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Abstract—In this paper, we study the problem of medium
access and distributed opportunistic scheduling to exploit channel
fluctuations for wireless ad-hoc networks. This work focuses on
the Constant Access Time (CAT) problem, where the total time
duration of channel probing and data transmission is slotted into
fixed block length. In particular, we consider the dependence
between channel rates at different time instances during the
channel probing phase and its impact on the overall system
throughput. We first analyze the system performance of the
CAT problem under independent channel rate assumption and
compare our result to the existing work on the Constant Data
Time (CDT) problem. We then propose a protocol to reduce the
channel probing costs based on this analysis. We show analytical
results of the proposed protocol for systems with a sufficiently
large number of users. We compare the system performance of
the proposed protocol with that of the original protocol under
independent channel rate assumption. We mathematically prove
that the proposed protocol improves the system performance.

I. INTRODUCTION

There have been many works on opportunistic schedul-
ing to exploit channel fluctuations for better overall system
performance in the past decade. Instead of treating fading
as a source of unreliability and trying to mitigate channel
fluctuations, fading can be exploited by transmitting informa-
tion opportunistically when and where the channel is strong
[1]. Most existing works assume a cellular system model
in which a central scheduler tries to optimize the overall
system performance by selecting the on-peak user for data
transmissions [2]-[7]. In contrast, in ad-hoc networks it is
necessary to access the wireless medium and schedule data
transmissions in a distributed fashion. So far few works have
studied the opportunistic scheduling problem in distributed
scenarios; examples include rate adaptation with MAC design
based on the RTS/CTS handshaking for IEEE 802.11 networks
[8]-[10] and channel-aware ALOHA for uplink communi-
cations [11]-[13]. However, rate adaptation schemes focus
on exploiting temporal opportunities, leaving the distributed
medium access problem to the RTS/CTS mechanism [8]-
[10]. On the other hand, channel-aware ALOHA associates the
probability to access the uplink with channel quality assuming
that each user knows its own channel state information (CSI)
from the uplink [11]-[13]. These works ignore the overhead
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due to distributed medium access for wireless networks. In
fact, these costs should be considered in the design of the
opportunistic scheme in order to fully exploit the channel
fluctuations in the network.

One type of distributed opportunistic scheduling (DOS)
problems is studied in [14] and [15], in which M links contend
the shared wireless medium and schedule data transmissions
using only local information in an ad-hoc network. In [14] and
[15], the transmitter has no knowledge of other links’ channel
conditions, and even its own channel condition is not available
before a successful probing. The link condition corresponding
to one successful probing can either be good or poor due
to channel fluctuations. In each round of channel probing,
the winner decides on whether or not to send data over the
channel. If the winner gives up the current opportunity, all
links re-contend the wireless medium again, in the hope that a
link with better channel condition can utilize the channel after
re-contention. The purpose of this procedure is to optimize the
overall system performance. It is shown in [14] and [15] that
the decision on further channel probing or data transmission is
based only on local channel condition, and the optimal strategy
is a threshold policy.

In [14] and [15] it is assumed that the winners’ channel
rates are independent at any time instance during the chan-
nel probing phase. In this paper, we consider the possible
dependence between the winners’ channel rates at different
time instances during the probing phase and its impact on
the system throughput. Unlike the constant data time (CDT)
problem studied in [14] and [15], we focus on the constant
access time (CAT) problem, where the total duration of the
channel probing and data transmission is divided into fixed
block lengths. We first analyze the system performance of the
CAT problem under the independent channel rate assumption.
Motivated by the analytical results, we propose a protocol to
reduce the channel probing costs. We derive analytical results
of the proposed protocol for systems with a sufficiently large
number of users. We compare the system performance of the
proposed protocol with that of the distributed opportunistic
scheduling scheme in [14] and [15] under ideal independent
channel rate assumption. We show that the proposed protocol

978-1-4244-9268-8/11/$26.00 ©2011 IEEE



improves the system performance as a result of the reduced
probing costs.

This paper is organized as follows. After introducing our
system model in Section II, we first analyze the network
throughput of the CAT problem under independent channel
rate assumption in Section III. We then present a new protocol
for opportunistic scheduling in Section IV and show its
performance improvement in Section V. Finally we conclude
this paper in Section VI.

