2004 Conference on Information Sciences and Systems, Princeton University, March 17-19, 2004

On the Asymptotic Stable Throughput of Opportunistic Random
Access

Gokhan Mergen and Lang Tong
School of Electrical and Computer
Engineering, Cornell University
Ithaca, NY 14853

{mergen,ltong}@ece.cornell.edu

Abstract — Asymptotic stable throughput (AST) is
the maximum arrival rate a large network can sup-
port while keeping queues bounded. We character-
ize the maximum AST of random access with dis-
tributed channel state information. The result is ap-
plied to CDMA networks with matched filter and lin-
ear MMSE (minimum mean square error) receivers.
Networks with and without power control are consid-
ered. It is shown that power control does not improve
AST if the channel support is large enough.
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I. INTRODUCTION

Medium access (MAC) in cellular wireless networks is tra-
ditionally designed based on reservations. That is, first, users
contend through a random access channel to gain access into
the network. Then, a time slot, a frequency channel or some
other resource such as a spreading-code is granted for data
communication. Allocated resource belongs to the user as
long as he is in the system.

Recently a new paradigm has challenged this architecture.
In the so-called opportunistic communication, the resources
allocated to the users are not fixed, but they are time-varying
as a function of the quality of the communication channel. In
a fading environment, achievable rate can be improved signif-
icantly by exploiting the good channel states.

Works on opportunistic communication mainly focuses on
centralized implementation. The underlying assumption is
that users feedback their channel states to the base station
through a control channel. The resource allocation is done by
the base station considering the channel states of all users.

Despite its advantages, centralized MAC places a heavy
burden on the control channel whose extensive use reduces
the data throughput. To alleviate this problem, several dis-
tributed schemes have been proposed [1-4]. Shamai and
Telatar [2] considered achievable rates with distributed power
control and distributed channel side information. Qin and
Berry [3] studied a variant of slotted ALOHA with rate con-
trol. They also introduced a distributed splitting algorithm
that exploits multiuser diversity [4].

In [1], the use of a down-link pilot tone is suggested for dis-
tributed implementation. In this architecture the base station
continuously broadcasts a pilot-tone and each user estimates
his channel via the pilot (the up-link and down-link channel
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qualities are assumed symmetric). Upon learning his channel
state, every user makes a possibly randomized transmission
decision. This system is different from the centralized one in
that the transmission decisions at different nodes are done in-
dependently based on the individual channel states, not the
joint one.

Adireddy and Tong considered a buffered network and
studied network stability [1]. They obtained the stable
throughput in case of symmetric arrivals. They also suggested
the use of asymptotic stable throughput (AST) as a perfor-
mance metric, which is the stable throughput as the number
of users go to infinity. This metric is easier to analyze, and it
is meaningful for networks with large number of users. They
applied their findings to study optimal transmission control
in CDMA networks with linear receivers. Later, [5,6] investi-
gated several aspects of AST with applications to sensor net-
works.

In this paper we consider the setup in [1], and solve an
open problem. Namely, we show that the asymptotic stable
throughput shown to be achievable in [1] is actually optimal.
This result is shown under certain regularity conditions on the
reception channel, which are satisfied by CDMA networks. We
then extend the setup to include power control, and charac-
terize the AST with power control.

The system model is introduced in the next section. In
Section III we discuss the achievability of AST, introduce the
regularity conditions, and prove the optimality. We also show
that the regularity conditions are satisfied by CDMA networks
when the channel distribution has bounded support. We ex-
tend the setup to include randomized power control in Section
IV, and conclude in Section V.

II. SYSTEM MODEL

In the classic slotted ALOHA protocol [7], nodes transmit
their backlogged packets according to a certain probability
which doesn’t change over time. The scheme in [1] can be
viewed as a different version of slotted ALOHA where users
adjust their transmission probability as a function of their
channel state. More specifically, consider an up-link with n
users. Suppose that the channel gain between m’th user and
the access point is fy,(,? € Ry in slot t. The user m knows its
channel state yfﬁ), and uses transmission probability s(%(ﬁ))
to transmit its packets; the function s(-) is called the trans-
mission control scheme. A random transmission power can be
chosen similarly as a function of the channel state; this will
be considered in Section IV.

