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ABSTRACT

Opportunistic scheduling is a key mechanism for improving
the performance of wireless systems. However, this mech-
anism requires that transmitters are aware of channel con-
ditions (or CSI, Channel State Information) to the various
possible receivers. CSI is not automatically available at the
transmitters, rather it has to be acquired. Acquiring CSI
consumes resources, and only the remaining resources can
be used for actual data transmissions. We explore the result-
ing trade-off between acquiring CSI and exploiting channel
diversity to the various receivers. Specifically, we consider
a system consisting of a transmitter and a fixed number of
receivers/users. An infinite buffer is associated to each re-
ceiver, and packets arrive in this buffer according to some
stochastic process with fixed intensity. We study the im-
pact of limited channel information on the stability of the
system. We characterize its stability region, and show that
an adaptive queue length-based policy can achieve stabil-
ity whenever doing so is possible. We formulate a Markov
Decision Process problem to characterize this queue length-
based policy. In certain specific and yet relevant cases, we
explicitly compute the optimal policy. In general case, we
provide a scheduling policy that achieves a fixed fraction of
the system’s stability region. Scheduling with limited infor-
mation is a problem that naturally arises in cognitive radio
systems, and our results can be used in these systems.

Categories and Subject Descriptors

C.2.1 [Network Architecture and Design]: Wireless com-
munication

General Terms
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1. INTRODUCTION

Wireless systems have limited resources, and they must be
exploited optimally. Recently, opportunistic scheduling has
emerged as an attractive solution for improving the efficiency
of these systems. The basic principle behind opportunistic
scheduling is to exploit the independent variations of fad-
ing experienced by different interfering links/users [16, 3].
The throughput improvement is achieved by always schedul-
ing users with relatively favorable radio conditions. When
the number of users grows large, the throughput gain may
become significant since each time a scheduling decision is
made, there is, with high probability, a user with better ra-
dio conditions than average.

The design and the performance of opportunistic schedul-
ing policies have been extensively explored under various
network and traffic scenarios. In their seminal papers [25,
24], Tassiulas et al. have proposed the opportunistic maz-
weight scheduling strategy and have shown that it could en-
sure stability of the user buffers (i.e., the expected backlog is
finite) whenever this is at all possible. This schemes has been
generalized to adapt to various network scenarios, see e.g.
[26]. Opportunistic scheduling strategies providing delay
guarantees have also been proposed and analyzed, see e.g.
[2, 23, 21, 18]. Finally, in wireless systems providing data
elastic services, e.g. CDMA 1EvDo [3] and UMTS/HSDPA
[1], opportunistic and fair schedulers have been proposed [3,
13, 5, 17, 27, 22] and have been actually implemented in 3G
cellular systems. There, fairness is formalized through the
notion of user utility.

To achieve the promised substantial performance gains,
the transmitter (an access point or a base station) imple-
menting opportunistic scheduling has to be aware of the
radio conditions or CSI (Channel state Information) of the
various users so as to take the right scheduling decision. The
channel states are by default not known and they have to
be acquired. In 3G cellular systems, users report their CSI
to the base station using dedicated uplink channels (one up-
link channel per user), which can be quite costly in terms
of radio resources (spectrum and power). The amount of
resources used to acquire CSI is proportional to the number



of users whose channels have to be known, and hence one
has to carefully evaluate the trade-off between these wasted
resources and the performance gain achieved by employing
opportunism. Here, we typically have a problem of charac-
terizing the optimal exploration vs. exploitation trade-off:
acquiring the CSI of many of users (exploration) has a cost,
but at the same time, it allows to increase the transmission
rate (exploitation). The problem of designing joint oppor-
tunistic scheduling and CSI acquisition strategies also nat-
urally arises in cognitive radio networks. For example, con-
sider a cellular network shared by primary and secondary
users. In a given cell or area, secondary users may access
the spectrum only when primary users are not present in the
system. Now since the secondary users may have very spo-
radic access to the spectrum, it makes no sense to maintain
a dedicated channel between each of them and the base sta-
tion. Instead, the base station could acquire the CSI only
when primary users are not present in the system. Again
when this occurs, one has to optimally design joint schedul-
ing and CSI acquisition strategies, i.e., to define from how
many secondary users the channel state should be acquired.

In all the work mentioned above, complete knowledge of
CSI has been assumed and the cost of CSI acquisition has
not considered. Recently, however, due to the practical im-
portance of the issue, a significant amount of research efforts
has been devoted towards designing schemes that optimize
system performance when CSI is not automatically avail-
able, and when it rather has to be acquired (we present the
detailed related work at the end of this section). In this pa-
per, we consider a system consisting of a transmitter and a
fixed number of receivers / users. To each user, an infinite
buffer is associated and it stores packets arriving at a fixed
intensity according to some stochastic process. Our aim is to
design a joint CSI acquisition and scheduling strategy that
stabilizes the buffers whenever this is at all possible.

Our main contributions are as follows:
e First, we characterize the set of arrival rates for which
buffers can be stabilized (stability region). Next, we show
that analogous to the max-weight policies proposed for the

wireless systems with complete CSI information, queue length-

based policies stabilizing the buffers whenever doing so is
possible can be designed for wireless systems where the CSIs
have to be acquire.
e Even though we could identify optimal queue length-based
policies, implementing them turns out to be computation-
ally expensive. Indeed, to compute an optimal policy, we
need to solve generalized versions of optimal stopping time
problems, which is known to be difficult [4]. To circumvent
this difficulty, we first obtain key structural properties of the
optimal policies, allowing us to reduce their computational
complexity. In certain special cases of practical interest, we
propose simple (polynomial time) algorithms to compute op-
timal policies.
e When an optimal policy cannot be obtained in polyno-
mial time, we design computationally efficient approximate
policies that provide a guaranteed fraction of the stability
region.
o We evaluate the performance of the proposed policies using
numerical experiments, and also quantify the cost in terms
of stability due to the lack of CSI.

