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Abstract—We derive the system throughput and outage probability pefor- ~ One part of our contribution in this paper is the extensioQiof
mance of adaptive modulation with optimal power control in log-normal et gl's work in [8] to include log-normal shadowing and multi-
shadowing and multipath Rayleigh fading channels. We propse two ob- . P
jective functions, namely,maximin-S R optimum power control and minimum path RaY'e'g_h fadmg in the channel r.nOd.el' AnOt_her part of th
outage probability optimum power control. A dynamic programming based  contribution is our proposal of two objective functionsnmely,
solution to find the optimum transmit power vector is presened. System M aximin-SIR optimum Power Control (MSPC) andMinimum
pe_zrformance achieved using the p_roposed obj_ectlye funcm is com_pared Outage probability optimum Power Control (MOPC). A dy-
with the performance achieved using other objective functins considered ) g L )
earlier by Qiu et al. Our results show that a) in terms of total system NaMIC programming [10] based solution is emplO_YEd to find the
throughput, adaptive modulation with optimum_ power control gives the optimum transmit power vector such that certain system per-
b_e_st performance compared to pther sphemeb) in terms of outage proba-  formance metrics are optimized (e.g., maximize receiveég] Sl
bility, minimum outage probability optimum power control g ives the best S t babilit Perf in t thbot
performance, andc) maximin-SIR optimum power control benefits every minimize outage probabili y)' e Ormance_sl In erms 0 0
user in the system by evenly distributing the system capagit total system throughput and outage probability achievéugus
MSPC and MOPC schemes are compared with those achieved

using AM and AMPC schemes.

The rest of the paper is organized as follows. In Section II,
Cellular systems are characterized by time-varying chawe describe the system model, and derive the outage proba-

nels with signal fading due to multipath propagation andishability and average signal-to-interference ratio (SIR)Skection
owing, multiple access interference and/or co-channetfet- 1II, we introduce the proposed objective functions. Retdva
ence. These are compounded by the limited system resourcegivations in the performance analysis are moved to the Ap-
like transmitter power and channel bandwidth. Hence, bangkndices. Section IV gives the performance results andiglisc
width efficient communication with optimal allocation ofssy sions. Conclusions are given in Section V.
tem resources is crucial in cellular systems in general reaxd
generation high data rate wireless systems in particuld2[1 1. SYSTEM MODEL
Adaptive transmission is a way to achieve this goal. The ba-
sic idea behind adaptive transmission is to maintain a eomnstConsider the forward link (base station-to-mobile link ) af
signal-to-noise ratio at the receiver by varying the tramgpmw-  cellular system withV co-channel cells. We are interested in
er level, symbol duration, signal constellation size, ogdiate/ the optimum allocation of transmit powers and modulatien al
scheme, or any combination of these parameters [3]. phabet sizes from the base stations to their attached nsobile
B;,i=1,2..., N, represent the base stations and i =

I. INTRODUCTION

Adaptive transmission schemes are being employed in the e!]gt N
Iving 3G wireless standards [1],[2]. Adaptive modulation i 22 i ’.N’ represent the mobll_es in the sy.stem such that mo-
mobile radio channels using M-ary QAM has been considergﬁe Mi is attached to base statidh, V1 < i < N.

in [4]. Optimum adaptive transmission schemes which aehieWe consider the channel to be characterized by distance loss
Shannon capacity on fading channels have been derived.in [g]adow loss, and multipath fading. l&t;,1 < i, < N, be
Adaptive modulation has been shown to yield significant inthe distance of thg!" mobile fromi‘" base station, ang be
provement in performance, in terms of bit error rate and spdie distance loss exponent. We assume that the shadow loss is

tral efficiency on mobile radio channels [3],[4],[6]. log-normally distributed. As in [12], let0 _w& represent the

In [8], Qiu and Chawla studied adaptive modulation perfor- ) L . —&ij

mance with power control on the forward link (base statiorph@dow in the vicinity of the mobila/;, and10™ ~ represent
to-mobile link), but without considering time-varying airzel the shadow n the path from base' statlﬁ,rto mobile};. I\io}e
conditions due to shadowing and multipath fading. They cofflétéi; 1 <i < Nand;;, 1 < i,j < N are~ N (0,0%)".
sidered two schemes, namehdaptiveM odulation (AM) with- -8t @ij» 1 < 4,5 < N be the random variables representing
out power control, anédaptive M odulation with optimumpPo-  I-I-d Rayleigh fading amplltudzes in the path from base etati
wer Control (AMPC). In this paper, we derive the performancé {0 mobile);, such that?[aj ;] = 1.

of adaptive modulation with optimum power control in 10g- 1x ~ A (m, ¢2) indicates that is a Gaussian random variable with mean
normal shadowing and multipath Rayleigh fading channels.  and variancer*.




