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Abstract—We determine the optimal adaptive rate and power of voice, rate adaptation is not desirable. Thus, in the past,
control strategies to maximize the total throughput in a multirate  the goal for system design has been to provide constant rate
codte-divisior_] dmultiple-acc_:es? %Stenl‘: The ttc;]tal fthrougfhput of the communications, using power adaptation to compensate for
system provides a meaningful baseline in the form of an upper . :
bound to the throughput achievable with additional restrictions Cha”’.‘e' .fades and propagation path loss. However, wlreless
imposed on the system to guarantee faimess. Peak power and in-data is viewed as a vast source of revenue for future wireless
stantaneous bit energy-to-noise spectral density constraints are as-Systems. The delay tolerant nature of data traffic allows rate
sumed at the transmitter with matched filter detection at the re- adaptation. This leads to a significant shift in the objectives
ceiver. Our results apply to frequency selective fading in so far governing the design of wireless systems. Instead of tradi-
as the bit energy-to-equivalent noise power spectral density ratio tional power adaptation schemes that maintain a constant
definition can be used as the quality-of-service metric. The bit en- . . .
ergy-to-equivalent noise power spectral density ratio metric coin- rate, the focus 'S_nQW on joint rate and power adaptation
cides with the bit—eror rate metric under the assumption that the Schemes that maximize the total throughput. CDMA schemes
processing gains and the number of users are high enough so thatlend themselves to rate adaptation in a simple manner by
self-interference can be neglected. We first obtain results for the using multiple codes, multiple processing gains, or multirate
case where the rates available to each user are unrestricted, and wemodulations. The throughput gains with multirate CDMA
then consider the more practical scenario where each user has a fi- schemes have been studied in [13]-[17]. Wasserman and Oh

nite discrete set of rates. An upper bound to the maximum average 13 idered imal (th h L d .
throughput is obtained and evaluated for Rayleigh fading. Subop- [13] considered optimal (throughput maximizing) dynamic

timal low-complexity schemes are considered to illustrate the per- SPreading gain control with perfect power control. They also
formance tradeoffs between optimality and complexity. We also considered optimal joint rate and power adaptation subject to
show that the optimum rate and power adaptation scheme with a peak transmit power constraint and a maximum interference
?ncgnstramgd rates is m(;a_ctjusft arate aquptat:onbscheme With  constraint [14]. Adaptive code rates with multiple orthogonal
Ixed transmit powers, an it pertorms signi |canty etter than a : :
: codes were considered in [15]. Hashem and Sousa [16] showed
scheme that uses power adaptation alone. . . . .
P _ P o _ that limiting the increase in power to compensate for multipath
Index Term;—Adaptlve systems, code division multiple access fading, and getting the extra gain required by reducing the
(CDMA), multiaccess communication, power control, throughput.  yansmission rate, can increase the total throughput by about
231% for flat Rayleigh fading. Kim and Lee [17] showed the
l. INTRODUCTION power gains achieved by the same scheme, and also considered
. L .. truncated rate adaptation.

ULTIRATE direct-sequence qode-dmsmn multiple This paper is motivated by the need to estimate rte-
found a}ccesfs (DfS'CDMA) Iand adaptive modulauon form th umthroughput that can be achieved through joint rate and
ﬁun ations ;r uture wire is_s CE_mmunlcaltlonlgyslt:ems, alBwer adaptation with perfect channel information, subject to
t ere Is muc Iprewous wor t;n td's (_a\rela [11-12]. or pp'n:sninstantaneous minimum bit energy-to-equivalent noise power
tod point, sr|]nge USer narrow adn WIreless ﬁommhun'cﬁt'?r?pectral density ratio threshold and with conventional single
\a}aﬁgttilgr?stise atrsvnesl‘lmlglorv?/;e s?rnateg;mt/gret:h;niectk?gr;?/erzgger matched filter detection for each user at the base station.

) ) practice any system will have additional constraints arising
throughput [1]-[7]. Multirate DS-CDMA schemes offer &, of the need to be “fair” to users in deep fades, other con-

simple way to provide different data rates to different USefams like prolonging battery life (average power constraint),

in a system. However, adaptiv:e CDMA. fe,,”?ains a relatively o jjtional guality-of-service (QoS) requirements (delay con-
unexplored area of research. “Adaptation” in the context {

has b | th Q raints). For example, Wasserman and Oh [14] consider the
CDMA systems has been mostly synonymous with POWGLa,imim throughput subject to an additional constraint in the

co_ntrol_.l V]:llrelegs net\f/\f/_orké of theh p?tl haye tl)een de5|gnf% m of a limit on the intercell interference. Throughput for a
primarily for voice traffic. Due to the delay intolerant nature, . vica| system will also depend on the reliability and delay

of the feedback channel, rate of adaptation (compared with the

" _ e Aoril 14. 2000: revised October 10. 2001 and Jul rate of change of fade levels), and errors in the channel esti-
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multirate modulation schemes have significantly worse perfarith the symbols defined as follows:
mance for high data rate users [19]. Multiple code schemes, . | — {1,2,..., K} is the index set of users;
where the set of codes available to each user are orthogonak 7 — () r, ..., rx} is the vector of distances of thé

within themselves but not across users, have almost the same sers from the base station:

performance as multiple processing gain schemes [19]. How-. s the one-sided power spectral density of AWGN;
ever, multiple code schemes suffer from the disadvantage of a. 7 s the chip duration;
high peak-to-mean envelope power ratio. The orthogonality of , Y = {X1, X2, .-, xx } is the vector of the users’ equiva-

codes is also compromised in frequency selective fading [19].  |ant channel power fade levels at the output of Eringer
Other multirate schemes like parallel combinatory spread spec- RAKE receiver. defined as

trum [10] and multiple chip-rate [11] have been proposed but L

are not considered as viable. The conventional matched filter _ , 2
. : . : . Xi =) Xid (2)

receiver, although suboptimal for multiuser detection, remains =

popular because of its simplicity. We use a maximum power  \here y,; is the channel power gain due to multipath
constraint since any systems in practice will necessarily have an fading for user on thelth path:

upper limit on the transmit power, especially on the reverse link. , Pi(%,7), the received power of théh user at the base