Related work. Identifying an optimal channel state ac-
quisition and scheduling strategy has been addressed in the
literature only recently [14, 20, 11, 12, 7, 8]. These papers
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study the exploration vs. exploitation trade-off in the sat-
urated case, i.e., all users always have packets in their cor-
responding buffers. They characterize strategies that maxi-
mize the throughput in such systems. To our knowledge, the
present work provides the first analysis of the joint CSI ac-
quisition and scheduling problem with system stability as a
performance objective. As we demonstrate later, accounting
for the stochastic queueing behavior of the system greatly
increases the problem complexity, and our results are non-
trivial extensions of those presented in [8].

Most of the papers mentioned above consider that the cost
of channel state acquisition is linear in the number of probed
users and is independent of the transmission rate of the user
finally scheduled. In other words, when, after acquiring the
CSI of p users, a user is scheduled and the corresponding
transmission rate is R, then the reward or throughput is
equal to R — pB. This cost structure simplifies the problem
as explained in [7, 8], but proves difficult to justify. Here we
consider a more natural cost structure: time is slotted and
acquiring the CSI of one user takes a fraction (3 of the slot, so
that the throughput (in a slot) is equal to R X (1 —pg). This
cost model is referred to as a logarithmic cost in [8] (since
the log of the throughput is just log(R) + log(1 — pg)).

It is worth mentioning here that the stability of wireless
systems has been investigated when infrequent channel in-
formation is available, see e.g. [15]. Here, the CSI is avail-
able infrequently but acquiring this information has no cost,
and controlling this acquisition is not considered.

As we will show later on in the paper, designing joint CSI
acquisition and scheduling strategies to ensure system sta-
bility can be formalized as a stochastic control problem [4],
however as already noticed in [11], even for saturated sys-
tems, this problem is different from all the classical control
problems studied in the literature (bandit problems, secre-
tary problems, stopping time problems, see e.g. [19, 28, 9]).

2. SYSTEM MODEL

Consider a broadcast channel with N receivers. Time is
slotted, and the duration of a slot corresponds to the coher-
ence time the channel of the various users. Let C;(t) denote
a random variable representing the channel gain of user i in
slot t. We assume that {C;(t)}¢>1 is an i.i.d. sequence, and
that C;(t) can take a finite number of values. Without loss
of generality, let Ci(t) < cmax < oo for all i. Moreover, we
assume that C(¢t) = [Ci(t) --- Cn(t)] is a random vector
with independent components. Clearly, C(t) can take only
finite number of values, say M, i.e., C(t) € {C1,...,Cm}
for every t. Let F(-) denote the distribution for C;(t). We
assume that the distributions are known at the transmitter.

Notation: Capital letters will indicate random variables,
while the corresponding small letters will indicate the ob-
served value of the random variable. E.g. C;(t) is a random
variable, while ¢;(¢) is the observed value of C;(t). Moreover,
bold letters will indicate vectors.

Let A;(t) denote the number of bits arriving in the buffer
of receiver ¢ € {1,...,N} in slot t. We assume that the
queue for each receiver can potentially store infinite num-
ber of bits, i.e., the arriving bits are not lost due to buffer
overflow. Assume that {A;(¢)}¢>1 be an ii.d. sequence for
each ¢, and A(t) = [A1(t) --- An(t)] is a random vector
with independent components with A;(t) < amax < oo for
all 7. The expected arrival rate for the receiver ¢ is denoted
by a; = E[A4;(¢)].



We assume that the transmitter transmits at the fixed
average power, but it can adapt transmission rate based on
the channel state (CSI) of the receiver to which it transmits.
Unlike previous work, we assume that the CSI for each of the
receivers are not known at the beginning of the slot, rather
the transmitter has to acquire this information. Acquiring
the CSI consumes resources like time, bandwidth and power.
In this paper, we assume that the transmitter can acquire
the CSI of a receiver by probing, which consumes a fraction
B of a slot. Thus, if the transmitter probes k receivers and
then decides to transmit to a probed receiver (say i), then
it can transmit only (1 — kB)R(c;(t)) bits, where ¢;(t) is
the observed value of the random variable C;(t). Since the
transmitter can transmit to a receiver only after knowing
its CSI, probing more receivers provide more options at the
transmitter, but on the other hand, it consumes a larger
fraction of resources and hence leaves a smaller fraction of
resources for actual data transmission.

Let us assume that the transmitter probes k receivers.
The set of probed receivers is denoted by Pi and the vector
of observed CSI values is denoted by ¢¥*. Similarly, the

CSI of the unprobed receivers is denoted by CP*, where
Pr=41,...,N}\ Ps.

DEFINITION 1. A joint probing and transmission strategy
m is an algorithm that, given (Pk,cp’“), decides either to
probe a receiver j € P or to transmit to a receiver i € P.
When m decides to probe the channel of user j, the state
changes to (Pri1,c”*+1), where Pry1 = Pp U {j}. When =
decides to transmit, it transmits (1 — Bk)R(c;) bits.

Let S denote the set of all joint probing and transmission
strategies. Note that the above definition does not prohibit
a strategy 7 to choose i or j randomly from sets Py and Py,
respectively, according to some distributions that may de-
pend on the state (P, cp’“). Thus, the class of all the joint
probing and transmission strategies is uncountable. How-
ever, we show that it is sufficient to consider only a finite
number of joint probing and transmission strategies in order
to quantify the stability region.

DEFINITION 2. A deterministic joint probing and trans-
mission strategy is generated by a set of functions
gr : (P, c™%) = {1,...,N} for every k. Let gF(Py,c"*) =
i. If i € Py, then m transmits (1 — kB)R(c;) bits to user
i. Moreover, if i € Py, then m probes user i when P, # 0;
otherwise transmitter remains idle.

Let S denote the set of all deterministic joint probing and
transmission strategies. Note that each 7 € S is defined
recursively using functions g7 (). In a given slot ¢, the ini-
tial state is (0, ¢?), and Py = 0. If g (0, ") = i1, 7 probes
i1, and the state becomes (Pl,cpl) with P1 = {i1}. The
process continues until for some k, gi (Pr, CP’C) € Pr. Note
that there are at most O(M x N!) deterministic strategies.
Moreover, any policy in § can be obtained as a convex com-
bination of policies in S.