LetP = [Py, P»,- - Px]" be the transmit power vector, whereB. Average Received SIR
P; is the transmit power allocated by base statigntowards
the mobile statior/;, on the forward link. We are interested in
optimally choosing this power allocation vector, subjectér-
tain performance constraints like minimizing the outagebpr
ability, maximizing the signal-to-interference ratio E§| etc.
The average outage probability and the average received é?

Note that in (5),P;, d; ; are constants ang} ; is independent
of z;. Also, &; ~ N(0,02) andz; ~ N(m.,,02). Now,

by observing that the moment generating functidi (z) of a
Gaussian random variablé with meanm x and variance%;

inen by

for the system model considered are derived in the following _ . X emy 220X
subsections. The specific objective functions that we pgepo Mx(z) = Ele™"] = e et (8)
for the optimization are given in Section Ill. and taking expectations on both sides of (5), the average SIR
I'; = E[I';], at mobile)M; can be obtained as
A. Outage Probability T, = Hd;zyE[efkgi,i]E[ekz,-]
The received signal at mobilg/;, 1 < i < N, will consist a2 o2,
of signal power from its own base statid?), and interference = 'd;,,;"e’” o ek )
power from other base statioffity, j # i. For sufficiently large - 2 ; ;
N, ignoring AWGN component at the receiver, the Rat ? substitutingr., ando, from (3) and (4) in (9), we obtain
mobileM;, 1 < i < N, is given by i as
- _Giit&i —n —q 2 12 o2 2 -2
Pid, fE[oz?i]lO 10 Pid; ; Z]‘;&i Pid; ') +(e -1 Z]’;éqj Prd;;
Fi: - — T (1) T =
N —n 9 __S4,iTSi i = 3 .
zj:] j#i P]dl E[() j 1]10 10 (277&7 de i )

In the denominator of the above Equation, assuniingp be (10)

large, we can approximate the sum of scaled log-normal raffhe above expression far; will be used in the optimization
dom variables as another log-normal random variable [18]. " AMPC and MSPC schemes.

particular, we assume that for mobilé;,
I11. OPTIMIZATION

N
B _ & _zi
Y Pd;/107 10 =10 1o, (2)  We are interested in finding the optimum transmit power vec-
J=1,71 tor P such that certain system performances are optimized.

These performances can be any one or a combination of the
following: a) received SIR at the mobiles, b) outage proba-
bility, and c) system throughput. We impose a limit on the

wherez; ~ N (m.,,o?2). Definingk =
the of method of matchlng moments [13] We?get

k(o2 —o?) 1 1 maximum and minimum transmit power levels that the base
my, = f In ZN—Pd (3) stations can use. Accordingly, I1€t,,,, and P,,;, represent
J=1,j#i the maximum and minimum power allocation vectors, where
and Pz = V22 Pn’f”] andPin = [Pr]mn ..... P,’,Ym] .
, 1 22 Zf’] it p2d*2’7 As stated in Section |, we consider 4 different adaptive s
0 = |1+ (e" 7 —1) i e (4) namely,AM, AMPC, MSPC, andMOPC schemes. Of these
J=Llg#i = 1750 4 schemes, AM and AMPC schemes were considered in [8].
Hence, the SIR'; at mobileM; can be written as MSPC and MOPC schemes are our proposals in this paper. All
ks bz the schemes are described in the following subsections. We
[ = Pd; e ™ e (%) study AM and AMPC schemes also here, in order to compare

the performance of MSPC and MOPC schemes relative to other
schemesln all the above schemes, we assume that the channel
estimates made at the mobile receiver are perfect, the delay in
the estimation is negligible, the feedback channel which carries

We obtain the outage probability for mobile;, P!,,, as the
probability thatT'; < T'y, whereTy is the minimum SIR re-

quired. Itis easy to obtaif! , as

1 r these estimates to the base station transmitter is perfect and
m., — +.In 0
; ke Pid; ! delay-free. The base station uses this SR estimate information
Pou(B:To) = Q o2 + o2 > (8 1o decide the modulation al phabet size to use on the forward
- link, such that a desired bit error performanceis achieved.
WhereQ( ) r [ e~ 5 d“_ The average Outage probab".A Adaptive Modulation without Power Control (AM)
ity, P, is then glven by In this scheme, the transmit power vector is fixe®gt... The

modulation alphabet size on each of the base station-takenob
link is dynamically adjusted based on the SIRs receivedet th
Pout(B,Ty) = Z out (2, Tp).- (7) corresponding mobiles. Note that, although there is adiapta
of modulation alphabet size, there is no optimization ofira
2The derivation of Eqns. (3) and (4) are given in Appendix-A. mit powers at the base station in this scheme.