The peak transmit power is also limited by the tradeoff between statién, is given by

the power amplifier efficiency and the desired peak-to-average o -

ratio. Our QoS measure is the minimum bit energy-to-equiva- Fi(x, ) = Si(x;7)gi(ri)xi 3)

lent noise spectral density ratifyy, /N.. wheregy; (r;) is the propagation path loss asg(x, ) is
The remainder of this paper is organized as follows. The the total transmitted power of thi¢h user;

system model is described in the next section. A general * n;(¥,7) is the rate of theth user, defined as

problem definition is given in Section Ill. The same section L T.

also introduces the set of constraints that are used in the later ni(X,7) = T,(x,7) )

sections. Section IV presents the optimal rate and power adap- 7

tation scheme assuming unlimited, continuously variable rates,,,." - ihe bit energy-to-equivalent noise spectral density

The effect of limiting the maximum achievable mstantaneoustio (1) as our measure of QoS. For flat fading channels the

rates to a finite value is considered in Section V. Section V? 2 .
is devoted to the derivation of an analytical upper bound Porobabmty of error can be obtained &% /2F;/N. ). For fre-

estimate the maximunaverage throughput for the system quency selective channels, when the processing gain is suffi-

with unrestricted rates. Section VII further limits the rates t8|ently high so that self interference from various multipath

a set of discrete values, and presents the optimum rate Qgrponents can be ignored, then as in the flat_fadir_wg case, the
power adaptation scheme under this added constraint. N. expression (1) leads to a good approximation for the

maximum average throughputs achievable with optimum rdt&ePability of error. ,
or optimum power adaptation alone are derived in Section Vi, From (1), the data rate for usecan be expressed as

whereT? (x,7) is the bit duration for usei.

Comparisons between the schemes and numerical results are ni(X,7) < 3 Pi(x,7) (5)
presented in Section IX. Section X concludes this paper. ST (f ) > P+
<)o keI—{i}

where (E,/N.), is the target bit energy-to-equivalent noise

. ) spectral density ratio.
Our system model is similar to the one used in [17]. We con-

sider a variable bit durgtion CDMA system wifﬁ users. The 1. PROBLEM DEFINITION AND CONSTRAINTS

system uses BPSK with coherent demodulation. A minimum . o

bit energy-to-noise spectral density threshold [as defined latefUr 90al is to maximize the total throughput of the system
in (1)] must be met for a user to transmit on the channel. yiveraged over the fading distributions of the users, subject to

assume that the channel is frequency-selective with respecfitBak transmit power constraint and a targes/N. ), con-

the spreading bandwidth, and is affected by slow fading (ag_raint. The total throughput is defined as the sum of the data

sumed constant over a bit time), additive white Gaussian nofgg€s of all users. The targgt / N. constraintimplies that a user

(AWGN), and multiple-access interference (MAI) due to othéf" fransmit on the channel only if his instantaneBysN. is
users. For simplicity we look at a single cell system. Howev&P0Vve the specified target levdl, /N ),. We assume the same
the model can be extended to multiple cell systems by incd@98t Fe/Ne), forall users. The peak transmit power is usually
porating an out-of-cell interference coefficient [21]. The userdetermined by the transmitter hardware. However, depending
channel access is assumed to be asynchronous. upon the propagation path loss and the channel fades, different

The bit energy-to-equivalent noise spectral density rattbers will have different peak received power constraints
Ey/ N, at theL-finger RAKE receiver output for uséiis given P; max(Xis i) = 9i(7i)Xi S max-
([17], [19]) as Subject to these constraints, we wish to find the optimal rate
and power adaptation on the fading channel that maximizes

Il. SYSTEM MODEL

E, fgg 1 the average total throughput. Note that since our power and
N, 2 S Pu(x.T) + 1} ) (Ev/N.), constraints are instantaneous (rather than average),

kel—{i} average throughput maximization is the same as instantaneous
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throughput maximization for each fade vector. The general djpre real numbers. The resulting maximum throughput gives an

timization problem is, therefore, as follows. upper bound on the performance of practical systems. Under
Find the optimal rate and power adaptation to maximize thieis assumption we present the following propositions.
instantaneous throughput Proposition 1: The optimal solution that maximizes the av-

Tope (X Flet, ¢ cn) = max an(% 7) erage total throughput is such that
ezt kel Pk(y/ F) € {0 Pk,max(Xk-/Tk)}7 Vk el

subject to the _constralnts, €2y -0 Cne i . That is, either a user does not transmit, or he transmits at full

The constraints we shall use in different sections are prowdﬁ er
here for reference, as shown in the equation at the bottom o
the page. Note that while; andc, look similar, they represent
different constraintsc; andcj distinguish the case where the ni(X,7) = N Y
rates are bounded from the case where the rates can be arbitrarily 2 (f,b ) > ' Pe(X,7) + 572
large. On the other hand, we usgandc/, to distinguish the case /o kel-{i}
where the rates can take values over a continuous set from tde that we replaced the inequality inY by an equality. This
case where the rates can only take values over a discrete i§dtecause ina CDMA system using conventional matched filter
In practical multiple processing gain CDMA systems, a userfgceivers for each user, MAl is minimized when users transmit
bit duration7(,7) must be an integer multiple of the Chipjust enough power to meet their QoS constraint. Note that ac-
durationT., to prevent bandwidth expansion. Some processifgrding to our problem statement there is no benefit in reducing
gain (L/M) may also be desirable to suppress self-interferentés/Ne) below the target valueE; /N, ),. The total instanta-
from multipath components. Note that i /N. expression Neous throughput can, therefore, be expressed as
in (1) assumes that the processing gain is high enough so that T(x,7) = Z”i(W)

Proof: From the(E,/N.), constraint ¢;), we get
3 Pz (Y/ ?)