II. SYSTEM MODEL

Similar to [14] and [15], we assume that there are M links
sharing the wireless medium in an ad-hoc network without
any centralized coordinator. To access the wireless medium, all
links have to probe first. Suppose that the links adopt a fixed
probing duration 7. A collision channel model is assumed,
where a user wins the channel if and only if no other links
are probing at the same time. If link m probes the channel
with a fixed probability p(™, the duration of the n-th round
of channel probing is

T, =71 Ky, (D

where K, is the number of mini-slots probed before the
channel is won by the winner. Hence K, has a geometric
distribution with the successful probing probability parameter

M
pe= Y p" [T A - @
j#m
At the end of the n-th round, the winner s,, has an option to
send data through the wireless channel at rate R,,, or to give
up. Here we denote the channel rate of link m as R("™), and
the channel rate of the winner in the n-th round as R,,.

To opportunistically schedule transmissions in a distributed
fashion, all M links cooperate to optimize the average network
throughput. At the end of the n-th round, s,, makes a decision
on whether or not to utilize the channel for data transmission,
where s, sends data over the channel only when R, is
satisfactory. If s,, gives up the opportunity, all links re-contend
the wireless medium. This procedure repeats until a link
finally utilizes the channel for data transmission. The goal
is that all links cooperate to make the channel accessible by
someone with sastisfactory channel quality. This problem can
be modeled as an optimal stopping problem [16], [17]. In the
n-th round, the winner s,, observes the probing duration 7,
and the available transmission rate R,,. Hence the sequence of
o-fields [16], [17] can be written as

m=1

Fn = {Rla T1; Ry, To; .. .5 Ry, Tn}- 3)

At time n, based on F,, s, makes a decision on whether to
stop or not to maximize the system throughput.

In [14] and [15], the winners’ channel rates R,, are explicitly
assumed to be independent during the channel probing phase.
On the other hand, it is also assumed that R,, can be locked
for a constant duration 7" for data transmission under the CDT
model. In this paper, we consider the dependence of R,, at
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different rounds, n and its impact on the system throughput.
For this purpose we adopt the constant access time (CAT)
model [18], where the total duration of channel probing and
data transmission is a constant, i.e. T, + T; = T. Notice
that the duration of channel probing is a random variable
depending on the stopping time N, ie. T, v = valel
Furthermore, we assume that the channel has a block fading
with block length 7', and the channel rates R™) are iid.
with a CDF Fr(r) for all m = 1,..., M. Notice this does
not necessarily mean the independence of winners’ rates R,
since some link m may win the channel for multiple times
during the channel probing phase.

III. THE CAT PROBLEM UNDER INDEPENDENCE
ASSUMPTION

In this section, we analyze the average network throughput
of the CAT problem assuming winners’ channel rates R,
are independent for n = 1,2,.... We compare the average
network throughput of CAT problem with that of the CDT
problem shown in [14] and [15].

For the CAT problem, at the end of the n-th round of
channel probing, the payoff is
Ry (T — Z?:l TZ)

T “)
if the winner s,, decides to utilize the channel, and is equal to 0
otherwise. If this procedure is repeated L times independently,
the decision making process can be described as

B[Ry (T - 35, )
T .
We make the following assumptions:
(S1) The channel rates R,, can only take values in the interval
(0, +0), where n =1,2,..;
(S2) The probing duration 7 is much smaller compared to the
block length, i.e. 7 < T.
Theorem 1: Assume that the winners’ channel rates R,, are
i.id. forn=1,2,.... The average network throughput of the
CAT problem A{, 41 is the solution to

Y, =

)

Y* = max
N

Ell- "= (6)

where E[-]* is defined as F[X]t = E[max(X,0)]. The
optimal stopping rule N* is

T
N* = mi >1:R, >N, =}, (7
min{n >1: R, > A} T_Tzi:1Ki} (7
where A} is the solution to
T A T
Ell-— Ki—Kpy1)— =) = . 8
| T(; Wl = ®

Here {K,,,n =1,2,...} are geometric i.i.d. random variables
with parameter p;.

Proof: Under assumption (S1), we rewrite the system
payoff (4) at time n as

-7

Y, =
T/R,



Hence this problem can be solved as a maximal rate of return
problem [16], [17]. For a fixed rate A\, we define a new payoff
at time n as

A

—_—. 9

Zn:T—zn:Ti—T~R

i=1
To show the existence of the optimal stopping rule, we first
notice that E{sup, Z,} < T < oo. On the other hand, we
can easily see limsup,, ., Z, — —oo and Z,, — —0o0 a.s..
Therefore,
lim sup Z, —» Z a.s.

