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Abstract—In this paper, we study optimal power control for
multiple access channel with peak and average power constraints.
Perfect channel information is assumed to be available at both
the transmitter and the receiver. We characterize the structures of
the optimal power control policy and show that the optimal policy
allows multiple users to transmit at peak power and at most one
user to transmit at an intermediate power level. This is different
from the optimal TDMA policy (at most one user is allowed to
transmit at any given time) for the case of average power constraint
only. We find closed-form expressions for computing the optimal
power control policy and the maximal sum capacity. Numerical
results indicate that under the peak power constraint, the optimal
power control policy still achieves very close to the sum capacity
of the multiple access channel with average power constraint only.

I. INTRODUCTION

Due to the time-varying nature of wireless channels, it is
shown in [1] that for a single user system, when the channel
information is available at both the transmitter and the receiver,
the wireless user should exploit time-diversity to adapt trans-
mission power according to the channel state and transmit at
higher rates when the channel is good. In a multi-user system,
optimal power control policies ([2], [3]) are developed to exploit
both multi-user diversity and time-diversity with the goal of
maximizing the sum capacity of multiuser networks. For an
uplink cellular system, [2] shows that time division multiple
access (TDMA) schemes maximize the sum capacity. The
optimal power control policy depends on the channel conditions
of all users and it has a structure that, at any given time, only
one user with the best channel condition transmits. However,
since each user transmits only when his channel is the best
among all users, the amount of time that each user occupies
the channel decreases as the number of users increases. Under
the average power constraint, this implies that each user would
transmit at a higher power level when it is his turn to transmit.
Consequently, as the system size grows, each users’ signal
transmission becomes increasingly bursty and large peak-to-
average power ratios occur (more details are included in Section
III).

In this work, we study optimal power control under both
peak and average power constraint. The peak power constraint
is independent of the number of users in the system, therefore
in our system we have a fixed peak to average power ratio. We
characterize the structures of the optimal power control policy
and provide close-form expressions for computing the optimal
sum capacity. Under the peak power constraint, we show that
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the optimal policy is no longer a TDMA policy. Instead, it
allows multiple users to transmit simultaneously, possibly all
with the peak power. Our results show that the peak power
constraint does not impose much capacity penalties against the
case of average power constraint only. In addition, the number
of simultaneous transmissions can be kept small.

In other related work, optimal power control with peak power
constraint is studied in [4] for a single user system. In this work,
we consider a multi-user system. Optimal power control for
multiple antenna channels are studied in [5] under the average
power constraint.

II. UPLINK OPTIMAL POWER CONTROL

Consider an uplink cellular network with K users. Let 7y;,i =
1,--- ,K be the channel gain between user ¢ and the base
station. Under Rayleigh fading, we assume that \/y; has a
Rayleigh distribution and 7; has an exponential distribution
with parameter 1. Let v = (v,---,vk) denote the channel
gain vector of all users and wu;(y) be the power allocation to
user ¢ when the channel gain vector is 7. Under the power
control policy u;(7), the received signal at the base station can
be written as

K
y=Y Vv zi+n, (H
=1

where x; is the transmitted signal from user ¢ which satisfies
E(|zi|?) = 1, n is white Gaussian noise with zero mean and
unit variance.

For a fixed -y, equation (1) represents a Gaussian multiple ac-
cess channel with a sum capacity of  log (1 + Zfil wi(Y)v
[6]. Assume that channel fading information is available at both
the transmitter and the receiver, we can average over all possible
fading realizations to obtain }E [log (1 + Zf_,l u,-(’y)'y,-)] as
the sum capacity for the fading case. Our objective is to
find the optimal power control policy u;(y),i = 1,--- ,K to
maximize the sum capacity under both peak and average power
constraints. Let p(7y) be the probability density function of .
We formulate the following optimization problem.

max [f--- [ $log (1+ T/, winm)pndy @
subject to [[--- [ui(y)p(y)dy < P;, i=1,---,K (3)
and ui(7) < P, K. )

Note that we consider both the average power constraint (3)
and the peak power constraint (4), while in [1], [2], [3] only
the average power constraint is considered.

i=1,---
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A. Structures of the optimal power control policy

In order to characterize the structures of the optimal power
control policy, we first introduce the Lagrange multipliers, A;,
corresponding to each average power constraint in (3). The
Lagrangian function is expressed as

L({us}, {Ai}) = // . --/log (1 + }Z:ui(v)'yi) p(v)d vy
“2(&' f/'“/m(v)p(v)d 7)-

1

(5)
Due to the convexity of the logarithm, the Karush-Kuhn-Tucker
(KKT) conditions [7] are necessary and sufficient for optimality.
Taking the derivative with respect to u;, we obtain a set of KKT
conditions for every ¢ = 1,--- , K and 7.