®)

self-interference can be neglected. Thus, ausersigfe 7) = el
T./T;(x,7) can only take discrete values given by I Z P;(%,T) ©
(X7 L o(B) G X RGP+
nZ(X7T)€ {1,5,57} (6) 2(]\75)0 iel keI—{i} ’ 2T.
and is bounded by Differentiating twice with respect t&; (%, 7), we obtain
ni(x,7) <M <1 7 P17 _ 3 T Pi(x,7)
where1/M is the minimum processing gain allowed for thedF: (X, 7)? (%)

system.
Thus, practical multiple processing gain CDMA systems are
represented by constraint§ and ¢;. However, for simplicity,
we first consider a system with constraints co, c3, ¢4, Where
the users’ transmit rates are not restricted to a discrete

-
TS AT+
kel—{j} ‘

(10)
But this is always nonnegative. Hen@&;y, 7) is a convex func-
tion of P;(,7) and the maximum value will always lie at the
b%rundary. This completes the proof. ]
%roposition 1 points to a tradeoff between a user’s transmit
epso(?/ver, his throughput, the interference he adds to the system,
d the total system throughput. By increasing his power a user
\&%}eases his own throughput while everyone else’s throughput
gets reduced due to additional MAI contributed by him. On the
other hand, by reducing his power a user decreases his own
throughput, as well as the MAI, which allows other users to in-
crease their throughputs. The convexity of th&l throughput
as a function of a user’s transmit power proved in Proposition 1
can be interpreted as follows: As a user increases his power
In this section, we treat the users’ rateg,7) as contin- starting from zero, the total throughput may initially get re-
uous variables that take values over the entire range of paditced as the loss of throughput due to added MAI dominates

of systems restricted to a finite, discrete set of rates. For th
restricted systems, we use constraiftscs, c4, ;. Note that
we expect the upper bounds to be meaningful because even
unconstrained rateg4, c4), for parameter values of practical
interests the probability of;(3,7) > 1 is small [17]. This is
also verified by numerical results presented in Section IX.

IV. OPTIMAL UNLIMITED CONTINUOUS RATE AND POWER
ADAPTATION SCHEME

C1: 0 S Pz(y/ F) S Pi,max(X’hri) = gi(ri)XiSi,max7 Vi el (peak pOWE)'
Pi(X.T)
c2: WhenP;(X.7) > 0 then—s S o > 3 (%) , Viel min.ﬁg)
e A 27T, o
ker—{i}
ez 0<n;(xT) < oo, Vi e I (unlimited rate$
s 0<n;(x,7) <M <1, Vi e I (limited rates
ca: ni(X,7) € RT, Vi € I (continuous rates
dpr omi(xT) e{L,1,1,...yu{0}, Vi e I (discrete rates
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the increase in throughput due to the new user. However, gk power, he can transmit at a higher or lower power. Thus,
the user keeps increasing his power, eventually the increas¢hia solution we started with cannot be optimal. The contradic-
throughput due to him more than compensates for the losstioih completes the proof. [ |
throughput due to added MAI for others. Beyond this point, a In light of Propositions 1 and 2, the optimum unlimited con-
higher power for the new user only increases the total systéimuous rate and power adaptation scheme is as follows. Given
throughput. a channel power fade level vectpiand a user distance vector

Next, we define an ordering on users that will be helpful inompute the peak received poweé?s,ax (i, ;) for each user
characterizing the throughput maximizing solution. [as givenin ¢2)] and sort them according to (11). Next, find the

Best Users (Definition):Without loss of generality we as- throughputs achieved by thebestusers transmitting at their
sume that peak transmit powers as

Pé,max(thi) > Pj,max(Xj:Tj)7 Vi < J LaJ €l (11) o o Pi.max(Xi7Ti)
Under this assumption we define thestk users as thérst k Ta(XoTler, €2, 03, ¢4)=D Z S PranaxOtn.75) + C
users in the index sdt Note that these are theestusers since = okelp-{i}
they ha_vg the grea_te&*.ce!vemowers at the base station when, | <n < K. Then
transmitting at their maximum power. Also note that we used
strict inequality in (11). We can do this because the channelop (X, T|c1, c2, €3, ca) = maxi<n<ri Tn(X, Tlc1, c2, 3, Ca)
fades and the propagation loss are continuous variables and,
therefore, with probability 1, the peak received powers of a
two users are unequal.

In light of Proposition 1, we can write the optimum instanta-

neous throughput as

kopt = arg max 1,3, T|c1, ca,c3,¢4).
op ngnSK n(X | ) ) ) )

Tn(X,T|c1,c2,c3,c4) can be evaluated with complexity

Topt(X: Tler, c2, 3, ¢4) ~ O(K) for eachn. Thus, the optimum rates and powers are

-p Y P max (X3, i) (12) found with a computational complexity O(K?) <« O(K2%)
el . Premax (Xk, 1) + C for large K. We use the optimum rate and power adaptation
) k€lopi—{i} ) ] strategy to evaluate the maximum average throughput for our
where, for notational convenience, we defin®B = |odelin Section IX.
3/2(Ey/Ne)o and O = 3N, /2T.. Iopy C I is the set |t s interesting to draw a comparison between the optimal

of users transmitting at their peak powers for maximumg|ytion characterized by the results of Propositions 1 and 2 and
throughput. We still need to findj,., for the optimum solution. the gptimal solution obtained by Wasserman and Oh in [14]. In

There are 2 — 1 nonempty subsets df and the throughput for particular, note that although [14] used an additional constraint
each can be found according to (12) with complexity)(K).  on the intercell interference and did not assume tafggtv.

So all th? possibilities fol,,; can be tested with complexity requirements, the results of Propositions 1 and 2 were found to
~ O(K2"). However, as we prove shortly, we need to considgg|d in [14] as well.

only K — 1 possibilities. This leads to the next proposition.

Proposition 2: 3 kopy, 0 < kopy < K, suchthatthe optimum v/ opryum LIMITED CONTINUOUS RATE AND POWER

solutior_1 can be ac_hie\{ed wiﬂgpt ={1,2,...,kopt}. That i_s, ADAPTATION SCHEME
the optimum solution is achieved for tlig,, bestusers, with ) . o
received POWErs’; oy (xi,7i), 1 < i < kopt. Inthe previous section, we allowed an unlimited rate for every

Proof: A proof by contradiction is presented as follows. User. However, as mentioned earlier, to prevent bandwidth ex-