DEFINITION 3. A scheduling policy A is an algorithm that
selects a strategy m € S in every slot t.

Denote by 72 (t) the joint probing and transmission strat-
egy chosen by A in slot ¢. In general, we use the term “pol-
icy” for a scheduling policy and the term “strategy” for the
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a joint probing and transmission strategy. Also, to simplify
the notation, we will drop ¢t whenever the time slot of interest
can be identified unambiguously.

Let B™(t) = [BT(t) --- Bx(t)] denote the vector indi-
cating the number of bits served under strategy 7 in slot ¢.
Since at most one receiver is served in each slot, at most
one component of B™(t) is greater than zero. The strategy
7, however, may transmit to different receivers in different
slots depending on the channel states observed. Now, we
define the throughput of a scheduling policy.

DEFINITION 4. Throughput of a scheduling policy A is
def 1o A
A def .. . - b
T = h?ilolgft \E,lB (s).

Let QA(t) denote the queue length vector under policy A
in slot t. The queue length dynamics is then given by

QA(t+1) = max{Q™(t) + A(t) - B™ (t),0},

where the maximum is component-wise.

(1)

DEFINITION 5. We say that the system is stable if the
mean queue length for all the receivers is finite. A scheduling
policy that stabilizes the system is a stable scheduling policy.

DEFINITION 6. A policy is said to be throughput optimal if
it can stabilize the system whenever there exists a scheduling
policy that can stabilize the system.

In the following section, we characterize the stability re-
gion of the system defined by the set of arrival rates a =
(a1,...,an) such that there exists a policy stabilizing the
system. We also present a queue length-based throughput
optimal scheduling policy.

3. THROUGHPUT OPTIMAL SCHEDULING

First, we characterize the stability region. Let us define
T™ = E[B™(t)], where the expectation is with respect to
the channel state distribution. Note that T'™ denotes the
throughput of a scheduling policy A that chooses 72(t) =
in every slot t. Let A = co({T™ : = € 8}), where co(A)
denotes the convex hull of the set A. Also, let A° denote
the set of all p € A such that there exists v € A satisfying
v > pu, where the inequality is component-wise. Now, the
stability region is characterized by:

THEOREM 1. If a € A°, then there exists A such that
the system is stable under A. Moreover, if a &€ A, then no
scheduling policy can stabilize the system.

To prove the above theorem, we use the following random-
ized policy Agr(d), where § > 0 is a parameter that will be
chosen appropriately depending on a. In each slot, Ar(d)
chooses a strategy m € §W.p. pr independent of the choices
in the previous slots. The distribution p is a feasible solution
of the following equation:

S pEB (0] =a+ 5,

7r€§

(2)

where 6 is N-dimensional vector with all components equal
to 8. Agr(d) is well defined only if (2) admits a solution.
It might happen that in a given slot, say ¢, the service



AR(%)

BF
the buffer content QiAR(‘S)(t)7 in which case we assume that
buffer i just empties in slot t. Let rmax = R(Cmax). When-
ever Qz(t) > Tmax, B?AR(B)
der Ag(d) in slot ¢.

(t) obtained by some user i under 727 exceeds

(t) bits depart from queue ¢ un-

LEMMA 1. If a € A°, then there exists §q > 0 such that
ARr(9) is well defined for every § € (0,da). Moreover, for
every 6 € (0,0qa), Ar(d) is stable.

PROOF. When a € A°, there exists 5 > 0 such that for
every § > g, a+9d ¢ A; while for every 6 € (0, A), a+d €A°.
The above statement follows directly from the definition of
A°. Choose 8 = da, and fix § € (0,04). Now, since a + d €
A°, ie., @+ is in the convex hull of {E[B™(t)]}, g, then
clearly (2) admits a solution.

Now, we show that Ar(d) is stable by proving that
{Q2R)(t)};>1 is a positive recurrent Markov chain. We
use Foster’s theorem [10] to establish the positive recurrence.
Define Lyapunov function {(Q) = Q - Q, and consider the
drift DARO(Q) of I(-) under Ag(4) in state Q.

DA(Q)
E[(@% @ +1) -1 (@) 1V (1) = q]

< Nlamax]? + Nirmax)? +2Q -a — 2E[Q - B~ " (1)|q).

Let M = {i : Qi(t) > rmax}. Note that M is a set of re-
ceivers for which the number of bits that depart are exactly

AR(s A 5
equal to B R )(t). Moreover, for every i € M, B e )(t)
is independent of the queue length. Thus, we have the fol-
lowing.

DrY(Q)

< N[amax]2 + N[rmax]2 + 2T max Z Qa;

ieM
AR
+2)Qies =2 QEB] (1)
ieM ieM

S N[amax]Q + N[Tmax]2 —+ QT‘max Z a; — 2(5 Z Ql
i€EM ieM

< N(amax + 'rmaux)2 — 20 Z Qz

ieM
Thus, DAR(J)(Q) < 0 for every Q such that there exists ¢

such that Q; > N(“ma"ziw. This shows that the Lya-
punov drift is negative in all except finite number of states.
Thus, Agr(0) stabilizes a. [

Now, we are ready to prove Theorem 1.

PrROOF PROOF OF THEOREM 1. In view of Lemma 1, it
suffices to show that when a ¢ A, then no scheduling policy
can stabilize the system. We prove this using contradiction.
Fix a ¢ A, and let there exist a scheduling policy A that
can stabilize the system. Let ¢ (t) denote the number of
slots until ¢ in which A has chosen m. We assume that

A
lim:— oo C’“T(t) exists w.p. 1. However, we do not assume
that the limit is same on all the sample paths. Fix a sample

A ~
path and let p5 = lim; oo C"T(t) Note that {p% : 7 € S}
is a distribution on S. Moreover, since A is stable, the

departure rate from each queue is equal to the arrival rate
in the queue. Thus, a € A, a contradiction. [
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Now, we design an adaptive queue length-based schedul-
ing policy *A* as follows. The policy A* that we propose
chooses 2" (t) such that

7 (1) € arg max{Q() - ELB™(1)]}.