1—: > 1+ i wi(Vy () =P ©)
LA f: wilyyy; — f0<w(y)<P (7
N =
LT i uwi(v)y;  ifu(y)=0 ®)
Ai —

Since the summation terms in (6)-(8) are the same for all
i=1,---,K, we make the following observation:

0 If "" > "”2 , then we must have u;, (v) > 4, (7).

(2) At most one user can be allocated an intermediate power
level 0 < u;(y) < P. This is true because the probability
that the left hand side of (7) is the same for two different
users equals 0. Hence, when there is no peak power constraint
(or P = ), the optimal power control policy reduces to the
TDMA policy in [2].

(3) Let us reorder the sequence {7v;/\;,@ = 1,---
that

K} such
i i

Xig
It then follows from (1) and (2) that, the optimal power control
policy satisfies the following properties: (a) there exists an
integer N (which depends on ) such that the best N users
1,-- ,in are allocated full power p. (b) User in41 either
uses an intermediate power level or is inactive (zero power
allocation). (c) Users in42,- -+ ,ix are all inactive.

Next, we will show how to determine the value of N and the
optimal power allocation for user ¢ x1. For notation simplicity,
we assume that

> Ja s
)\

-’I

nyr, K
AT AT Ak
, K, let a; = * and b; —1+PZ 1Y

Note that b; equals the summation term 1 + ZJ_ Uj (’y)ny in
(6)-(8) if the first ¢ users are allocated peak power and the
remaining users are inactive.

Since {a;} is an non-increasing sequence and b; is a non-
decreasing sequence, we can find an integer N such that ay >
by and a1 < by41. There are two cases shown in Figure 1,
in which we let N = 4 as an example.

Forevery ¢ =1,-

A
a1p N=4
ap
a3,
a4q
@ bs
Q as (case 1)
____________ « Us7ys
®
bo ¢P74 as (case 2)
bz* }P 3
P
bm—& T2
I R E— ,
1 2 3 4 5

Fig. . Optimal power control policy with peak power constraint.

Case 1 Assume by < an41 < bygi. In this case, user
N + 1 should not be allocated peak power P. Otherwise the
KKT condition (6) will be violated. Since an+1 > by, we can
allocate an intermediate power level to user N + 1 to ensure
that the equality in the KKT condition (7) holds. The optimal
power allocation becomes

A

P, ifi<N
ui(y) = T ifi=N+1 )
0 else.

Using this power allocation, one can see that the summation
term in (6)-(8) equals an1. Due to the monotone property of
the sequence {a;}, the KKT conditions are clearly satisfied for
power control policies of the form (9).

Case 2 Assume ayy1 < by. In this case, user N + 1 is
inactive. The optimal power allocation becomes

ui(y) = {P’ o< (10$)

0 else.

The corresponding summation term in (6)-(8) equals by which
also ensures that the KKT conditions are satisfied.

As seen from (9) and (10), we note a useful fact that the op-
timal power allocation for user ¢ only depends on (y1,- -+ ,7i)-

B. Computation of the optimal Lagrange multiplier

Given the structures of the optimal power control policy (9)
and (10), the optimal Lagrange multiplier can be found by
choosing {A;} such that the average power constraint (3) is
satisfied for each user ¢. This, however, involves the evaluation
of K-dimensional integrals. In the following, we consider the
scenario when the average power constraint P; = P, is the
same for all users. By symmetry, all A; must be equal and we
denote the common value by A. In order to find A that satisfies
(3), we need to simplify (3) as much as possible and reduce the
dimension of integration.
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Let 1;,y denote the indicator function. Since the users are
symmetric, we have

E[ul ] - Z E ul 1{uscr 4 has the m-th best channel}]
m (1)
= Z E [um (7)1{user m has the m-th best channel}] .

m=1
The case when m = 1 needs to be handled separately. For every
m > 2, we have

E ['U'm (7)1{uscr m has the m-th best channel}]

= (12D E[4m(0) L minrs, 1) smax(gomg 1 71i) <von}

) oor o0 [e.9) m—1
) [ [ o5
0 L. m m

Ym Ym
. / .. ./ e(' 2}"(=m+1 ’Yj)d’)’m-kl .. 'd7K e_’Ymd,ym
0 0

) [ et

1°°" d’)’m—l} (1 - e—’ym)K_me_’ymd'Ym
(12)

) e~ T )

In order to compute the intqgral in (12), we consider two
cases with 4, (y1,- -+ Por0<upm(y, - ,7m) < P.