Let k,pt be theminimunmumber of users that need to transmiP@nsion, a user’s bit duration cannot be smaller than the chip
simultaneously to achieve the maximum possible throughp@ration. The maximum rate may also be limited by the min-
Further, let usei be one of these,, users, such that> k., IMUM processing gain allowed by. the system. It is, thgrgfore,
i.e., useri is not one of thek,,: bestusers. Now, usei’s re- interesting to see how throughput is affected when we limit the
ceived power at the base station can be achieved by any of f@ies available to a user. In this section, we wish to estimate the
kopt bestusers (from the definition of theestusers). Hence, loss of throughp_ut due to Iim_iting the maximum rate available
it is possible to replace usemwith any of thek,,. bestusers © each user. This loss is defined as
that are not already included in the optimum solution as follows.
Let the better user transmit only enough power to achieve the
same received power as UseT his ensures that the other usersNote that we still assume that the user’s rate is a continuous
throughputs are not affected. Moreover the better user also gedsable ¢,).
the same throughput as ugen the optimal solution. However, We wish to find T, (X, 7|c1, c2, ¢5, c4). Let the optimum
note that in order to achieve the same received power asg,usehroughput be achieved with a minimum @f,,,s users
the better user who replaces him must transmit at less than tnésmitting. Without loss of generality, these can be as-
peak power. Now let us use the result of Proposition 1. The tomlmed to be thek,...s best users (Proposition 2). Under
throughput is a convex function of the better user’s power. $ige assumption in (11) the index set of thdse,,s users is
it must be possible to increase the total throughput by either ifzans = {1,2,..., ktrans}- Let us divide the sef;,.,s into
creasing or decreasing his power. Since he is not operating atthige subsets,;, Ip, andIg, such thatly; U Ip U Igr = I ans

= Topt(Y7F|cl7 C2,C3, 04) - Topt(Y7F|cl7 C2, 01/37 C4>.
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andIy; N Ip = Iy NIg = Ip N Ig = ¢. These subsets aresuch that the sum of their received powers is the same. We can
defined as follows: keep doing this until the stronger user hits the rate or power
Vi€ Ly, ni(x.7) =M (13) boundary, or the Wefake_r user's power goes to zero._Note that
. - even though the derivative found above is zerofafy, 7) =
Vielp, Pi(X,7)=Pimax(xi,7mi) & ni(X,7)<M (14) P;(x,7), this point only represents a minima, as can be easily
Ir =Iivans — (Inr U Ip). (15) verified from the second derivative.

That is, I); is the index set of users operating at the rate Proposition 4: The optimum solution is such that
boundary (transmitting at rat®/), Ip is the index set of users Vi i N D e S

L ,j eI P;(x,7) =P;(x,T) = Py (X, 21
at the power boundary (transmitting at peak pov#r,ax) ) =M (07m) =Pi(x.7) w(x.T)  (21)

that are not at the rate boundary, ahglis the index set of the Vielp Pi(X;T) =Pimax(Xi, ) (22)
remaining users that need to transmit to achieve the maximum kr <1 (23)
throughput. _Let the number (_)f usersin gz_ﬂch sethekp, a_md Vi€ Ip Py(%.T) >Pi(X,T) > Pr (24)
kg, respectively. The following propositions characterize the

optimal powers and rates of users in these sets. wherePy, is the received power of the userig (i.e., not at his

Proposition 3: The optimal solution is such thatrate or power boundary). By (23), there can be at most one such
Vi, j € Ligans, if Pi(X,7) > P;j(X,7) > 0, theni € I, U Ip. user. If there is no such user, we defifg = 0.

Proof: Let there be users and j such thatP;(y,7) > Proof: First, consider two users on the rate boundary
P;(x,7) > 0, andi & I, U Ip. Let the sum of the optimum %J € Ia. This implies that; (x,7) = n;(xX,7). Substituting
received powers of all other users be from (8), we get that

Z P; <Y7 F) = Prest- (16) DP; (Y F)
kel—{ij} >, P+ BT+ C
Also, let the sum of the optimum received powers of usersd hel-{i.i} P57
j be _ 25
> A+ EEn0 &
Pi(X,7) + P;j(x,T) = Pij. (17) kel—{i,j}

which proves (21). Equation (22) follows from the definition
of Ip. Equation (23) follows from Proposition 3 and the fact
that equal received powers correspond to a minimum in the
E}Rtal throughput as mentioned earlier. Since higher rates require
|gher powers, (24) is trivial. ]
Propositions 3 and 4 tell us that the maximum throughput

Now the MAI seen by users other thaand; depends only on
P;; and not onP; (%, ) or P;(,7) individually. Therefore, for
afixedP;;, if we changeP; (X 7) then other users, and their cor-
responding throughputs, are unaffected. So let us maximize
total throughput of userisand; subject to (17). This throughput

'S given as L o with finite rates is achieved witlk,, bestusers at the rate
Ti(%,7) = DPi(x.7) DF; ({ 7:) boundary, each with the same received pow&y (x,7),
Prest+Pj(X,T)+C  Prest + Pi(X,T)+C the nextkp bestusers at the power boundary (transmitting
(18) at S;max), and at most one user with received powes
DP;(X,7) D(P;;—P;(X,T)) that is not at his power or rate boundary. Thus, we have

:Prest-l-]’ij—Pi(Y,F)-l-C Prest+Pi(3¢,7)+C" Ine={1,2,... knb Ip = {knpe+ 1, ke +2,. ..k +kp},
(19) andlp = {kx + kp + 1}. Assuming we knowky, andkp
we now want to find the optimum values @t (x,7) and

Differentiating with respect t@&; (¢, 7), we obtain Pr(%, ). From the peak power constraint, we have

T3 (X,7) _
Pi(y: 7) _D(PrOSt + PLJ + C) PJ\[(X7 ) < PkM HlaX(XkM ) Tk[\l) (26)
% ( 1 and
(Prost + Pz] - Pz(YF) + 0)2
1 > PR(Y'/ F) S Pktrans,max(th,-ans » Tkirans ) (27)
- (Y. T 2
(Prost + Pl(X-/ T) + C) Deﬁne
:D(Prest + 177_] + C)
) 1 Py=Y P(X.T) =) Pimax(xisri).  (28)
(Prest + Pi(X,7) + C)? €l €l
B 1 > Then, from (8), for a user on the rate boundary, we have
v 7 2
>0 (Prest + P (X T) + C) (20) M= DP]M (Y/ 7) (29)
' By + (kv = 1)Pu(X.7) + PrR(X.T) + C
But for the optimal solution the derivative must be zero. So the
which gives us