Hence an optimal stopping rule exists and can be given by the
principle of optimality [16], [17].

Under the assumption (S2) this problem can be treated as
an infinite horizon problem. To calculate the optimal payoff
based on observations up to time n, we write the payoff at
time n + [ as

n-+l
)\
Tt = —TZK—T > Ki-T- (10)
i=n-+1
Vvl € N. The system payoff at time n + 1+ 1 is
n+l+1 )\
Zn+l+1 T—T1 K 77'Kn+177' K T- .
; ) ;2 Rn+l+1

Notice that R, and T,, are independent and R,, and T7,, are
i.i.d. respectively. Therefore, this is the same procedure as in
(10) except for an additional cost at time n + 1. We can write
the optimality condition as

A

Elmax{T — 7 Z K, — T V*(\)

“(A
Vn() — R

— TKn+1}].

The optimal payoff \* that maximizes the rate of return should
yield V5(A*) =0, i.e.
A

[maX{T—TZK TR

=1

TKn+1}] = O,

which can be written as

A
—7( ZK Kni1) TR—n]JF = 7E[Kpn1).
Notice we have E[KnH] = E[K;| = 1/ps. Substituting it
into the above equation and dividing by 7" both sides yields
(8). Denote the optimal solution of (8) as A). We can then
derive the optimal stopping rule as

n A*
N*:min{nZl:T—TZKi—TR”

: n
i=1

T
=min{n>1: Ry >\ 0},
= L = A s )

To get the overall optimal system throughput, letting n = 1 in
(8) yields

> V(W)

A
Ks) — Riﬁ =

.
Tps

_
B[l — (K1 —
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Since K; and K5 are i.i.d., and 7 < T, we can approximate
the equation as (6). The solution to (6) is then the optimal
system throughput, i.e. A& 4p = AJ.

The uniqueness of the solution A} can be verified in a
similar way as [14] and [15], for n = 1,2,... respectively.

|

We compare the system throughput of the CAT problem
with that of the CDT problem shown in [14] and [15].
We observe a smaller overall system throughput in the CAT
problem due to its more practical assumption.

Proposition 1: Assume A§ 4 and MG are the optimal
average network throughput of the CAT and CDT problem
respectively, then

Acar < Acpr (11)

Proof: Since R,, are i.i.d. with a CDF Fr(r), (6) can be

written as \
T CAT
= 1— dF
Tps /Q( r )R,

where Q = {r|l — 2¢a > 0} = {r[r > Acar}. Since
r > Acar for all r € (), we have the basic inequality

A

car L T 5o

r Acar
Writing this inequality as 0 < 1 — Acar < 5o, — 1 and
substituting it into the integration yields

+o0 R
T </ ( ! —1)dFg(r) = E| L)t
Tps Aoar ACAT CAT

For the CDT problem, the average network throughput A7,
is the solution to the following equation [14], [15]:

TACDT
ElRy — A = ,
(B = depr]t = 27
which can be rewritten as
o B
AcpT psT
Hence we have
R Ry
B[ —1]" > E —1J* (12)
Aoar AcpT
which immediately yields the inequality (11). |

IV. PROTOCOL DESIGN

In this section, we design a protocol for improved dis-
tributed opportunistic scheduling, which is motivated from the
system throughput of the CAT problem (6).

From (6), we can see that the optimal throughput \*
decreases as the successful probing probability p, decreases.
In order to see how the number of links M affects \*, we
consider a special case where all M users probe with the same
probability p. In this case, the successful probing probability
in (2) can be simplified to

ps =M -p(1—p)M1.



Algorithm 1 Distributed Opportunistic Scheduling with Re-
duced Probing Cost
1: Initially a subset of users M is assigned to the channel;
2: for every user m € M do
3 m probes the channel with a fixed probability p(™);
4:  if m wins the channel then
5 m makes a decision on whether to send data on the
channel or not;
if m decides to utilize the channel then

7: m sends data through the channel for duration 7' —
>oi . T;, where n is the current index of channel
probing;

8: else

: Delete m from the list M;
10: end if
11:  end if
12: end for

Taking the first-order derivative

Ips

dp
and writing the optimality condition yields that p, is maxi-
mized at p* = 1/M. This corresponds to a scenario where
exactly Mp* = 1 user probing the channel on average at any
time. The maximum successful probing probability is then

=M-(1-p)"* (1 Mp).