Some of the transmitted packets may not be received suc-
cessfully due to interference among users. The successful
receptions are determined according to the channel states
{71, ,vk} of transmitting users (in general, the channel is



specified by a conditional probability density function [1]). Al-
though our results are applicable in a wider context, in this
paper we will be particularly interested in the so-called SINR
(signal to interference plus noise ratio) threshold model. The
SINR model is considered as a heuristic for CDMA networks
with linear receivers. This model is accurate when the signa-
ture sequences are random, and the size of the network and the
spreading gain are large [8]. For the matched filter receiver,
the transmission from user i is successful if
02+%Z#ﬂj_ﬂ’ (1
for some threshold 8 > 0, spreading gain L, and noise power
o2 . With the linear MMSE receiver, user i is successful if
z > . (2)
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The stable throughput of the system is the following. As-
sume that the fyﬁ,i) form=1,--- ,nandt € N are independent
and identically distributed with distribution F'(vy). The aver-
age probability of transmission for a backlogged user is

po= [ sare). 3)
0
The aposteriori channel state distribution given user transmits

is
Jo s()dF (')
Gly) o= 2 (@
(in the sequel, we will denote this distribution by G, when
we want to emphasize the dependence on n). The maximum
stable arrival rate with transmission control s(-) is

n n—k_k
=3 <k><1—ps> PO (E) %)
where Cy(G) is the average number of successfully received
packets when there are k transmissions each with received
power distribution G.' If the total arrival rate to the network
is less than A,, then all queues are stable; otherwise, the queue
lengths go to infinity (see [1] for a proof). This result is true
under assumptions of symmetric reception probabilities and
symmetric i.i.d. arrivals in time and across users.

The quantity in (5) is the expected number of successful re-
ceptions in a network with all backlogged nodes. Every node
attempts transmission with average probability ps, and the
number of transmitted packets is distributed Binomial(n, ps).
The interesting part of the result is that what matters for the
receiver is not the actual channel distribution F', but the apos-
teriori channel distribution G. The maximum stable through-
put of the transmission control s is determined only by ps
and G. The function of transmission control is to change the
channel distribution from F' to G.

The asymptotic stable throughput (AST) is the maximum
stable throughput as the number of users goes to infinity. This
metric is usually easier to analyze and it determines the per-
formance of networks with large number of users. Consider
a sequence of transmission controls s,(-), n = 1,2,---. The
AST achieved by {s,} is defined® by

Moo = liminf A,.

n—oo

1Until Section IV, we assume that the transmissions are with
unit power.

2We allow population and channel dependent transmission con-
trol. [1] also considers AST under population and/or channel inde-
pendent transmission control.

The maximum AST A5 is the supremum of AST with respect
to {sn}-
Our objective in this paper is to show that

e k
A = sup e*fz%ck(m (6)
k=1

z, TKF

where the supremum is with respect to = > 0, and all distri-
butions T" with are absolutely continuous with respect to F'
(notation T < F') [9]. The fact that rates less than (6) are
achievable is proved in [1]. In the next section we argue that
the AST is upper bounded by (6).

III. MAXIMUM ASYMPTOTIC STABLE THROUGHPUT

A. Achievable Rates

The rate o
(@, 7)== e Y - Cu(T) (7)
k=1

is achievable for x > 0 and T < F. T is called the target
distribution [1] for reasons that will become apparent. By the
Radon-Nikodym Theorem [9], T' < F implies that there exists
a function ¢ : Ry —R, satisfying

T(7) = / Tt (). (8)

In literature, ¢ is usually called the density function of 7" with
respect to F' (similar to the pdf), and is denoted by g—? In
general t is not bounded, but to obtain intuition about achiev-
ability of f(x,T), let’s assume that ¢ is bounded. Consider the

sequence of transmission controls
. (T
sa(y) = min (Zt(7),1). (9)

Since t(-) is bounded, there exists some ng for which s, (y) =
Zt(7), n > no. The average probability of transmission is

*x x

b= [ )P = T
for n > mng. Similarly, the aposteriori channel distribution
becomes G, =T for n > nyg.