In the following theorem, we show that A* is throughput
optimal. First, we note that in every ¢, for every A

E[Q()-B™ (1Q(1)] > ElQ(t) - B (1|Q(1)]
The above inequality is satisfied for all values of Q(¢).

THEOREM 2. Ifa € A°, then A* stabilizes a. Thus, A*
is a throughput optimal scheduling policy.

PROOF. We show that the Markov chain {Q* (t)};>1 is
positive recurrent, and as in the proof of Theorem 1, we use
Foster’s theorem to establish stability. Again we use the
Lyapunov function I(-): [(Q) = @ - Q. The Lyapunov drift
under policy A* becomes

E[(Q(t + 1)) — (Q(1)|Q(#)]
< N[amax]2 + -ZV["'maux]2
+2Q(1)-a - 2E[Q(t) - B (1)|Q(1)]
N[amax]2 + -ZV["'maux]2
+2Q(t)-a —2E[Q(t) - B™ ™ (1)|Q(1)).

Note that the last expression above provides an upper bound
on the drift under policy 727, Now, using the same ar-
guments as that in the proof of Lemma 1, it can be shown
that the drift is negative outside the compact set {Q : Q <
N(rmax + amax)2/26 element-wise}. [

IN

Though Theorem 2 providgs a throughput optimal policy,
it does not specify how 72 should be computed in each
slot. We address this in the next section.

4. OPTIMAL JOINT-PROBING AND
TRANSMISSION STRATEGY =2’

The problem of maximizing Q(t)-E[B™(t)] given the queue
lengths Q(t) over all joint probing and transmission strate-
gies 7 can be addressed using Markov Decision Process (MDP)
formulation. Indeed, the problem is a generalization of opti-
mal stopping time problem as can be seen from Definition 1.
We say that the problem is a generalization because in this
case, in addition to determining when to stop, the strategy
has to determine which user probe next; while in the classi-
cal optimal stopping time problem, the probing sequence is
given a priori. Next, we formally formulate the problem of
determining 7TA*

4.1 Generalized Stopping Time Problem

Consider any slot t. Let Q(t) = [Q1(t) -+ Qn(t)] de-
note the queue lengths in slot ¢. For conciseness, we omit
t. Let m be a joint probing and transmission strategy, and
assume that in state (Py,c”*) it decides to transmit. To
maximize @Q - E[B™], then 7 should transmit to user i =
argmax;ep, Q;R(c;). Thus, to define an optimal strategy,
it suffices to record the modified state (Py,w), where Py, is
the set of k probed users, and w = max;ep, Q;R(c;) is the
maximum weighted rate in the set of users in P,. We refer
to Q - E[BT] as the expected weighted throughput.



Consider the state (Pr,w), and define Tt (Pr,w) as the
weighted throughput if the joint probing and transmission
strategy decides to transmit in the state (Pg,w). Thus,
Tir(Pr,w) = (1 — kB)w. Furthermore, let T (P, w) denote
the maximum expected value of the weighted throughput
that can be achieved from state (Pg,w) under any strategy.
Then, T*(Px,w) can be recursively computed as follows:

T* ('Pk7 w)

= maX{Ttr(Pk7w)7J1fr€1%x E[T*(PrU{j},w V WJ)]} , (3)

where Wjd:CfQjR(Cj)7 and (a V b) = max{a,b}. Note that
the first term in the right hand side of (3) corresponds to
the weighted throughput given that the decision is to trans-
mit, while the second term corresponds to the maximum ex-
pected weighted throughput obtained by a system given that
it probes some user j € Pj. After probing j, the state be-
comes (Pri1,wV Wj), where Pry1 = PrU{j}. In each slot,
the system starts from the state (0, 0), and hence the maxi-
mum expected value of the weighted throughput is 7*(0, 0).
Let us denote the distribution of W; by Fi(-). Note that
given @, F;i(-) can be easily obtained from the distribution

At this point, it is worth mentioning that 7((,0) can
be obtained using dynamic programming. But the compu-
tational complexity of this procedure is of the order of the
cardinality of the state space. Note that the cardinality of
the state space in our case is at least N! x M. Thus, it is
easy to see that when the number of users N is large or/and
the number of channel state values M is large, then using
dynamic programming is computationally infeasible. In the
following subsection, our aim is to find structural properties
of ™" so as to reduce the computational complexity.

4.2 Structural Properties of =*"

Before obtaining some key structural properties, let us
define some important terms. Let Ty pr(s) (P, w) for i € Py
and Ttr pr(Pr, w) be defined as follows.

1 - (k+1)B8)E[w Vv Wi,

Tirpr(i) (Pr, w)
def
axX {Ttr,pr(i) (ka 'LU)} .
€EPg

Ttr,pr(Pky 'LU) =

7

We note that Ti; ey (Pr, w) denotes the expected weighted
throughput of the system, if in state (Py, w), the probing and
transmission strategy probes user i € Py and then transmits
to the user that provides the largest weighted throughput.
Thus, Tir,pr(Pr, w) denotes the maximum expected weighted
throughput given that from state (Pr,w) exactly one addi-
tional user is probed. We refer to Tirpr(Pr,w) as a one-
step-look-ahead throughput from state (P, w).
Next, fix the set P, and let us define Dy, as follows:

def

Di={w : Tu(Pr,w) > Tir pr(Pr,w)}.

Using this notation, we prove the following key result.

(4)

THEOREM 3. In state (P, w), if w € Dy, then the op-
timal decision is to transmit to the user 1 € Py such that
QiR(c;) = w, otherwise the optimal decision is to probe a

user in Py.