1'7m) =
() If (1, ,Ym) = P, we must have a,, > by, and
therefore

m—1 -1
RS
j=1

2 If0 < upm(m,--
aym, < by, and therefore

/\

- Tm- (13)

,¥m) < P, then we have b,,_; <

-1 m—1 Im
—Im <D <2 (14)
j=1
It follows from (9) that the optimal power allocation is
1 1+P S
Um (T, Ym) = T = L PR (15)

Tm

(Note that if we let m = 1, the optimal power allocation (15)
reduces to the optimal water-filling power control policy in [2]
with only average power constraint.)

Hence, the integral in (12) equals

/0°° [/:"/:’ (P e P ==

+(§—1+P§n] 17]) )

—ym }

(_ Z 75)
. =1 Ty - d’Ym—l] (1- e—'ym)K—m

(16)

Let%; =¥j=Ym,j =1,--- ,m—landz = 37" .' 4;. Then
the probability density functlon of z has a gamma distribution

gm-1(x) = ™ 2e~*/(m — 2)\. The integral in (16) can be
simplified as

xr Tm A (Ym)
/ [P [ @ s
0 0

Tm—-1 X('Ym)
+/ fm— 1/\(7m1 )gm 1( )dx]Qm(7m)d7m

m, A (Ym)
17
where
m(m) = [L=exp(=ym)]" ™™ [exp(=ym)]"™
fr—1a(¥m,2) = 1/ A=[14 Pz + (m = 1)vm)]/Ym
PmA(m) = max (0, (/A = 1)/P = myn)

The formula for computing A is therefore given by

P = P/ q1(m)dn +/_P

1
Z 1
o 05~ )

ke [ [ Tm,x(Tm)
L3 [l [ oo a
m=2

Tm—1,2(Ym)
+ / Frn 1A (Vs 2) g1 (2) de
i

:l Qm('Ym)d'Ym)
m, A (Ym)

(18)

where the first two terms correspond to m = 1.

C. Computation of the optimal sum capacity

Once the optimal A is found by solving (18), the optimal
power control policy is uniquely determined. In this section,
we derive analytical expressions for computing the optimal sum
capacity.

Lete(y) =1+ Z —1 ©;(7)7;, we have

Copt = _E[lOg 0(7)]

1
= 5 Z [log 6(7)) 1{ there are exactly m active users }]

K
1
= §K Z E [lOg(C(’)’)) . 1{m active users. user m has m-th best channel}]
m=1
1 K
= EK Z (ﬁ*})E [log(c('y)) : 1{m active users}
m=1
. l{min('n,m Ym—1) >V ,maX(Ym 41, ,'YK)S%n}]
1 K
= EKmZZI (ﬁ:i)E I:IOg(C('Y)) ) l{m active users }
*Lmin(ra, e 1) 27mmax(m 41, 7)<y}
' (1{um(7)=15} + 1{0<um("r)<f’})
(19)

We again consider two cases.
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(1) Assume up,(y) = P. To ensure that there are exactly m
active users, we require that a,, > by, > a,41. Hence, the
following conditions must be satisfied:

m
g1 < ,\(1+P27j) (20)
Jj=1
m ’mi_l
o< _ 21
Z;% < 23 @
J_
R m
c(7) = bu=14+PY v (22)

Note that (21) and (20) imply that v, 1 < ¥y,. It follows that
the integral term in (19) that involves 1 {um(7)=P} equals

o o]
=/o [/ flog(”PZ%)'l{zj“:msm‘F}

m

. /‘/\(1+Pj§‘.'.“. /A(H_P’g %e( ZK—m+1 ’Y.v)d’)’m—f—l -dyk
0 0
ACD Dt Vi) gy - df),m_l] e~ "™ dym
oo} oo poo R m
=A [/m iog(l_’_PZ’Yj).l{ J‘*!’V?<M_l}

-(l—e_A(HPZ%))(K m)e—(]é1 )

(23)

(2) Assume 0 < un,(y) < P. We have by, < am < by
which guarantees that there are exactly m active users. Hence,
we must have

Im __ 1 dm _q
A A
~— —Ym < E 7 S = (24)
p = p
() = ap=1m 25)

A

It follows that the integral term in (19) that involves
1{0<um(7)<ﬁ,} equals

o0 o o) o0
Tm
. log —
IRVEINCE
. e(_Z;"=_11 7j)d71 .. .d’ym_I:I (1 - e—"/m)K‘me_’Ymd,ym
(26)

1
{i%?—”rmSZ}";ll 7 < lil;,—l }

Fmally, we use the transformation ¥; = v; — v, and z =
Z;" . Y; to arrive at a Gamma distribution and hence reduce
the dimensions of the integral. After simplifications, the optimal
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dm d7m_1] e "™ dym

sum capacity can be written as

K[ [® e
Copt = 5 [/ s1(m,0) dyn +/1/,\ 5
—L. A

; 1(1) log (771) d’h]
1/A—P
00 pTm,a(Vm)
[/ / 3m('7m7£)gm 1( )d$ dvm
0 JO

#3550

,-ym rm—l,k('Ym)
/ log( )/ gm_1(2’) dr Qm(7m)d7m ’
A T, A (Ym)
(27)

where

$m(Ym, ) =log (1 + P(mrym + ) - (7)™

A [1 _ e—)\(1+f’(m’ym+z))]K—m. (28)

and the first two terms in (27) correspond to m = 1.