The crux of the achievability argument is that the ps,, con-
verges to zero, but np,, converges to x. This implies that
the number of transmissions Binomial(n,ps, ) converges to
Poisson(z) in a backlogged network. Previously, we have inter-
preted (5) as an expectation with respect to Binomial random
variables. The difference in (7) is that Poisson replaces Bino-
mial, and G, is replaced by the target distribution 7'. See [1]
for the proof that the control schemes in (9) achieve f(z,T)
for general unbounded t.

B. Regularity Conditions and the Converse

Definition We say that the channel satisfies the regularity
conditions if the following holds for every sequence of trans-
mission controls {s,}:

(A1) Ck(Gy) is uniformly bounded

sup C (Gr) < oo.
k,n

(10)



(A2) limg—oo Cr(Gr) exists for every n, and the sequences
(Cx(Gn),n > 1) converge to (limy Cx(Gr),n > 1) uni-
formly as k—oo

The physical interpretation of (A1) is that the base station has
bounded reception capability regardless of the received power
distribution —this is typical in practical networks. Assump-
tion (A2) is more technical in nature.

The following theorem asserts that (6) is an upper bound
to the maximum AST.

Theorem 1 If the channel satisfies regularity conditions and
Aoo @5 achievable, then ¥ € > 0, there exists x > 0, T < F
such that

Aoo — € < f(=,T). (11)

Proof See the Appendix.

Next, we will argue that matched filter and linear MMSE
satisfies the regularity conditions. The following lemma places
bounds on the maximum number of successful transmissions.
This, in turn, implies that the condition (A1) is satisfied by
the matched filter and the linear MMSE receivers.

Lemma 1 The mazimum number of successful transmissions
with matched filter is upper bounded by L%LJ + 1. Similarly,
the mazimum number of successful transmissions with linear
MMSE recetver is upper bounded by L%LJ +1.

Proof For some integer | < 0, let powers v < 141 < -+ <
Yo <1 < --- < p_q yield k successful receptions. (1) can be
equivalently written as

2
5z

>

> k-1 (12)

This yields the upper bound for the matched filter.
Consider the same setup with the linear MMSE receiver.
Observe that (1) is equivalent to

Z B;
Yi+ 67
Since user with power 7o is successful,
L > /BLCT Z Py
0 0 + Bv;
k—
>
- Z 57]
= Z
=
B
= k—1
1+ ﬁ( )
Bv;

where the last inequality is because is monotonically

Yo+B7;
increasing as a function of ;. Hence, we get the upper bound

for the linear MMSE receiver.

To satisfy the condition (A2) we need one more assumption:
The channel gain v is within an interval (Ymin, Vmax) with
probability one, where vmin > 0 and Ymez < 00. Here, Ymin
can be as small as possible given that it is greater than zero.
Similarly, ymax can be as large as possible given that it is not
infinite.

The last assumption is naturally satisfied in a practical sys-
tem, but it is not valid for some common channel models.
Recall that F' is the distribution of the channel gains. We
can write the assumption equivalently as F(Ymax) = 1 and
F(ymin) = 0. Some common channel models, such as Rayleigh
and Rician, do not satisfy these conditions. Nevertheless, we
can always truncate the channel distribution at some appro-
priately small ymin and at some appropriately large ymax, and
the truncation hardly makes any difference in a practical set-
ting.