ProOOF. We fix any arbitrary Pn_1 D Pk, and let us as-
sume that the users in P ny_1 are probed. Then, the resulting

79

system state is (Py—1,wn—1). Note that wy—1 > w, there-
fore wn—1 > Wmax(Pk), or by Lemma 3, wy—1 € Dy and by
Lemma 4, wy—1 € Dny—1. Lemmas 3-4 and the definition of
Wmaz (Pr) are provided in Appendix. Thus,

Tir(PN-1,wN-1)
> Tpr',tr'(lplmwal)
max {E[T:(Pn—1 U{i},wn_1V W;)|}

i€EPN_1

max {E[T*('PN71 ] {i},wal \2 Wl)]}

I€EPN_1

The last relation follows because after probing the last user,
transmit is the only optimal decision. Hence if N — 1 > k,
we have

T*(Pn-1,wN-1) = Ttr(PN-1,WN=-1)- (5)

We next consider state (Py—2,wn—2) and prove the result
similarly. In fact we show by induction down to k + 1,
that T* (P41, uk+1) = Tir(Prkt1,Wk+1) which completes
the proof. [

Theorem 3 shows that the decision of transmitting in the
current state or to probe a new user can be obtained by
considering the one-step-look-ahead weighted throughput.
However, if the optimal decision is to probe a user in Py,
then the above theorem does not elaborate on which user
to probe. Indeed, the intuitive choice of probing a user that
maximizes the one-step-look-ahead weighted throughput is
not optimal. We demonstrate this using an example.

EXAMPLE 1. Assume that slots are of unit duration. Let
us consider two receivers Uy and Uz, and let their respective
queue lengths be Q1 and Q2. In each slot, let the mazximum
rate to Uy be 2 w.p. (k—1)/k and k w.p. 1/k, and for
receiver Us let it be 1 w.p. (2k — 1)/2k and 2k w.p. 1/2k.
Hence the one-step-look-ahead weighted throughputs for Ux
and Uz at the initial state (0,0) are respectively

7621(3]6 —2) and
k b
Q2(4k — 1)

Tt'r,p'r(UQ) (wv 0) T

Ttr,pr(Ul) (wv 0)

Let us fit k > 3 and Q1 = 2Q2 = 2Q. In this case,
Tirpr (1) (0,0) > Ty pr(u,) (0, 0). Hence intuitively one would
expect to probe Uy. However, we show that for

K> —3k+2 2k2—3k+1
Tk? — 10k +4’5k2 —6k+2 [

B < min{ (6)
probing Us first would provide a higher expected weighted
throughput. We can show that the optimal policy ™ is to
probe Uz first in every slot, and if the achievable rate is 2k,
then transmit to Usz; otherwise probe Ui and transmit to it
at appropriate rate. The expected weighted throughput of w*
is Trr = Q(1— B) +2Q(1 — Qﬂ)%c#. To show that
this policy is optimal we need to compare it with ©* that
probes Uy and transmits at appropriate rate, and with >
which probes Uy first. If the achievable rate is k, then m°
transmits to Uy otherwise it probes Uz and transmits to it
if the achievable rate is 2k, else it transmits to Ui at rate
2. The expected weighted throughput of 7 is T,1 = 2Q(1 —

B)(RE= 1) while that of 7 is T2 = 2Q(1 — B) + Q(1 —



k2 —3k42 ;
T Tonid while T2 < Trx

Hence if (6) holds, then © is optimal.

28) 8kt T, < Tow if B <
if B < 2k%—3k+1

BRZ—6k+2
In the following theorem, we provide guidelines to de-
termine which user to probe in a special case. First, let
us denote W; <y W; whenever the random variable W;
is stochastically smaller than the random variable Wj, i.e.,
E[f(W;)] < E[f(W;)] for every increasing function f(-).

THEOREM 4. gthere exists a useri € Py, such that W <t
W; for every j € Pk, then in state (Pr,w) such that w & Dy,
the optimal decision is to probe user i.

PRrOOF. We prove the theorem by induction on the num-
ber of unprobed users. When this number is 1, the re-
sult holds since we can only probe this user. Now assume
that the result holds when the number of unprobed users is
strictly less than N — k. Denote (P, w) as the system state.
Since Tprtr(Pr,w) > Tir(Pr,w), w < Wmaz(Pr). Define
for all 4,j @ = Wmas(Pr U{i}), @j = Wmaz(Pr U {j}) and
= Wmaz(PrU{i} U{j}). Note the a; > a; and let i € Py,
with ¢ # j. If w > «ay, then after probing i or j we should
transmit. It is then optimal to probe j. Hence we will as-
sume w < «;

We compare the expected throughput obtained starting from
the state (Pg, w), (a) when first probing user ¢ and the user
J, (b) when first probing user j and then user i.

e In scenario (a), probing ¢ (with weight w;) results in
channel state x;. By induction we know the next user
to probe is j. Then if W; = Q;R(z;) > ai, we should
not probe j and transmit. If Q;R(z;) < «;, we should
probe j. If wV W; vV W; > «, we should transmit
otherwise we should probe further.

e In scenario (b), we first probe j. If W; > «j, we
should transmit. Otherwise we probe i. Then if w V
W;VW; > «a, we should transmit otherwise we should
probe further.

We need to compare expected throughput in scenarios (a)
and (b) in cases where we transmit after probing ¢ and/or j.
We will hence consider cases when w < «;. This is simply
due to the fact that if we have to probe further i and j, the
system (a) and (b) are identical. We denote by T'® (w) and
T® (w) the expected throughputs in scenarios (a) and (b)
when we do not probe more users than i and j. Also w; and
w; are weights are associated with user ¢ and j and F; and
F; are pdf’s associated with W; and Wj:

T(a)(w) = Ap+1 f;l dFi(wi)wi + Ak+2 foai sz(wl)
X fooo dFJ (wj)lw\/wi\/wj >a max{uu Wi, w]}
TO(w) = aryr [27 dF;(wy)w; + arro [37 dF;(w;)
X fooo dF; (wi) Luyvw; v, > max{w, wi, w; }
where ay = (1 — k). We want to prove G(w) = T® (w) —

T (w) > 0, which follows from Lemmas 5 and 6 in Ap-
pendix. [

Though Theorem 4 provides useful guidelines for decid-
ing which user to probe, we note that in general the ran-
dom variables W; and W; may not be stochastically ordered
even when R(C;) <s R(C;) for certain values of @Q; and
@;. Moreover, since the weight (); corresponds to the queue

80

length of user i, we can not assume any specific structure
on the values of Q;’s. Thus, the complete characterization
of the optimal policy through Theorems 3 and 4 is available
only in limited cases. We note that the problem of deter-
mining which user to probe is difficult in general (see [11])
even when all the weights are equal; the solutions are known
only in special cases [8]. In the following section, we consider
certain special cases that are relevant in practice, and obtain
scheduling policies with provable stability guarantees.