B. Adaptive Modulationwith Optimum Power Control (AMPC) f\

In this scheme, the transmit power veci@ris optimized, in °

addition to the adaptation of the modulation alphabet sime.

[8], Qiu et al considered transmit power optimization using ﬁ X ﬁbas_e ﬁ
any of two objective functionsjjz., objective function 1 (OF1) ° 5\“"‘"“” .
andobjective function 2 (OF2). However, their system model ° °
for performance analysis considered only static channiekga moblle

They did not consider random channel gains due to shadowing f

and fading. In this paper, we provide the performance aislys ‘e

of this schemeconsidering the random channel gains due to

log-normal shadowing and Rayleigh fading. Accordingly, we
derive the iterative equations to solve for the optimum powe Fig. 1. Cell geometry
vector P for both objective functions 1 and 2. These deriva-

tions are given in Appendix-B and Appendix-C. power vector P), SIR (') vector, capacity (logM, in num-

ber of bits) vector and total system throughpli{ P)), for the
different adaptive schemes when= 8 dB.

Here, we propose an objective function to find the optimufyom Table | we observe the following. In terms of system
power vector such that the mobiles’ received SIRs are maxnroughput, adaptive modulation with optimum power cohtro
imized. LetI',T'5,..., 'y, be the average received SIRs ajsing objective function 1 (AMPC-OF1) performs the best-ac
mobiles)M;, My, ..., My, respectively. The expression by jeying a total system throughput of 32.6 bits. However, itiae
is given in (10). Let'y,in = min{l'y, Iy, ---, Iy} We want yes this best performance in system throughput at the cost of
to find the optimum vectaP such thal’,,;,, is maximized (i.e., gegrading the individual performance of disadvantageditesb
maximize the minimum average SIR at the mobiles). One pqg-other words, AMPC-OF1 tends to assign high transmit pow-
sible objective function to do this is given by ers to those mobiles which are in favourable channel caiti
[ — with high received SIR values. On the other hand, mobiles wit
L&) = minily, Iy, I}, (11)  hessing poor channel conditions with low received SIRs are
assigned low transmit powers. This observation is evidgnt b
n1;1oticing that mobilel/; is assigned the minimum transmit po-
wer of -10 dBm, whereas mobil#; is assigned the maximum
transmit power of +20 dBfh While mobile A/ receives an
SIR of 34.1 dB, mobilél/; receives a poor -13.3 dB SIR. The
low transmit powers assigned to the disadvantaged molgles r
We proposeP,,; in the Egn. (7) as another objective functionsult in reduced co-channel interference to other mobildbén
That is, determine the optimum power vecforsuch that the system, thereby increasing other mobile’s throughput. S8en

C. Maximin-SIR Optimum Power Control (MSPC)

where we need to maximideg P) with respect taP. This opti-
mization problem is clearly a dynamic programming proble
which can be solved efficiently using recursive procedut8 [

D. Min. Outage Probability Optimum Power Control (MOPC)

outage probability in (7) is minimized. guently, mobileM; individually achieves a negligible through-
put of 0.02 bits, although the overall system achieves tls¢ be
IV. RESULTS AND DISCUSSION throughput of 32.6 bits. Note that if AMPC-OF1 scheme is

used in a system where keeping the overall system throughput
In this section, we present the system throughput and outagéts maximum is the prime concern, then the disadvantaged
probability performance of the 4 adaptive schemes conseiermobiles may experience increased delay, which may be accept
We consider a 5-cell system consisting of five base staticsible in some data-only applications [2].

mobile pairs, as.shown in Eig. L The distangfe; matrix WhiC,QMPC scheme using objective function 2 (AMPC-OF2) pro-

:;F:els egtg the f'gﬁgﬁﬁééﬁ mc;t;:l:r;rtzrg ;ngh iﬁ:f?hset?m\{ides total system throughput close to that achieved in AMPC
o LS 1) = 90,15 Td] Y9 . OF1. But the SIR balancing is more even in AMPC-OF2 than

biles are uniformly distributed in the cells. The distancssl in AMPC-OF1. Note that mobiléZ, achieves 7.1 dB SIR and

exponenty, is taken to be 4. The modulation considered i . ) . i .