Now, let’s observe condition (A2) assuming the received
power is within interval an (Vmin, Ymax). Consider the matched
filter receiver with k transmissions. Eqn. (1) implies

2 %Z%‘-

J#i

For large k, the opposite inequality Ymax < (k 1)¥min holds.
This means that even the maximum poss1ble POWer Ymax can
not exceed the interference caused by k£ — 1 minimum power
interferers, and there can not be any success. Therefore, the
expected number of successful receptions Cx(G,) is zero for
large k, regardless of {s,} and n. Hence, (Crx(Grn),n > 1)
converges to its limit (limy Cx(Gr) = 0,n > 1) uniformly as
k—o00.
With the linear MMSE receiver, (2) implies

Vi 2 8 T

L=+ B

For large k, Ymax < %(k — 1) Imingwax— holds, and there is
no successful transmissions. Similar to the matched filter,
(A2) is satisfied because the the expected number of successful

receptions C(G,,) is zero for large k.

IV. EFFECT OF RANDOMIZED POWER CONTROL

In this section we will consider transmission power control
besides transmission probability control. We will see that the
only effect of power control is to enlarge the range of received
power distribution.

We will consider an extension of the setup in Section I.
%(2 € R4 denotes the channel gain between m’th user and
the access point in slot t. '7< ) are distributed according to F'
i.id. in time and across users. Given that a user’s channel
state is 7, he uses a random transmission power p, € Ry dis-
tributed according to H, (before this section, and also in [1],
transmissions were assumed to have unit power); the received
power at the access point is yp,. The transmission probabil-
ity is given by s(v, pw).‘o’ The transmission control s and the
power control distributions H := {H, v € R4} are the design
parameters.

In our study of the network with power control, we will
have the following assumption.

3The case that s is only a function of the channel state is natu-
rally included in this setup. This situation is of practical interest,
since one would like to make the transmission decisions independent
of p, for simplicity.



(A3) The nodes are limited in peak power, i.e., there exists
Pmin > 0, pmaz < 00 such that the random variable p,
is within the interval (pmin, Pmaz), Vy. The transmit
powers have pdf h., V7.

The assumption that the transmit powers having pdf h, may
seem rather strange. However, it is practically not a restrictive
one. For example, if one would like to use a fixed transmit
power as a function of 7y, then the distribution may have a
step, and the pdf does not exist (pdf, in the traditional sense,
can not have an impulse [9]). Nonetheless, a step function can
always be approximated by a smooth function, and practically
one would expect to have a nearly identical performance for
approximations close enough.

The achievability results in [1] applies directly to this net-
work. The transmission probability is given by

b= h / " (v, PYAH, (p)dF ().

The aposteriori received power distribution at the access point

is given by

The expression for the maximum achievable rate with a fixed
s and H is same as the one without power control:

k=1

(13)

s\ p)dH, (p)AF(Y).  (14)

(15)

So far we haven’t considered a constraint on the average
power. If the nodes are bounded in average transmit power,
then they may not be able to use every s and H. We will
study the AST both with and without average power con-
straint. Define the AST of a sequence of controls {sn,Hn}
as Ao = liminf, oo A\pn. The maximum AST without aver-
age power constraint is A%, = sup Ao, where the supremum is
over all {sn,Hn}. We define the maximum AST with average
power constraint as the previous supremum over all {s,, H,}
satisfying the average power constraint

/Ooo /OOO ps(v, p)dH, (p)dF(y) < P,

for some specified P, for all n.

Next we will characterize the maximum AST. Let Fy be
the distribution of yp, when the power control distribution is
‘H. Define

:{F’H:H:{H’Y? ’YGR+}}'

As a notation, we say that T" < F, if there exists an H such
that T < Fy.

Theorem 2 The mazimum AST with average power con-
straint is lower bounded by

(16)

Under regularity conditions,* the mazimum AST without
power average constraint is upper bounded by the above i,
Hence, the mazimum AST both with and without average
power constraint is equal to N5 .