5. PROPORTIONAL FADING

We consider the special case of proportional fading where
for every i, C; = x;Yi, where x; is a constant and Y; is
a random variable with distribution F'(-) independent of i.
The Y;’s are assumed to be independent across users. This
choice of modelling is relevant in practical scenarios, where
the channel state distribution of each user is of the same
form, but the means are different. In wireless scenario, such
cases will appear when the fast fading is i.i.d. but the slow
fading for each user is different on account of the different
distances between the transmitters and their respective re-
ceivers. Such models are widely used in the literature, see
e.g. [6]. We also assume that R(c) = log(1 + ¢/No), where
N is the power spectral density of noise.

With these additional assumptions, we can completely
characterize the optimal probing sequence using Theorem 4
in certain special cases that are described in Corollaries 1
and 2.

COROLLARY 1. If x; = x; for all i and j, i.e. the users
are i.i.d., then the optimal strategy is defined recursively,
starting from state (0,0) as follows: In any state (Pi,w),
if w € Di, then transmit to the user that maximizes the
weighted throughput in the set Pi; otherwise probe user

i = arg max{Q;}-
JEPK

PrROOF. Let z; = x for every i. Now, note that

zY zY
It 14+ —= ) <5 i1 1+ —
Q 0g< +NO)_tQJ 0g< +N0)

whenever @); < Q;. Thus, the result follows from Theo-
rems 3 and 4. [

COROLLARY 2. Suppose that, for every i, the rates R(C})
can be approximated by p; R;, where p; is a constant and R;
is a random variable whose distribution does not depend on
i. Then, the optimal strategy is defined recursively, starting
from state (0,0) as follows: In any state (Pr,w), if w €
Dk, then transmit to the user that mazimizes the weighted
throughput in the set Py; otherwise probe user

i = arg max{Q; X p;}.
JE€Pk

PrOOF. Note that the weighted throughput of any user 4
is W; = QﬁZR Thus, clearly, W; <, W; whenever Q;p; <
Qjpj- Thus the result follows from Theorem 4. [

Note that the condition in Corollary 2 is satisfied for the
low SNR case because R(Ci) ~ =Y for low SNR. Now,
choose p; = x;/No and R=Y.

Even in this simplified channel model, apart from the spe-
cial cases discussed in Corollaries 1 and 2, it is difficult to
determine the optimal probing sequence. In the following
subsection, we obtain a scheduling policy that achieves a
guaranteed fraction of the stability region.




5.1 Approximate Probing and Transmission
Strategy

Fix slot ¢ and the queue lengths in this slot. Let [a,b]
denote the support for the r.v. Y;’s, and let xmin = min; x;
and Tmax = max; x;. Also, define

log ( Zmax )
,y - 1 Zmind
og ( “pinc

We assume that ‘”j\,% > 1, i.e., we consider the high SNR

+ 1.

z;c
No

[a, b]. In these settings, we define a probing and transmission
strategy ma as follows:
Initial step: (system state = (),0))

regime. Hence, for every i, R(zic) = log ( ) for every ¢ €

1. Find set A = argmax;=1,...,v Q:R(z;a). Now, probe
user j; 4 = min{arg max;c 4 ; }. Let the weighted rate
for the probed user be wi, i.e., w1 = ijA R(cij).

1 1

2. If ywi € D1, where D; is defined with respect to set
P = {j74}, then transmit to the user; otherwise up-
date the state to (P1,yw1) and continue as described
below.

Subsequent steps: (system state = (Pi_1,7yw))

1. Find set A = argmax,c5, | QiR(z;a). Now, probe
user j,* = min{argmaxscax;}. Let the weighted
throughput for the probed user be wy.

2. If y(w V wg) € Dg, where Dy is defined with respect
to set P = Pr_1 U {47}, then transmit to the user
that provides the maximum weighted throughput; oth-
erwise update the state to (P, y(wVwy)) and go to 1).

We note that under 74, the sequence in which the users
are probed is deterministic given the queue lengths. That is
for a given @, the probing sequence under w4 can be com-
pletely determined independently of the observed channel
states of the probed users. Only the decision to transmit
now or probe further is determined by the channel state ob-
servations.

Let T™4(Pr,yw) be the expected weighted throughput
obtained under policy 74 from state (Py,yw). Note that
if 4 decides to transmit in the state, then 774 (P, yw) =
(1 — kB)w; otherwise T74 (P, yw) = E[T™4 (Prs1,v(w V
Wj;rfl))]’ where Pyi1 = Pr U {j;};}. Thus,

E[T™ (Prtr,y(wV Wira )

- (1—(k+1)6)/

(uVw)dFma (v)
Y(wVv)EDy 11

k+1

+/ E[T™4 (Pr2,v(w VvV Wj;fg))]dFj;ﬁ ).
N

(wVv)€Dyy1

With this notation, our key result is the following.

THEOREM 5. For any queue length values {Q;}i=1,....n,
1 * us
ST (0,0) < T"4(0,0).

To prove Theorem 5, we use the following lemma.

LEMMA 2. Fiz any system state (Pr,w). Then, W; <

7Wj;A for every i € P.

ProOOF. For brevity, let j;A = j. Now, to establish W; <4
~YW;, it suffices to show that for every u € [a, b], Q: R(ziu) <
vQ;R(zju). We prove the afore-mentioned by considering
the various possible cases. Consider any i € Pj,. First, let us
consider the case when z; > z;. Here, Q; < Q. Otherwise,
w4 will choose 7 instead of j. Now, let us define the function
gij(u) as follows: gi5(u) = Q;R(zju) — Qi R(ziu). Moreover,

095 (u) _ Q; — Qi.

ou U

Now, since Q; > Qi, gi;(-) is an increasing function. Fur-
thermore, by the choice of j, gi;(a) > 0. Thus, gi;j(u) > 0
for every u € [a,b]. Since v > 1, the required result follows.