proof follows by contradiction.
Hence, we can increase the total throughput by reducing the o _ _
weaker user’'s power and increasing the stronger user’s powerP (X 7) M +1=ky ) =P+ Pr(x,7)+C. (30)
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Now the total throughput can be written as boundary cannot have a higher received power than a user on the
DPg(x.7) rate boundary. Let the maximum arjd minimum possible values
Pyt lon Par (7, 7) £C of Py (x,T) given by these constraints B%,;, and Py,.«. De-
p TEMEMIX, fine 7 (P) as the throughput achieved with, (x,7) = P. The
+ Z D P max(Xi, i) _ . optimal value ofPy; (%, ) is, therefore, found as shown in (39),
L ke Par(XoT) 4Py = Pimax(Xi, i)+ PrOX:T)+C at the bottom of the page. Note that!() needs to be evalu-
(31) ated numerically. However, we need to evaluate it only when
- h(Pmin) >C+ Pp > h(Pmax)-
Substituting forPr(x, ) from (30) we get Thus, the optimal rate and power adaptation scheme with fi-
nite continuous rates is as follows: Given a channel power fade
level vectory and a user distance vectbcompute the peak re-

Tk]\/[ykP (Y7F|Cl7 C2, Cé; 04) =ky M+

TkM;kl’ (Y?ﬂcl? C2, Cév 64)
D (P]M(Y;F) (% +1-— k’]u) - P, - C)

=ky M+ — ceived powers; ... for each user ab; ,,ax = Si maxXigi(7s)
P "'kMPM(X' T)+C and sort them according to (11). Then, the optimum throughput
+ Z 1 max(Xw rl) ) (32) is found as
ielp PZ\[ ( ) _Pz,max(thi) _ / _
Tope (X, Tlex, €2, 63, 04) "k <mi (D/M+nllai?)k <K—ky—1
Differentiating the total throughput with respect Ry (x,7) MR RS AT
gives us Tier kp (X Tlers e2, ¢, ca). (40)
1 0Tk, xp (X, Fle1, c2, s, Ca) We use this scheme to find the optimum average throughput for
D ’ Py (% 7) our system in Section IX.
P,+CO)E +1
= (P + )<ﬁ1_+ ) - VI. ANALYTICAL UPPERBOUND FORUNLIMITED CONTINUOUS
(Pp + kv Pr(X,7) + C) RATE AND POWER ADAPTATION
_ Z P max(xi i) (1 + 55) . The optimal scheme considered earlier gives us a way to find
icte (Pu(07) (14 £) = Pimax(Xi, 1)) out the maximuminstantaneoughroughput achievable for a

given channel fade vector and a given user location vector. How-

Rearranging terms and equating to zero, we obtain . . .
ever, an analytical expression for the maximawerage(aver-

h(Pun (X, T Z P; max(xi»mi) f(i, Pr(X%, 7)) = C + P,  aged out over the probability distribution of the channel fade
i€lp vector) throughput is difficult to achieve. We can upper bound
(33) this optimal average throughput as follows:
where .
P,+C 2 Topt(y7F|cl7CZ) S Topt(Y7F|cl7 62)
Fa + Piten
£ Pu(R7) = | T Pt (34) where
M Paa (Y’F) Cll : 0 S Pi(Y7 F) S Pmax(?7 F) :rnGaIX Pj,max(xj7Tj)
Note that f(i, Py (X, 7)) and, thereforeh(Py(X,7)) are !
monotonically decreasing functions dfy;(x,7). So there :I?Q}(Simaxxigf(rj)'

exists only one solution to (33) that can easily be found numer-
ically. Further, note thab,, (%, 7) is restricted as follows: S other words, we bound the total throughput of the system by

the throughput of a hypothetical system (call it the upper bound

Pri(X,T) <Py max(Xkeass Ty ) (35) system) where all users are as good as the best/strongest user in
(D the actual system. However, note that this is just a bound on the
Pr(X,7) (H +1- kM) <Py + Py ane,max actualthroughput of thectualsystem. In the actual system, the
3 (X L O (36) Usersare .not equally strong. _ .
D (Xhiranes Thirane) (36) The optimum rate and power allocation strategy gives us
Py(x,7T)| —=+1—kn | 2P+ C 37
J\[(Xa T) <M + 1”) =P + ( ) DktranstaX(Y'/ F)

Topt (Y/ F|C/17 C2) =

. 7 max —
if kP#O thenPZ\l(X?T) >PkM+1,max(XkM+17TkM+1) 0<kirans <K (ktrans - 1)Pmax(X7T) + c

(38) _ [ e e, i Pax(%,7) < C
where (35) follows from (26), (36) and (37) follow from (30) Dluea), otherwise.
and (27), and (38) follows from the fact that a user on the power (42)

Py (%, 7) =P such that

max{7T ( mm),T(PmaX),T(h—l(C+Pp))}, it A(Puin) > C + Py > h(Paay)
T

p) = {max{7< T (Pan)), otherwise. (39)
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Note that if the peak received power is more tidgrthen ac- D / I ex { (i+ 1)} du (51)
cording to (41) only one user in the upper bound system should Q
transmit. However, note that tlaetualsystem can also achieve Q C(i+1)
this throughput since the strongest user in the actual system is C (l I 1) {27 T} (52)

as good as any user in the upper bound system. Thus, the upper
bound is tight in this case. To average out ol (%, 7) we andla,z] = f°° t*~Lexp(—t)dt is the incomplete gamma
need the distribution aP,,,.x (¢, 7). The cumulative distribution function. In Section IX, we compare the average throughput
function of Pax (X, 7) IS given by this upper bound with the optimal average throughput
found through Monte Carlo simulations.
Fp,.. (x) :PrOb(PmaX(Xv ) < x)

=Prob(S1,max91(r1)x1 < & A S2,maxg2(r2)x2 VIl. OPTIMUM LIMITED DISCRETE RATE AND POWER
<TA---A SK,max!]K(TK)XK < 517) ADAPTATION
H We now present the optimal rate and power adaptation
o X\ S, maxgz(rz) scheme for an adaptive multiple processing gain CDMA system

el with discrete, limited rates. The rates transmitted by each user

whereF,, () is the cumulative density function of tié user's are constrained to a finite, discrete set of possible values. Thus,
channel power fade. Thy;} are assumed to be independerthe maximum throughput is given B, (%, 7|c1, ca, ¢5, ¢} ).
and identically distributed. Differentiating'’s___(z) with re- We start with the following proposition.