1 1
po= (-0

for M > 2. It is a decreasing function of M. Hence the
optimal throughput A* is a decreasing function as the number
of links M increases. From the perspective of channel probing
costs, a smaller M is preferred for better system performance.
However, a sufficiently large M is still needed from the
perspective of multiuser diversity.

On the other hand, for any given m the channel rate R("™)
does not change within a block length 7T'. Hence in the n-th
round of channel probing, if winner s,, decides to give up the
opportunity for data transmission, the same decision will be
repeated for all future » > n when the channel is won by s,
again. This is because utilizing the channel at time n will not
increase the payoff, i.e.

Ry - Tyn < R, Tyn
T T '

where we have used R; = R, = R, It implies that
if link m ever decides to send data through the channel, it
should happen when m wins the channel for the first time.
After that m should not contend the channel at all, since:
i) it affects the successful probability ps, and i) m will
repeat the same decision (i.e. to give up the opportunity).
This idea immediately leads to an improved protocol shown
as Algorithm 1.

In Algorithm 1, the cardinality of the set of active probing
links is decreasing in the channel probing phase, i.e.

]\4né Ml = My —n+1,

13)

(14)
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where M, is the initially assigned number of links. Denote
Ds,n as the successful probing probability in the n-th round of
channel probing. Then,

Ps1 <Ps2<...<Psp< ..., (15)

and

Th>T,>...>T,> ..., (16)

where T, = 7- K,,, and K, has a geometric distribution with
parameter p, . Reducing the size of the set of active probing
links M, is essential in Algorithm 1. It not only reduces the
probing cost, but also ensures that the winner s,, is different
in each round of the channel probing. Hence in Algorithm 1
winners’ rate R,, are independent for n = 1,2, .. .. In contrast,
the independence of winners’ rates are explicitly assumed in
[14] and [15], since the set of active probing users M, does
not change there.

V. PERFORMANCE ANALYSIS

In this section, we analyze the proposed protocol and show
its performance improvement compared to the scheme in
Section IIL

Compared to the CAT problem with independent channel
rate assumption, we notice that for n =1,2,..., K,, are still
independent but with different distributions. In this case, it
is difficult to analyze its performance for arbitrarily p("™) for
m =1,..., M, even though K, has a geometric distribution
for all n. This is because in Algorithm 1 the set of active
probing users M,, is time varying. We make the following
additional assumptions:

(S3) Each user m in the set M, is probing the wireless
medium with a fixed probability p("™) = p;

(S4) The initial number of active probing links M; is large
enough.

With the assumption (S3), the successful probing probability
in the n-th round can be written as
)M (17)

Psn = Myp(l —p

where M, is the cardinality of the set of the active probing
users. Under assumption (S4), the initial number of probing
users M is sufficiently large for the optimal stopping problem,
i.e. My > E[N], where N is the stopping time. Following
(14), we can approximate the successful probing probability
(17) as

Psn = Mip(1 —p)* ! as)
= Mp(1 *p)len-
It can also be written in a recursive way as
Ps;n = (1 = P)Psn—1 19)
for n > 2. We introduce a new parameter as
fa= T2 = (1= p) ", (20)

Ds,1



Since K, has a geometric distribution with parameter p ,,, its
expectation can be written as

1 1 1
BlK,) = — = E[K).
ps,n fnps,l fn
For each n > 1, we define a new random variable as
n :fn'Kn- (21)

In addition, f(n has a geometric distribution with mean
E[K] = f,E[K,] = E[K,]. Here K,, and K; can be con-
sidered equal in distribution [19]. Since K, are independent
with each other, f(n are also independent. Hence we have a
new sequence of i.i.d. random variables {K’n, n=1,...}
Theorem 2: Assume p(™ = p for all m € M and the
initial number of users M; is large enough, the average
network throughput A7, 4, of Algorithm 1 is the solution to

Bl - 24K — (1= pPRa} - 517 = (1

The optimal stopping rule N* is the same as (7), except that
Ay, is the solution to

A
El- (S K, - P K — ]t
{}j n}- £l
(23)
—(1— n+1L_
(1-p) T

Here K; and {f(nﬂ,n = 1,2,..
random variables with parameter p, ;.