Now, let us consider the case x; < x;. If Q; < @, then
clearly g¢i;(u) > 0 for every u € [a,b]. So, we consider w; >
wj. Let m = Q;/Q;. It suffices to show that v > m.
First, note that g¢;;(u) is a monotone decreasing function
with g¢i;(a) > 0. Moreover, if g;;(b) > 0, then the required
follows immediately. Hence, we need to consider g;;(b) < 0.
Since g;;(+) is a continuous decreasing function on a compact
set [a, b] with boundary conditions g;;(a) > 0 and g¢;;(b) < 0,
there exists u’ € [a,b] such that g;;(u’) = 0. Thus,

Thus, m < «. This concludes the proof. [

Now, we prove Theorem 5.

PrOOF OF THEOREM 5. First, using induction k, we show
that for every (P, yw), T*(Pr, yw) < yT74(Pk,yw). Con-
sider any state (Pn,yw). Since there are no more receivers
to probe, the optimal decision is to transmit. Now, note that
T*(Pn,yw) = v(1— NB)w. Also, note that T™4 (Pn,yw) =
(1 — NB)w. Thus, the result holds for k = N. Now, by in-
duction hypothesis, we assume that the claim is true for
every u > k + 1.

Now, consider state (Pg,yw). As before, if yw € Dy, then
T*(Pr,yw) = (1 — kB)yw. Under 74 also, the decision is
to transmit if yw € Dy. Hence, T™4 (Pk,yw) = (1 — kB)w.
Thus, the result follows whenever yw € Dy. Now, consider
Yw ¢ Dy. Then,

T*(Plﬂfyw)
= maxE[T"(Px U {i}, y(w Vv Wi))]
i€Py
< max{ max E[T*(PyU{i},v(wV W),
i€Py,
i

E[T* (Pe U {52} 7wV Wyra )]}
= BT (PeU T vV Wi )l (7)

The last relation follows from Lemma 2 and Theorem 4.
Note that Lemma 2 shows that for every i, W; <g 7Wj7rA .
k+1

Now, (7) follows using Theorem 4. Next, note that
T™4 (Py, yw) = E[T™ (Py U {jrdy b, y(w v Wj;i‘l)]‘ (8)



Now, the required result follows using (7), (8) and the in-
duction hypothesis. Since, we have shown that T (P, yw) <
~T™A(Pg,yw) for every Py and w. Thus, the result holds
for (,0). This concludes the proof. [

5.2 Approximate Scheduling Policy

Here, we define a scheduling policy using the approximate
probing and transmission strategy developed in the last sub-
section. Let us define a scheduling policy A4 as follows:
724(t) = wa(t) in every slot . The policy Aa is called
approximate as it satisfies for every queue length vector Q

EQ(t)B™ (1)|Q(t) = Q] <1EQ() B™* 1|Q(t) = Q.

Thus, A4 approximates A* to the fraction 1/+. Now, using
similar arguments to those used in the proof of Theorem 2,
the following theorem can be shown.

THEOREM 6. The policy Aa stabilizes every a € %AO.

The above result shows that the policy A achieves 1/
fraction of the system’s stability region. Note that v depends
ON Tmin, Tmax and R(Tmina). In high SNR regime, R(zmina)
is large. In this scenario, given that Tmax/Tmin iS N0t to0
large, v =~ 1. Then, by Theorem 6, A 4 is stable for most of
the stabilizable arrival rate vectors.

6. NUMERICAL EXPERIMENTS

In this section, we provide numerical experiments to illus-
trate the theoretical findings of the previous sections. Our
objectives are here (i) to show the probing cost in terms of
throughput (stability region) one has to pay when the CSIs
have to be acquired, and (ii) to assess the performance of the
approximate probing and transmission strategy proposed in
Section 5. We consider systems with proportional fading
as considered in Section 5: first we investigate the case of
homogeneous fading and then that of heterogeneous fading.

6.1 Homogeneous Rayleigh fading

For this scenario, we assume that the channel condition
of user ¢ during slot ¢ is C;(t) and that C;(t) are i.i.d.
across users and slots. We consider Rayleigh fading, i.e.,
Ci(t) is exponentially distributed (actually we consider a
discretized version of the exponential distribution with 600
possible values). We further consider the case where the
service rate of a user with channel condition ¢ is given by
R(c) = log(1l 4+ ¢/No). The transmitted power is 40 dBm
and the noise power is -100dBm. With such a system, an
optimal probing strategy is to probe user channels in the
decreasing order of their queue lengths as shown in Corol-
lary 1. When no probing is required, i.e., when the CSIs
are known in advance, a throughput optimal policyy is to
transmit at each time ¢ to the user with the highest product
R(Ci(t)) x Qi(t)-

Assume that the expected arrival rate at the various buffers
are identical and equal to a. we investigate the maximum
total arrival rate N x a such that there exists a scheduling
policy stabilizing the network. With perfect knowledge of
the channel states, an alternative throughput optimal pol-
icy is obtained when, each slot ¢, one transmits to the user
with the best channel. Indeed, since all users are equivalent,
when one approaches the stability limit (i.e. a is close to
the maximum arrival rate compatible with stability), then
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all queues tend to saturate simultaneously. Hence all users
have packets in their buffer. As a result, the optimal schedul-
ing decision is to maximize the system service rate and hence
to transmit to user with the best channel. Under this policy,
the stability condition can be written as:

N xa< E[i:r{la?iN R(C;(t))]-

Note that E[max;—1,..., v R(Ci(t))] scales as loglog(NN) when
N grows large. This contrasts with the case where the chan-
nel states have to be acquired, since in this case with a fixed
probing time (3, the total throughput of the system remains
bounded as N grows large. In fact, one can easily observed
that when N is large enough, the optimal probing and trans-
mission strategy remains the same as N varies. In Figure
1, we present the maximum total throughput with or with-
out the knowledge of channel states. In the latter case, we
consider different values of 8, 0.01, 0.05, 0.1, and 0.2. Fig-
ure 2 presents the optimal probing policy when N is large
enough (greater than [3/N]). More specifically, it provides
the thresholds (in terms of rate) below which it is optimal
to probe the channel of another channel as a function of the
number of users already probed. when the threshold reaches
0, it is always optimal to transmit.