max

spect tar gives us the probability density function (pdf) Bf,.x Proposition 5: The received powers required to achieve a
d rate vectom = {ny,na,...,nx}, n; € ZT, can be expressed
PPoa (1) = PP (9) (42) as
1 — = n; 1 .
= P(x,7)=C ( ) _ Viel (53)
Pxi ) )
1621 X ( 7 ,maxJi (’I",)) Si,maxgi(T'i) n; + D 1- Y
z wherey = > ._;(n;/n; + D). Moreover, for a given rate
H Fo|— . (43) Jj€
. S maxg;(75) vector to be achievable, we must hayec 1.
jel={i} Proof: Equation (8) can be rewritten as
We evaluate this distribution for the symmetric case, Pv.7 w7 c
Simax9i(ri) = Smax, Vi € I assuming Rayleigh fading. Pi(x,m) - Z (X T) + =2, Viel.
They;s are exponential distributed with me&h so that i jel—{i} D D
1 T : :
()= — e _Z Rearranging terms, we obtain
Dy () Q exp ( Q) (44)
and
N Pi(x.T) = (Z P(x.7) + C)
Fu(a)=1-exp(-5). (45) e
Thus X <nL n D) , Viel (54)
K AN T
pro(@ = G(1-ew (-5)) " e (-5). @O =3 P (ZP X7 )
The upper bound on average throughput is, therefore, given as el Jer
n; .
T = [ Tupe(.TIE o), () @7) " (Z nit D> Vel 69
K—1 _ ¥
K-1\K ‘ = P;(x,7) =C——. 56
-3 (F ) gevaen @ 2 Pen =6 (56)
i=0 ¢ Q et
where Substituting into (54), we obtain (53). The achievability condi-
tion follows since transmit powers must be positive. Note that a
I D/ _ z(i+1) dz  (49) rgte vector is unachievable if it cannot be achievedafoypos
x+ (K-1Dz+C° Q sible fade vector. ]
[ C+1) The achievability constraint < 1 gives us the maximum
K “11li+1 1 —exp|— Q number of users that can transmit simultaneously as
c (i+1)C
7 exp | T Kpax <1+ D. 57
K_lexp[(K_l)Q] (57)
rlo Ci+1) r ‘0 KC(i+1) 50 The maximum achievable instantaneous throughput can be
% "Q(K - 1) B " (K - 1)Q (50) found by observing that for a given total throughput, MAI
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is minimized by allowing the maximum number of users to TABLE |
transmit at the peak rat®/. Therefore, for our system SORTED RATE AND FADE VECTORSWITH T'(1) < T(m), ¥ 1 < m
max T(Y7 F|cl7 C2, Cg; cil) ! ﬁ(l) E(l) T(l)
v MaD DD - M(K - 1)) L] {ma(1),mo(2), - nx(D} [ {6(1), &(1), (1)} | Snal1)
=37 |M+ 5% (58) 2| {m(2),n2(2), - ,nx()} | {6(2),£(2), €k (D)} | Zmi(2)
3| {n1(3),n2(3), -+ ,nk(3)} | {£1(3),&(3), (

where|z | is the greatest integéess than or equal ta. : : : :
Also, using the peak power constraint we find that for the rare ' ' '
vector to be achievable with a given fade vector the following

must be true: call that with adaptive modulation in narrowband systems it was
c n 1 found that optimal rate control yields almost all the throughput
gi(ri)xi > 5 (n -|—1D> T Viel. achievable with both rate and power adaptation. In particular, it

7,max 7 -

performs significantly better than power adaptation alone [7]. In

This leads to the optimum rate and power adaptation schemd4g section, we wish to perform a similar comparison for adap-
follows. For every achievable rate veciolet us define a vector tive multirate CDMA. First, we consider optimum power con-
¢ such thatt; = (C(n;/n; + D))1/1 —~, and a throughput trol. We restrict our system so thatwhenevergusertransmlts, he
T(7) = 3_,c; ni- Further, letus arrange these rate nectors USeS & fixed ratd/, while the transmit power is adapted to the
into a table in increasing order of the corresponding through@nnel fade vector. The average throughput for such a system
puts. Table lillustrates such a table, whéf8 denotes th&#" ¢ 1S
vector in the arrayl'(/) denotes the corresponding throughput,
and7(l) denotes the corresponding rate vector. Then, the op- T = ME[k(x)] (59)
timum throughput, rate, and power for any given fade vegtor
and user location vectar can be found through a table searclwvherek () is the number of users transmitting at ratefor a
as given channel fade vectgr. Note that since we are interested in
the average over the fading distribution, we consider the sym-
Topt(X,Tle1, c2, ¢, i) =T (lopt)s Topt(X>T) = T(lopt), metric case, where all users have the same propagation path loss
o &illopt) which can be incorporated into the peak power constraint, so
RileT) === Simax that Pi(x,7) = Pi(%) < Simaxgilri)xi = Shaexi- Now, if
k() users are transmitting at the same rate simultaneously, they
where must all have the same received powR(y) such that

lopt = max{l: x;g,(r;) > &(l),  Vjel}. DP(X) B
Although the size of the table can be large, note that it is much (k(x) — D Pe(x) + C
less thanM ¥ since the maximum achievable throughput is = Pu(x) = C

much less thad/ K for large K. Moreover, the size of the table KX L +1-k(x)
does not increase as the number of users increases b&ygond

(definedin (57)). The searchin the table can be made efficientﬁ)“s implies that

several ways. Thé vectors, always sorted &(j) > &i+1(5),
can also be sorted further in a lexicographic manmihin

the set of¢ vectors that correspond to the same throughpug.{, ¢ (),

— = Xmin

- [3 D VZ € Itrans(y)

Also, one can make use of the fact that a minimum throughpu Smax(37 +1 - k(X))
of > icr LPi,maX(Xi7ri)D/Z*eI—{i}P‘ ( '.r')-i—C’J is ob- ) . . (62)
viously achievable and, therefore, ‘Search for only high8therel aus(X) is the index set of transmitting users ar(t) =
throughputs. And of course, it is possible to have a tradeoffrans(X)|- The optimum power adaptation in this case is to
between optimality and complexity by limiting the complexitychoose the maximurh such that at least users have channel
of the search. fades better thag,.,i, (k). The optimum powers of thedeusers

