, where D(m) = e; if
0™ = 0. At each iteration m, the algorithm updates the state oc-
cupation probability 7(m) = [x(m,1),---,7(m,|O])]", where
m(m,j) € [0,1] and ZL@I m(m, j) = 1. The discrete stochastic
approximation algorithm is then summarized as follows.
Algorithm 1 [User subset selection]

a) Initialization: m < 1; randomly select 6™ € ©,
(a) y

and 6™ < 9™ set x(m) by x(m,0™) = 1, and
m(m,0) = 0forall 6 # 6™,
(b) Sampling and evaluation: Given 6™, obtain

H .y (m); calculate ¢(m,6™); uniformly choose
6™ € ©\ ™); compute ¢(m, ™).
(c) Acceptance: If ¢(m,0(™) > ¢(m,0™), then set
o(m+D = (™) otherwise set 9 = 0™
(d) Update the state occupation probabilities: w(m +1) =
w(m)+u(m+1)[D(m+1)—x(m)], where u(m) = %
(e) Update the estimate of the optimizer: If w(m +
1,00 D) > 1(m+1,00™), then set 9"+ = gm+D;
otherwise set ("1 = §(m),

(f) m <= m+ 1, and go to step (b).

The sequence {0(’"), m=1,2,--
the state space ©, and in general is not expected to converge.
In Step (d), w(m) [r(m,1),---,7(m,|O])]" denotes the
empirical state occupation probability of the Markov chain at
the m-th iteration, and thus, Step (e) is equivalent to Hm) =

arg maxg 7(m, 6). Hence the algorithm essentially chooses the
state most frequently visited by the Markov chain. The sequence

{6 m =1,2, .-} contains the estimates of §*. Under certain

conditions, §(™ — 6* almost surely as m — oo, or equivalently,
the Markov chain spends more time in 6™ than in any other state.

} is a Markov chain on

3.2. Multiuser Scheduler for Throughput Maximization
Uplink SINR-based Power Control Scheme

min

Denote ;""" as the minimal SINR request and Ppax as the maxi-
mal transmit power for each user k. One optimization strategy for
the uplink SBPC is to find the power set to balance the achievable
SINR ratios among all users. That is, the SINR balancing problem,

UL
max min 2 (p)
D 1<k<K  Amin

, with Py < Prax, 'YkUL > 'ercnin~ (5)

Leta £

1 < k < K, be a balanced SINR ratio. The opti-

,YI[C‘DID )
mal power set p* = [Py, - -+, Pi]” to achieve o can be obtained
via an iterative process [6], where each user k adjusts its power
at the n-th iteration by Pi(n) = min{Pumax, V& oo}

UL(n 1)
For solving (5), we start with a small o and obtain p*. If
maxg{P; } < Pmax, increase a by a small factor, and then com-
pute the corresponding p*. The above process is repeated until
| maxi{ Py } — Pmax| is sufficiently small [6].
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Downlink SINR-based Power Control Scheme

Denote Pr as the maximal transmit power at the base station. The
downlink SINR balancing problem is formulated as

K

max min 26 () ith Y Py < Pr, 0% > ™ (6)
pxlngK ’Y}Tin , W — k> Ty, Vi Z Yk .

DL *
A

Denote pp;, and apg, = %

k

M & diag(y"™, - @), N £ diag(Ny, -+, Nk), h £
diag(h1,---,hr), 1 2 [1,---,1]% and

as the solution to (6). Define

,)/minN—l(B _ I) ’)/minN_lh_l’f]
Aé T _min -1 T min —1p3, -1
174 N (B—I) 17 N 'h™ 'y ’
Pr P

where B is the K x K matrix whose elements are all one.
Let Aand p 2 [P, Ps, -, Pry1]” be the maximal eigen-
value and the corresponding eigenvector of A. Then we have

By . Byl T N ~
phL = 7[131}51{*3(1 and oy, = 1/X[5].

Maximal Instantaneous System Throughput Scheduler

Denote «(0) as the optimal achievable SINR ratio for 6. For each
k€0, Xi 2 log(1 + v (0)) is defined as its achievable rate.
Then ®(H ) is the instantaneous weighed system throughput for
each 6 with a(f) > 1. Note that 6 with a(f) < 1 is an infeasible
one. Define gi, £ 1/(1 + Ni/y™") for each user k € 6, and
gy = Zkee gr for 0 [4]. For the uplink case, 6 is feasible if

go < mingeo{l — hkg;!:’ax} [7]. For the downlink case, 0 is

feasibleif gop < 1— PLTZkﬁ gxMk /hi [4]. Note that Algorithm 1
only treats the feasible user subsets as the candidates. Specifically,
for each 6™ in Step (b), we first evaluate its feasibility, and only
if it is feasible, we continue with the other steps.