4The definition of reguliarity conditions should be modified to
include every sequence of transmission controls {s,} and power
controls {H }

Proof For fixed H, the function of transmission control is
to shape the received power distribution Fx to the aposte-
riori received power distribution GG. With the help of power
control, all distributions in F can be used. Furthermore, by
transmission control (cf. Sec. A)

tu(oo6) = i (21020, 1).

which is actually a function of ~p, all target distributions
T < Fy can be reached asymptotically. This controller gives
the AST f(z,T) (eqn. 7) for any = > 0 if s, and H satisfy
the average power constraint. Next, we will observe that this
choice of s, always satisfies the average power constraint for
large n. The basic idea is that transmission probability ps is
upper bounded by z/n, and transmit power is upper bounded
by pmaz; therefore, the average power constraint is automati-
cally satisfied for large n. More formally, we have

/ / pmin Et(w),l)d
0 0

H (p)dF ()

where (a) follows from a change of variable p = vp, (b) from
the definition of Radon-Nikodym derivative, and (c) is because
T is a distribution.

The converse proof saying that one can not do any better
than A5, is same as the converse proof for network without
power control. M

Corollary 1 Let the channel distribution have a pdf f posi-
tive within an interval (Ymin, Ymaz), and zero outside.

(i) The mazimum AST can be achieved using the uniform
power distribution. That is,

A = sup e~ Z o C’k (1), (17)

z, T<F —

where F is the distribution of vyp when p is uniform in
(pminapmax); and e F. B

(ii) More generally, (17) still holds if we replace F with any
other Fy with support equal t0 (pminYmin, PmazYmax)-

Proof To prove the corollary, we will show that
{I''TKFg}y={T:T<KF}

holds if the distribution Fj has a pdf positive in
(PminYmin, PmazYmax). From the definition of F, it follows
that {T: T <« Fg} C {T : T < F}. To see the opposite in-
clusion, we will consider a power control H' = {H,}, and show
that Fp < Fy —this implies T < Fpyy = T < Fy. To see
Fry < Fy, we will argue that I3/ has a pdf with support in-
cluded in (pPminYmin, PmazYmax). LThe support is obvious, and



we will focus on showing the existence of pdf. Observe that
Pr{’ylpw’ <9}

| ttmare)

F(y) =

/Ooo H (v/A) f(y)dy

i

Here, Fy has a pdf frr () = 5% S7hqy (v/7) F()dy" (to see
this formally, integrate the given fy/ () from 0 to some -, and
apply Fubini’s Thm. [9] to interchange the integrals —this can
be done because the integrand is non-negative). The corollary
follows. M

h%f(p)dp} f(ydy'. (18)

A. CDMA with Power Control

Thm. 2 (and its corollary) has some interesting conse-
quences. One of them is that if the channel support is already
very large, say (0, 00), then the maximum AST with and with-
out power control are the same. This is the case for Rayleigh
or Rician distributed channels.

Note that the regularity conditions for the CDMA model
holds only if the channel is confined within an interval
(Ymin, Ymaz); Where Ymin > 0 and ymaee < co. To apply our
theory, we have previously argued that we need to truncate
the channel at some appropriate (Ymin, Ymaz). The truncation
doesn’t incur any loss because every receiver has a sensitivity
range, and we can always choose Ymin and Ymaz such that the
values outside of (Ymin, Ymax) is not of practical interest. The
affect of power control in truncated channels is to enlarge the
Support to (PminYmin, PmazYmas). However, this enlargement
essentially doesn’t bring any improvement since the outside of
(Ymin, Ymas) can not be exploited by the receiver anyways. An
important conclusion is that adding transmit power control on
top of transmission control does not bring any improvement
in terms of maximum AST.