It is also worth mentioning here that although the pemk are given by (61).
ceivedpower P; ax(xi, ;) Of a user changes over time, the The probability that at leagt users have channel fades better
table uses only the pedkansmitpowerS; ... which does not thanymin(k) is given by

M (60)

(61)

change.
¥)>
VIII. OpPTIMUM POWER CONTROL VERSUS Prob[k(x)24]
OPTIMAL RATE CONTROL =Prob[k or more users have fadgs> xmin(k)] (63)
K
In this section, we wish to find out the maximum average — Z (I.()Pi(l _ pk)K—i (64)
throughputs achievable with rate or power control alone. Re- T \?
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wherep,, = Prob[x; > xmin(k)] and the{x;} are independent

and identically distributed (i.i.d.). Thus, we have 20l- i
T =ME{k(x)}, 5 ]
min(K,|D/M+1]) sk 1

=M > kProb[k(x) = k] (66)
k=1 141 -

min(K,|D/M+1])
=M > k (Prob[k(x) > k]

12

64 x average throughput

k=1 - S n
—Problk(x)>k + 1]) (67) I = AU
min(K,|D/M+1]) K 8l Ve -6~ OUCRPA -
_ K i K—i % —v— OLCRPA
MYk (Z (%) ra-m I, T8 |
k=1 =k 4 —— DURPA
—x— disc. suoptimal rates
K K . o . : : : : —6- QURPA
_ Z < ; >p1k+1(1 _pk+1)h_l . (68) 0 10 20 aonocfusersao 50 60 70
i=k+1

Fig. 1. Average throughputs for different schemes.

This gives us the maximum average throughput achievable with,
power control, given a fixed transmit raté for every user. The
throughput is still a function ol and an optimum value o¥/
can be chosen for a giveli. In Section IX, we evaluate the 1
maximum average throughput achieved with optimum pow
control and find the optimum/ (assuming unrestricted rates)_
for different K . g

Next, we look at optimum rate adaptation. We restrict om;fj
system so that whenever a user transmits, he uses a fixed pcg
P, while the rate is adapted to the channel fade vector. We ;
sume the rates to be continuous and unlimited. But this givess
our optimum power and rate adaptation scheme considerec
Section IV. The optimum rate and power adaptation with unco
strained rates requires that a user, whenever he transmits, 1
his peak power. Hence, the optimum rate and power adaptat
is actually just the optimum rate adaptation.

1/64 2/64 ! 3/64 4/64
IX. NUMERICAL RESULTS transmit rate (M)

In this section, we present the results of simulations carriéty- 2. Optimum power control.
out in order to test the algorithms developed in the previous
sections and to gain further insight into the throughput achiev-Analytical upper bound (AU)> optimum unlimited contin-
able with adaptive multirate CDMA. The average throughputous rate and power adaptation (OUCRPA)optimum lim-
under different constraints is found and plotted in Fig. 1. Thed continuous rate and power adaptation (OLCRBADp-
parameters common to the curves in Fig. 1 are a maximuimum limited discrete rate and power adaptation (OLDRPA)
spreading gain ofV = 64, D = 3/2(F,/N.), = 20, and > optimum power adaptation (OPA).
(Smaxg(r)NT./N,) = 12 dB. All users are assumed to have The OPA curve is plotted for transmit rald = 1/32. The
the same peak transmit power and the same propagation mpendence of maximum average throughpudbfor various
loss. Channel power fades are assumed to be exponentidlyis shown in Fig. 2. From Fig. 2, we observe that for a given
distributed (flat Rayleigh fading) with unit variance. WhileK, there is an optimum value @ff that maximizes the average
we use flat fading for simplicity, note that the algorithmshroughput. Choosing/ to be higher than this value reduces
developed earlier can also be used with frequency selectihe average throughput. Also, as the number of users increases
fading as explained in Section Il. Limited rates schemes alldawer values of\/ are found to be optimal. Going back to Fig. 1,
users to transmit at rates up to 1/6. With these parameters, Wenote that the average throughput achieved with OPA is sig-
maximum number of users that can transmit simultaneousiificantly lower than that obtained with optimum rate adaptation
is Kmax = 20. Average throughput for the various scheme@OUCRPA).
is found using Monte Carlo simulations. The analytical upper The curves for OUCRPA and OLCRPA suggest that limiting
bound curve is also plotted in the same figure. As expected, tbe maximum achievable instantaneous rate for a user does not
a given number of users in the system, the average throughmitmificantly reduce the average throughput. This can be ex-
for various schemes are in the following order. plained as follows. In order to transmit a higher rate, a user
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max power constraint

needs a better channel, since his power is limited and he nee: 4
minimum signal-to-noise ratio (SNR). However, for most fadin
distributions the probability of a better channel (higher chann_ 14
power gain) decreases exponentially. So the contribution to %
erage throughput from higher rates is reduced correspondin(

The unlimited continuous rate curves are useful as a theo@w
ical upper bound for the performance of all schemes. They alg
serve as estimates for the curve of greatest interest to pract§
(finite, limited rates) systems, i.e., the OLDRPA. Note that wit3
i.i.d. users, as the number of users in the system goes bey:
Kuax the maximum average throughput keeps increasii 4
because thbest(strongest) users keep gettibetter(stronger). .
For large K,,.x however, the size of the table required fo 5 10 15 20 25
ODLRPA grows exponentially, increasing the complexity oi no of users
the search for the optimum rate vector. For this reason, wg.3. Effect of maximum raté/.
now look at other schemes that can achieve close to optimal
performance with a much lower complexity. 25 ' '

The discrete unlimited rate and power adaptation (DURP;
curve is obtained by adapting the OUCRPA scheme to discr