M-ary QAM and the desired target bit error rafe,, is 10, % 29 bits throughput in AMPC-OF2 compared to -13.3 dB SIR

The minimum and maximum transmit power level, ., and and 0.02 bits throug_hputin AMPC-OFl: This can _be explained
p are fixed at -10 dBm and +20 dBm respectivé?y as follows. .If the dl_sadvantaged mob|lle_s are driven towqrds
maws ’ ) P,.in, then it essentially amounts to driving the cost function
We determined the optimum power vectéy, for the different & (P) in (21) to low values. Hence, AMPC-OF2, in an effort
adaptive schemes using their respective objective funstiie- to drive the®(P) towards the maximum, pushes the transmit
scribed in Section Ill. The Matlab Optimization Toolbox wapower levels towards all mobiles to sufficiently large value
used to carry out the optimization. Once the optimum powgfading to a more even balancing of SIRs and throughput.
vectorPis obtained, the following Steps-are carried out to COfTI-S Essentially, what this objective function tries to do is teximize the sum
pute th_e system throughput: a) determine the average mte%tal of Iogz(/\’/li), Vi, in (16), and it achieves this by driving the powers of
SIRs,T';, from P, b) determine the modulation alphabet sizejisadvantaged mobiles towards the minimum and the adveshtambiles to-
M;, from (17), and c) determine the total system throughpujfards the maximum transmit powers.
T(P), from (16). Table | gives the resulting optimum transmit



We further observe that, of the schemes considered, the prdieres? is the variance of log-normal shadowing. Assuming
posed maximin-SIR optimum power control (MSPC) balancé$ as i.i.d, we can obtain the variance of both sides of (2) as
the mobiles’ SIRs most evenly (see the SIR vector for MSPC:

[21.9,23.9,21.9, 21.7, 23.2]). All the mobiles uniformigtgn ~ ,#7>% (+*” _ ) (Z p;zdjfn> — e meik (kO )kl
throughput of about 5 to 6 bits each. Thus, the proposed MSPC I

scheme allocates the transmit powers in such a way that each (13)
mobile in the system (disadvantaged or advantaged in tefmsividing LHS and RHS of (13) by the squared LHS and RHS
channel conditions) is benefited by evenly distributingspe-  of (12), respectively, we can get the following equation

tem capacity. 5 9 =2

To deal with realistic signal constellations, we trunchgeton- I N CAl Y (#177]1”> (14)
stellation size to powers of 2, i,e., if the calculated vahie Z#i Pyd;

log,(M) = 3.7, then we truncate this value to 3 and use Bqn. (3) is obtained by substituting (14) in (12). Eqn. (4) is

bits per modulation Symb0|. With this discretization of €0Npbtained S|mp|y by takmg natural |Ogarithm on both LHS and
stellation size, we can compute the discrete system thimutgh RHS of (14) and dividing by:2.

Tp(P), as shown in the last column of Table I.

The proposed minimum outage probability optimum power cdd- Derivation of Iterative Solution for AMPC-OF1

trol (MOPC) scheme is found to achieve total system througlr_1étFI I'y. be the SIRs received at mobilas, My

put p[ose to those achieved in.AMPC-OFl' qnd AMPC-OF2. F—qor largeN, the interference can be assumed to be Gaussian.
addition, MOPC scheme achieves the minimum outage pro/?s'suming/\/l-ary QAM with M = 27, wheren is the number
ability among all the schemes considered. This is iIIuedatof bits per modulation symbol, the probability of bit errarf

in Fig. 2, where the average probability of outage for vasioy,, bileM: with SIRT b imated by [11
schemes are plotted as a function of SIR threshbjd when € mobliedd; Wi i can be approximated by [11]

_ ) —1.5.T;
o =10dB. Pl = 02eMi—1_ 0<T;<30(ndB), (15)

We also observed the effect 8%,,,, on the outage probability . ) .

and throughput achieved under various schemes. In paiticuWit‘ereMi is the alphabet size of the QAM constellation for the
we variedP,,,, from 5 dBm to 20 dBm in steps of 5 dB. Wei'~ mobile. The objective function 1 is given by

found that, asP,,,. is increased, the outage probability im- N

prove_d significantly in the. case of MSPC, and remained essen- T(P) = Z log, (M (T5)), (16)
tially independent of?,, .. in the case of AMPC-OF1. We also i1

make a note that, aB,,,, is increased, the system throughput

also improved marginally for MSPC, AMPC-OF 1, and AMpcWherels, i = 1,..., N are the average received SIRs at mo-
OF2 schemes, as llustrated in Fig. 3. biles M;,i = 1,..., N, which are functions of the transmit