V. CONCLUSIONS

The asymptotic stable throughput is a performance metric
for networks with large number of users. In this paper we
have proved that the asymptotic stable throughput shown to
be achievable in [1] is also the maximum. We have obtained
this result under certain regularity conditions, and showed
that CDMA networks with matched filter and linear MMSE
receivers satisfy the regularity conditions. For this we have as-
sumed that the received power distribution has support within
an interval strictly inside [0, 00). Whether this constraint can
be relaxed is a theoretically interesting open question. Finally,
we have studied the AST in networks with power control, and
characterized the maximum AST.

APPENDIX: PROOF OF THM. 1
Let Ao be achievable by {s,},

L S n n—k_k
Aoo = lim inf 1—ps, o Cr(Gn). 19
"*""kz_l(k)( ps)" PL, Ce(Gn). (19)

In the following we will assume that the above liminf is the
actual limit of the sequence; if this is not the case, then the

same arguments can be applied for a subsequence {n;, ¢ > 1}
whose limit equals the above lim inf.
Because of (19) there exists n, such that V n > ng

Ao —€< > <Z> (1= ps,)" " "pL, Cu(G).
k=1

Define z,, := nps,,. Two cases are possible: liminf, z, < oo
and liminf,, z, = co. We will analyze each of them separately.

(20)

i) liminf, x, := & < co. Assume a stronger statement,
namely lim,, z,, = x; if this is not the case, one can apply the
arguments to follow for a subsequence {n;,j > 1}. We want
to show that

> (Z) (1= pa,)" Pt Cu(Gn) = Y €™ 7 Cr(Gn)

k=1 k=1

(21)
for n large enough. For this we need the assumption (Al).
Using triangle inequality, we see that the left hand side term
in (21) is upper bounded by

oo k
n n—k _k —zT
SkPPCk(Gn)Z <k> (1 =ps)" s, —e T oy| - (22)
) k=1 ’
Since nps,, —,
n n—k _k —x xk
Fok = L (I =ps,)" “ps, = fei=e 7 A n—oo

But, is it true that Y, |fn,x — f&|—07 The following lemma,
which is a special case of the Schaffe’s Theorem [9], asserts
that this is indeed the case.

Lemma 2 Let frn 1, be a non-negative double sequence. Sup-
pose that fnx— fr as n—oo for each k. And, assume that

Yop Sk <00, Do fr < oo is satisfied. If Y, fax — Dop fr
holds, then 3, | fn,kx — fr| =0 as n—oo.

Invoking assumption (A1) and using Lemma 2, we see that
(22) converges to zero as n—oo. Therefore, (21) holds. Equa-
tions (20) and (21) imply

for n large enough.

ii) liminf,, x,, = oo, i.e., lim, z, = co. Our claim is that
limy, limg, Cx(Gy) exists and is equal to

Ao = lim 37 (Z) (1= po,)" "5, Ch(Gi).

k=1

For this purpose, we will show that

|:i <Z> (1- psn)n—kplgan(Gn) — 111?1 Cr(Gn)| =0 (24)

k=1

as n—o0. For a moment assume (24), and see why it is enough.
Observe that,

(25)

k

LT .

sgp E e EC;C(G”) > hIIQan(Gn).
k



This implies,

supZe 7Ck n)

%

lim liin Cr(Gr)

= oo,

as required.
To prove (24), we will use (A2). (24) is equivalent to

;@ (1= pea)" 8L, [OH(Ga) ~lim Cu(Ga)] -0 (26)

as n—oo. Assumption (A2) implies that there exists ko (in-
dependent of n!) such that for all & > ko and for all n,
Cr(Grn) — limg Cx(Gr) < € holds. Therefore,

> (Z) (1= po)" ™8k, [CL(Ga) — lim C(Gn)]

k=1
<2 | sup Cj,(Gy, (k> —po,)" L,
k/ /
s ( ) ),
k=ko+1
ko n
<2 |sup C’,’Q(Gn/)} > (k)(lpsn)n Fpt e (27)
k! n/! k=1
— e, (28)

as n—oo. The left term in (27) goes to zero as n—oo since
nps, —00. Since € can be chosen arbitrarily small, (24) follows.
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