3.3. Adaptive Algorithm for Time-varying Channels

Under the static channel condition, a decreasing step-size is em-
ployed in Algorithm 1, p(m) = 1/m. With such an approach,
the method gradually becomes more and more conservative as
the number of iterations increases. Whereas, in the time-varying
channel case, we need such a step-size that moving away from
a state is permitted when the optimal user subset changes [10].
Hence, Step (d) in Algorithm 1 is replaced by w(m + 1) =
m(m) + p[D(m+ 1) — w(m)], where p is a fixed step-size sat-
isfying 0 < p < 1. The fixed step-size introduces an exponential
forgetting factor of the past occupation probabilities and allows to
track the slowly time-varying optimum user subset.

4. SIMULATION RESULTS

Throughput maximization with fast convergence

We first show the performance of Algorithm 1 in terms of through-
put maximization with fast convergence. The simulation con-
ditions are as follows. The number of users is N = 10; the
spreading gains are N, = 128; the AWGN is 5 x 107 '2W;
Prmax = 1W and Pr = 5W; 4™ = 10dB and 6dB for uplink
and downlink cases, respectively. The path gain of each user k is
hi(dk) = hi(do) — 10no loglo(i—’;) dB, where dj, is its distance
from the base station; h(dp) = h(100m) = —80dB; and ng = 4.

We assume the estimated channel as hy = hi(1 + Ah), where
Ah ~ N(0,0.1). Note that the weights in w are all set as 1. The
path gains for all users are fixed for all simulation runs. Figure 2
shows the total rate of the chosen subset versus the iteration num-
ber for the uplink SBPC case, and Fig. 3 shows the similar results
for the downlink case. The results obtained over the single simula-
tion run, the averaged results over 100 runs and the optimal results
obtained via the exhaustive searches are all shown. It is seen that
the algorithm can converge to the best user subset, and can quickly
lock on a user subset with high system throughput.

uplink SBPC scheme, static channel
22 T T T T T

Total rate (bits/s/Hz)

— Optimal subset

—+— Chosen subset, avg. over 100 runs
- = Chosen subset, single run

I I ; ; I

20 40 60 80 100 120 140 160 180 200
Iterative number, m

Fig. 2. The total rate of the chosen user subsets versus the iteration
number: uplink scheme, fixed channel case.

downlink SBPC scheme, static channel
22 T T T T

_______________

Total rate (bits/s/Hz)

— Optimal subset
—— Chosen subset, avg. over 100 runs
= = Chosen subset, single run

10 L L L L L L L L L
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Iteration number, m

Fig. 3. The total rate of the chosen user subsets versus the iteration
number: downlink scheme, fixed channel case.

Time-varying optimal user subset tracking

Next, we show the tracking capability of the algorithm in time-
varying channels. Suppose that the channels for all users keep
fixed within 7 = 600 iterations. The distance for each user
k is assumed as di(t) = [idi(t — 1) + PB2Adk(t), where
Ady(t) ~ N(0,02) with 04 = 100m; and B2 = (1 — 33)1/2
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with 81 = 0.95. Note that the radius of the cell in this study is as-
sumed as 1000m. The fixed step-size is set as p = 0.01. All other
conditions are the same as those in Fig. 2. Figure 4 shows the re-
sults for the uplink SBPC scheme. It is seen that the time-varying
optimal user subset can be closely tracked.

uplink SBPC scheme, time-varying channels

- - Optimal subset
—— Chosen subset

Total rate (bits/s/Hz)

. . . . .
1000 2000 3000 4000 5000 6000
Iterative number, m

Fig. 4. The total rate of the chosen user subsets versus the iteration
number: uplink scheme, time-varying channel case.

Fairness among the users

Finally, we demonstrate the system performance in terms of the
fairness. Suppose ¥ = 11—0 for each user k. Note that there are
1000 iterations within each interval ¢, and the similar time-varying
channels as those in Fig. 4 are adopted with 7 = 500. Figure 5
shows the normalized users’ rates versus the interval index for the
downlink SBPC case, where Ny = 32 and 7, = 107 '°W. It is
seen that, by adjusting w () as denoted in (2), although the fairness
constraints of the users are not satisfied within a short time scale,
the long term fairness can be well guaranteed.

downlink SBPC scheme, time-varying channels
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-+ User4

- - User9
User 10

0.2

Normalized throughput of the users
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Fig. 5. The normalized throughput of the users versus the schedul-
ing interval index: downlink scheme, time-varying channel case,
Ny =32and ¢ = +, k=1,2,---,N.

5. CONCLUSIONS

We have developed a framework for power-controlled CDMA sys-
tems to achieve efficient resource allocation while guaranteeing
the long term fairness. Given the user subset, the optimal power
control scheme can be calculated for different CDMA systems.
The multiuser OFS problem then refers to the optimal user subset
selection to maximize the instantaneous system throughput sub-
ject to the fairness constraints. We have developed the discrete
stochastic approximation algorithm to achieve efficient and effec-
tive optimal user subset selection to maximize the instantaneous
system throughput. We have also extended the algorithm to the
time-varying channel case for which our solutions have tracking
capabilities. Simulation results demonstrated that the algorithms
can effectively select the optimal user subset with good conver-
gence performances, and adaptively track the time-varying opti-
mum in the non-stationary environments. Moreover, the system
can guarantee the fairness among all users over large time scales.
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