3 3

power vectorP. The relation between the alphabet size and the
average received SIR is given by

M;i(T;) = 1+ AT, (17)

15
log(5P.) "

V. CONCLUSIONS

We derived the system throughput and outage probability per
formance of adaptive modulation with optimal power controkhere, from (15)7 is obtained as} =
in log-normal shadowing and ngle_lgh fad”?g channels. ote thatT'(P) in (16) can be interpreted to be the system
proposed and analyzed two objective functions, using a

. . g ' . roughput (in terms of total number of bits over the constel
namic programming based solution to find the optimum trans- ghput (

: . . tions of all the mobiles in th tem]:(P) is maximiz
mit power vector. The system performance achieved using t gons oratine obiles © sys eg?((g) s ma ed

proposed objective functions was compared with the perfd¥ith respectta?. To do so, performingg 5= = 0 gives
mance achieved using other objective functions consideyed _ N .

others in literature. We showed tha} adaptive modulation ary S <1 + 5Fi> dlj (18)
with optimum power control performs best in terms of system dPp; 1+8T;) dP;
throughput,b) minimum outage probability optimum power

control gives the best performance in terms of outage pribbalpbserving thad't’—g = g (18) can be simplified as

ity, andc) maximin-SIR optimum power control benefits every ' ' L

user in the system by evenly distributing the system cagpacit p - _ r; (19)

ZN 14675 ) dT;
i=1.j#i \ 134T, ) dP;

The expression for; is given in ( 10). Finding the derivative
of I'; w. r. t P;, and substituting in (19), we obtain an iterative
Using (8), we can take the expectation on both sides of (2) asquation to solve for the optimui in terms ofP;’s, as

AR Pn+1) = G(B(n), (20)
e’“T( > de];?> = e (12)
J=1,ji

J=1,7#i

APPENDIX

A. Derivation of Egns. (3) and (4)

where P(n) = [Pi(n),...,Py(n)]T is the transmit power
vector at thent” iteration, andG is a function ofP.



TABLE | [13] G. L. Stuber,Principles of Mobile Communications, Kluwer Academic
Publishers, 1996.

Scheme P vector T vector log, (M) vector T(P) | Tn(P)
(dBm) (dB) (bits) (bits) | (bits)
AM P [16.1,22.6, 28.3,30.8,19] | [3.7,5.7,7.6,8.4,4.5] 29.9 27

AMPC-OF1 || [-10,19.4, 20, 18.7, 18.4] | [-13.3, 27.5,34.1, 34.7,23.5] [0.02,7.3,9.5,9.7,6] | 32.6 31
AMPC-OF2 || [4.5, 20, 16.4, 6.6, 14.4] [7.1,31.8,34.3,24.1,22.6] | [1.3,8.7,9.6,6.2,5.7]] 315 29
MSPC [19.9,19.9,10.2,7.9,19.6] [21.9, 23.9,21.9, 21.7, 23.2]| [5.5,6.2,5.5,5.4,5.9] 28.4 26
MOPC [7.6,19.2,15.2,12.6,17.8] [8.1, 29, 29.4, 28.6, 23.9] [15,7.8,7.9,7.7,6.2]] 31.1 28

C. Derivation of Iterative Solution for AMPC-OF2

Since maximizing system throughplit P) is essentially max-
imizing the ‘sum-of-logs’ expression in (16), it is equigat to
maximizing the product of the mobiles’ average receivedsSIR

This observation leads to the objective function 2, given by 1’
N
o) = []Tw 1)
i=1 €
To maximize® (P), setting its gradient w. r. P to zero gives §
1dTl; 1dTl; 3
== P’ + — dPJ = 0. (22)
F,; i =1, F]‘ [ <
ing 4l = Lt i T eon
Using 55 = & in (22), we get A
"o more
1
P = —— (23) 10 ; ‘ ‘ ‘ ‘
ZI'V] i é;“;’ 0 5 10 R 15 @ 20 25 30
7: 5 ]—w] ‘i Threshold

Lo L — L Fig. 2. Average outage probability verslig for various adaptation schemes.
Finding the derivative of'; w. r. t P;, and substituting in (23), "5 = 10 dB.

we obtain the iterative equation to solve for optimiin as

P(n+1) = H(E(n)). (24)
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