8

rates. The adaptation is such that 20}
— Pz max(Xi-Ti) EL
T(x,7) = max D : - Qs
(X/ ) nel icl Z Pk,max(Xk; Tk) + c £ "
tClopt ke]opt_{i} %
(69) ¢

where I, = {1,2,...,n}. As apparent from Fig. 1, this
scheme provides a good approximation to ODLRPA. Tt
quantized unlimited rates and power adaptation (QURP, s| 1
curve represents a scheme that is obviously far from desirat
It is included in Fig. 1 to show that a “direct” quantizatior
of OUCRPA fails miserably. By direct quantization we mea ‘ i i i ‘ i i
that for every given fade vectof and location vector, we b
find the OUCRPA rate vectof,n; € R* and let every user _ )
transmit at ratel /|1/n;]. That is, the optimum rate vector ile(']gl-Oi- o A_Velfg%eB;thUthut versus peak powBL(NT./No = p/4 G,
guantized by component-wise truncation. Obviously, as the =~~~
number of transmitting users increases, more quantizations
have to be performed and the throughput actudégreases IS an example _of t_he well knoyvn n_ear—far problem. The _totgl
The last remaining curve in the figure corresponds liited ~ throughput, which is our focus in this paper, is not a good indi-
discrete ratesuboptimal scheme that does not use a tapkator of th(_—:~ fairness of th(_a solution. Af_ull—ﬂedged simulation
lookup. Instead it makes use of an initial conservative estimd& & practical system using the algorithms developed here,
of achievable throughput provided by QURPA, and then tridéth particular attention to the individual rates achieved by the
to increase the rates of tiestusers, since the users with thevarious users, would provide a realistic estimate of the severity
best channels are most likely to be capable of supporting higtfrthis problem and point toward additional constraints that
rates. The complexity of this suboptimal schem@igc2), and need to be imposed to ensure fairness across users.
the throughput curve suggests that it performs reasonably well.

As stated earlier, the OUCRPA and OLCRPA curves in Fig. 1 X. CONCLUSION

seem to suggest that increasing the total number of rates aspje derive the maximum throughput achievable in a variable
signed to each user above a significantly large value does pgfe variable power CDMA system using a conventional
significantly increase throughput. Fig. 3 also verifies this resulfjatched filter receiver and a target bit energy-to-equivalent
The gains from having a bigger set of rates for each user quicljise spectral density rati@, /N.),. We start with a multiple
get saturated. Fig. 4 shows hows,. affects the system. The processing gain CDMA system with unconstrained rates avail-
law of diminishing returns is evident in this curve. able to each user. We show that in this case for a given channel
Note that in this paper, our aim is maximize the totgade vector the optimum rates and powers can be found with
throughput without any fairness constraints. We therefooc®mputational complexitye O(K?), whereK is the number
expect that the solutions obtained in this manner will allocat# users. The loss of throughput due to discrete, bounded rates
higher rates to users located closer to the base station vam an analytical upper bound on the average throughput with
suffer less path loss than the users located farther away. Thionstrained rates is also derived. We then consider practical
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multiple processing gain CDMA systems that restrict the valuegl2] U. Mitra, “Comparison of maximum likelihood based detection for two
of the users’ bit duration to a finite number of integer multiples \%‘f'tﬁt%gcgifs?;c?:r’]“eé;%' CDMA signal&EE Trans. Commup.
of the chip duration. We' show that in this case the optimun)13] s-3. Oh and K. M. Wasserman, “Dynamic spreading gain control in
powers and rates for a given fade vector can be found through  muiti-service CDMA networks,1EEE J. Select. Areas Communol.

; 17, pp. 918-927, May 1999.

a table search. Numerical results for the average throughpufﬁﬂ " “Optimality of greedy power control in DS-CDMA mobile net-
in all cases are also presented. works,” Proc. ACM/IEEE 5th Annual Int. Conf. Mobile Comput. and
We find that the optimum rate and power adaptation schemes] met\gogk- é“/t'?b'CamEQ)Blﬂ?E’- 4 A Bush Adani icod
. . P . . . D. Schotten, H. E. boll, an . buspoom, aptive muliti-coae

with unconstrained rates is in fact just a rate adaptation sghem@, CDMA systems for variable data rates,” Proc. ICPWC, 97 pp.
with fixed transmit powers. On the other hand, the optimum  334-337. _
ower adaptation scheme with fixed rates yields significantlyi16] B- Hashem and E. Sousa, /A combined power/rate control scheme for
p P y 9 . 31 data transmission over a DS/CDMA system,"Hroc. IEEE Vehicular
lower average thrpughput. Thus, although power a}daptatmn IS Technology Conf. VTC'9%p. 1096-1100.
much simpler to implement than rate adaptation, it can nevet7] S. )N Kim and Y. H. Lee, “CombineIC(i rate afn% powehr adallatation in
; ; ; ; DS/CDMA communications over Nakagami fading channelgEE
achieve the.average.throughputs possple with rate adaptatlon. Trans. Communyol. 48, pp. 162168, Jan. 2000.
We also find that increasing the maximum rate available tq1g] T. Ottosson and A. Svensson, “Multirate schemes in DS-CDMA sys-
each user beyond a given value does not significantly increas[le9 tems,”“g VTCh’95 Chflcagovllt_L, fuly 25—2?,, 19§SS-CDMA s
F P . — n schemes 1or multirate support in - systems,” In
thrOUthm' S_'mllar!y’ restricting the rates of the adaptive r_nUIf Wireless Personal CommunicationsNorwell, MA: Kluwer, 1998, pp.
tiple processing gain system to discrete values does not signif-  265-287. o
icantly decrease throughput. Similar results were obtained fdf0l ©: K. Tonguz and M. M. Wang, “Cellular CDMA networks impaired by
. . Rayleigh fading: System performance with power conti®EE Trans.
narrow_band single user systems in [7]. We also analyz_e SOME  veh. Technolvol. 43, pp. 515-527, Aug. 1994.
suboptimal schemes with lower complexity to determine thd21] K. S. Gilhouseret al, “On the capacity of a cellular COMA system,”
performance tradeoffs between complexity and optimality. We  'EEE Trans. Veh. Technolol. 40, pp. 303-313, May 1991.
observe that it is possible to reduce the complexity of power and

rate adaptation for a multiple processing gain system with dis-

crete, finite rates te- O(K?) without significantly decreasing

throughput. We also find that a peak power constraint limits t
maximum achievable average throughput even with unlimit
rates available to every user. This is in contrast to the case wh
there is an average power constraint: in this case it can be shc

that the unlimited rates assumption leads to unbounded aver,_
throughput. Thus, a maximum power constraint is a more fu_ ¢

damental limitation than an average power constraint.
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