III. NUMERICAL RESULTS

In this section, we present numerical results based on the
close-form expressions derived in Section II.

First, we study the case with only average power constraint
to establish our performance benchmark. We assume an average
transmission power of P, = 10 such that the received signal-
to-noise power ratio 10log,y P, equals 10 dB. Given a total
of K users in the system, the optimal power control policy
(average power constraint only) allows a maximum transmission
power P (K) = 1/A. As shown in Figure 2, the maximum to
average power ratio Pmax(K') /P, increases linearly with respect
to K due to the fact that as K increases, the amount of time each
user transmits decreases. When K = 16, we have Py, /P, =
16.03 and the optimal sum capacity equals 4.4947 bits.

22

PleX(K)/PEL

4 6 8 10 12 14 16 18 20
K: number of users

Fig. 2. Maximum to average power ratio versus the total number of users in
a system with average power constraint only.

Next, we examine the sum capacity under both peak and
average power constraints. Compared to the average power con-
straint only scenario where the maximum transmission power
Prax(K) increases linearly with K, here we require that at
any time each users’ transmission power is no more than P,
which is independent of K. In Figure 3, we plot the optimal
sum capacity as a function of the peak-to-average power ratio



13/ P,. For each P/Pa, we first solve (18) numerically to find
the Lagrange multiplier A\. Then we apply (27) to compute the
sum capacity corresponding to the optimal power control policy
given by \. Figure 3 shows that as P increases, the sum capacity
also increases. When P /P, = 16, the capacity with peak power
constraint equals the capacity with average power constraint
only (4.4947 bits). When P/P, = 8, the sum capacity with
peak power constraint attains about 4.3968/4.4947 = 97.82%
of the sum capacity with average power constraint only. Note
that by imposing the peak power constraint, we reduce the
maximum to average power ratio from P (16)/P, ~ 16 to
P/P, = 8, which is a 3 dB reduction, with only a 2% loss
in sum capacity. When P/P = 2, which corresponds to a
9 dB reduction from Py, (16)/P, ~ 16, the sum capacity
achieved is about 89.3% of the sum capacity with average power
constraint only. However, as shown in Figure 4, in this case we
would require many users to transmit simultaneously with large
probabilities.

4.5

opt
»
N

sum capacity C

0 2 4 6 8 10 12 14 16 18 20
P/P,
Fig. 3. Optimal sum capacity versus peak to average power ratio.

In Figure 4, we study the probability distribution of the
number of active users under the peak power constraint. Let
m denote the number of active users. Given P, the probability
that there are exactly m active users can be computed by
evaluating the integral terms in (27) that correspond to m active
users, and replacing sm (Ym,z) and log (%) by 1. In Figure 4,
multiple points are plotted for each P/P The number to the
right of each point represents m, the number of active users.
The y-coordinate of each point represents the probability that
there are exactly m active users. The highest point for a given
P/P represents the most likely (with the largest probability)
number of active users. For instance, three points are plotted for
P/P = 8. From top to bottom, we see that with probabilities of
0.61, 0.36, and 0.03, there are two, three, and one active users,
respectively. The probability that there is no active user is close
to 0, hence not shown in the figure. We also observe that when
P /P, is small, it is likely to have a large number of active users.
For instance, when P/ P, =2, with a probability of 0.31, there
are 8 active users. However, as P/P, increases, the number of
active users reduces. When P/P, = 8, there are at most three
active users. When P/P = 16, with a probability of 0.987
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there is only one active user, hence the resulting optimal power
control policy is almost TDMA as in the case of average power
constraint only.
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0 2 4 6 8 10 12 14 16 18
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Fig. 4.

Probability distribution of the number of active users

IV. CONCLUSION

In this paper, we study optimal power control for multiple
access channel with peak and average power constraints. We
obtain a complete characterization of the optimal power control
policy which generalizes previous results on the optimality of
TDMA type policies for multiple access channels with only
average power constraint. Analytical expressions are derived for
computing the optimal policy, the optimal sum capacity, and the
probability distribution of the number of active users, assuming
that users in the network are symmetric. By allowing more than
one user to transmit at a given time, the proposed power control
policies under the peak power constraint have the advantage of
reducing the maximum to average power ratio and shortening
the transmission delay due to opportunistic scheduling in the
multi-user network. In addition, the sum capacity achieved by
the proposed policies are close to that achieved with only the
average power constraint.
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