With CSI ——
B =0.01
1.6 B=0.05 -
B =0.1
1.4 B=0.2 -------

Maximum system throughput

1 10
Number of queues

100

Figure 1: Maximum system throughput compatible
with stability in the case of homogeneous Rayleigh
fading. Results are in bit/s/Hz.

Transmission threshold

1 10
Number of channels probed

100

Figure 2: Successive thresholds of the optimal prob-
ing and transmission strategy.

Observe in Figure 1 that the price of acquiring the chan-
nel states is not negligible in general, unless the number of
queues is limited and the time to probe a channel remains



small. In Figure 2, note that as 8 decreases, the optimal
policy consists in probing more and more user channels.

6.2 Heterogeneous fading

We now consider heterogeneous fading, and to simplify
the exhaustive search of optimal probing and transmission
strategy, we consider 2 users / queues only, each with 3
possible channel states. In Figure 3, we plot the Pareto-
boundary of the stability region for different strategies: (1)
a throughput-optimal strategy when the channel states are
perfectly known, (2) a throughput-optimal policy when they
have to be acquired (we use different values of 3), and (3)
the approximate policy (for the case 8 = 0.1).

0.14
012 |
01}
008 |
0.06 |

0.04

Arrival rate at queue 2

0.02 |

0 L L L L L L L L 4
0 0.020.04 0.06 0.08 0.1 0.120.14 0.16 0.18 0.2
Arrival rate at queue 1

Figure 3: Stability region for a 2-user system with
heterogeneous fading.

Note that the throughput region are all convex and that
their Pareto-boundary is strictly concave. This strict con-
cavity is due to the fact that the policies considered are really
able to take advantage of multi-user diversity. Observe also
that the approximate policy proves to be almost through-
put optimal, even if in this case we are not in an high SNR
regime. We know that in general the latter policy cannot
be throughput optimal, however we believe that it performs
quite well in most system scenarios.

7. CONCLUSION

We explored the problem of designing throughput opti-
mal policies in wireless systems with limited information.
As a first step, we showed that the policies, analogous to
the adaptive queue length-based policies that are known to
be throughput optimal when the CSIs are completely known,
are also throughput optimal when the CSIs have to be ac-
quired. But, to completely characterize these queue length-
based policies when only a limited channel state information
is available, we need to design joint probing and transmis-
sion strategies that maximize the weighted throughput of
the system. We showed that this problem is a generalized
version of the optimal stopping time problem, and that the
solutions are, in general, difficult to obtain. Hence, we first
derived certain structural properties of the optimal solution
to reduce the computational complexity of designing these
optimal strategies. Using these structural properties, we
completely characterized optimal strategies in certain prac-
tically relevant cases. Moreover, when a complete charac-
terization was not possible, we proposed an approximate
scheduling policy that achieves a guaranteed fraction of the
stability region. Our results are relevant to practical sys-
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tems like broadcast with limited information (e.g. downlink
of wireless LANs or cellular systems) and cognitive radio
systems.
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APPENDIX

Supporting Lemmas for Theorem 3:

LEMMA 3. There exists Wmax(Pr) such that Dy = {w :
w 2 wmax(Pk)}-

PrOOF. Consider a user with w € Dy. It suffices to prove
that for all w’ > w, w’ € Di. Since w € Dy,

(1 = k8w = (1= (k+ 1)) max{Efw v W]}

(1—kp) ?el%f{]Ei[w —(wVWil} =2 -8 lI_g%X{Ei[(w’ v Wi)l}
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as max{w’, W;} > max{w, W;}. It can be seen that w’ —
(w' VW;) >w— (wV W;). Hence we obtain,

(1=kB) g%X{Ei[w'—maX{wy Wil = =5 Q%X{Ei[max{w’y Wit}

which implies w’ € Dy. O

LEMMA 4. For any sequence of sets of probed users such
that Pry1 = PrU{i} for somei € Py, fork € {0,...,N—1},
we have: for all k, Dy C Di41.

PRrROOF. The proof is by contradiction. Assume that there
is some w, such that w € Dy, but w ¢ Dy11. Thus,

(1= (k+DB)w < (1= (k+2)8) max {E:fmax{w, Wi}]}

1€Pk41
Thus,
Ter(Prsw) = Tprer(Pryu) < B max Eq[(w — max{w, Wi})]
i€Pri1
< 0

which is a contradiction as assumed w € Dy. [

Supporting Lemmas for Theorem 4:
LEMMA 5. For all w < o, we have G(w) = G(a;).

PROOF. We note that if w < a, then 7® (w) and T (w)
are independent of w and hence is G(w). Now let us assume
a < w < a;, The first terms in both 7® (w) and T (w) do
not depend upon w, while the second terms are respectively,

a; [e%s}
ak+2/ dFl(wz) / lwi\/wjza max{whwj}
0 0

- / / A () (ma{us ;) = )
and

Gtz / dF; (w;) / L, vy o max{u;, wi)}
0 0

-/ / B () (om0} = )

where I'(a, w) = {(wi,w;) : @« < w;,w; < w}. Hence differ-
ence G(w) is still independent of w. [

LEMMA 6. For all w such that o < w < oy, G(w) > 0.

PRrROOF. We prove the result in discrete setting, proof for
continuous setting is similar. We employ the perturbation
approach.Without loss of generality, let N be the channel
state space. Denote by p;(l) the probability of the user i
to be in state I. We observe that when F; = F} result
holds. Now assuming that result is true for F; and show that
stochastically increasing F); does not change this conclusion.
We use Fj7L defined by: for € > 0, for a particular lp € N,
p;r(lo) = p;j(lo) — €, p;r(lo +1) =p;(lo +1) + € and for all
I # 1o, lo+ 1,pj+ (1) = p;(1). It can be shown that using these
kind of perturbations we can start from F; and modify it to
obtain Fj.

G+(w) > G(w)+0(6)+6><1[02u(ak+1—ak+2Fi(Oéi\/lo)). (9)

From (9) we conclude G (w) > 0. From this for o < w <
o, we have G(w) = G(a;) > 0. O