Proof: Compared to the problem in Section III, the
major difference here is that K, are still independent but
not identically distributed for n = 1,2,.... We use the same
payoff function Z, as in Section IIl. The existence of the
optimal stopping rule can be verified in the same way as
Section III.

To compute the optimal payoff V' based on observations
Fn, we again take a look at the payoff at time n + [ for all
[ rounds of observation. Substituting (20) and (21) into (10)
yields

.} are iid. geometric

—TZ 1—p l 1K
n+l )\

z 1
-7 K T-
i ;1 Rn-l—l

n+l

The system payoff at time n + [ + 1 is then

Zpyit1 =T — TZ (1—p)'K; —7(1 = p)"Knt1
n4+l+1 _ A
—[r (1-p) 'K;+T- .
i:;-ﬂ Rnti
Here 7 Z?tﬁi; (1—p) 'K +T- ' /\z+1 is the recursive part

for [ rounds of observations since started from time n+ 1. This
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can be written as

n+l+1
1 1
T K +T-
zzn;-Q Rn+l+1
n+l _ A
=1 -pJ{r (1—p) ' Kip1 +T-
i:zn-:u Rntiv1
+p-T- .
Rn+l+1

For an infinite horizon problem the probing probability p
should be reasonably small, otherwise the average number of
users on the channel Mp will be much larger than 1, leading
to increased probing costs. Hence we can ignore the last term
and write it as

n+l4+1 A
Ty (Q-p)T'Ki+T-
i=nt2 R7z+l+1
n+l )\

—p) T K + T

~(1-pr Y

1=n—+1 Rn+l+1

This equation leads to a recursive way of computing the
optimal payoff based on the observations F,, 1. We can write
the optimality equation as

= A

=F T-— K, —T—,

[max{ T ; o

(1 =p)(Vy(A) = 7Knt1)}]:

The optimal payoff A* that maximizes the rate of return must
satisfy V.*(A*) = 0. The equation can thus be simplified as
)\
R,

Vi)

n

Emax{T — 7 Z K,—T—

=1

—(1—p) 7Kyt1}] =0,
which can be further written as

E[T—T{Z K;— =7(1-p)E[Kpi1].

(24)
Notice K11 = i Knﬂ (I—-p)™ Kn+1,and Knﬂ and

f
K are i.id.. Therefore the left hand of (24) yields

_T{ZK VK i1} — T];\n]

A
Kn-i-l}_TRin]_‘_

A
- fT{ZK PR, ) — TRn]
and the right hand of (24) yields
~ T
E[Kpi1] = (1 —p)"E[Kpi1] = (1 *P)np o

Substituting these terms into (24) and then dividing both sides
by T, results in (23). Suppose the solution of (23) is A},. The
optimal stopping rule N* can be derived in the same way as
in Section III.

To get the overall optimal system throughput, letting n =1
in (23) immediately yields (22). The optimal overall system
throughput is the solution to (22), i.e. AL 4p = AJ. ]



In the following proposition, we show the proposed protocol
improves the average network throughput.

Proposition 2: Denote A;?,, as the average network
throughput of Algorithm 1, and A}'4; as that of the CAT
problem with independence assumptions in Section III. The
following inequality holds

AGar > Aar- (25)

Proof: Under assumption (S2), we notice % < 1. We can
then ignore the second item in the expectation on the left side
of (22) and get

A

El-—]t=(1-p)? ) (26)

[ Rl] (1-p) T
Notice that p,; is equal to the py in (6). Comparing (26) to
(6) results in the inequality (25). [ |

VI. CONCLUSION

In this paper, we studied a medium access and distributed
scheduling problem to exploit the channel fluctuations in an
opportunistic fashion for wireless ad-hoc networks. We con-
sidered the dependence between the channel rates at different
time instances during the probing phase and its impact on
the average network throughput. For this purpose we adopted
the CAT model, where the total time duration of channel
probing and data transmission is slotted into fixed-length
blocks. We first analyzed the performance of the CAT problem
under independent channel rate assumption. We compared the
analytical result to that of the existing work on the CDT
problem, motivated by which we proposed a new protocol to
reduce the channel probing costs. We derived analytical results
for the proposed protocol for networks with an infinite number
of users. We proved that the proposed protocol improves
the overall system performance compared to the distributed
opportunistic scheme with the ideal independent channel rate
assumption.
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