IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 2, NO. 1, JANUARY 2003 1

Downlink Joint Rate and Power Allocation in
Cellular Multirate WCDMA Systems

Dong In Kim, Senior Member, |EEE, Ekram Hossain, Member, |EEE, and Vijay K. Bhargava, Fellow, |IEEE

Abstract—This paper proposes a novel dynamic joint rate
and power control procedure for downlink data transmission
in a multicell variable spreading factor wideband code-division
multiple-access (WCDMA) system where the different users
have similar quality-of-service requirements in terms of the
signal-to-interference ratio (SIR). Two variations of the dynamic
joint rate and power allocation procedure, namely, Algorithm-1
and Algorithm-2, are presented. The performances of these two
schemes are compar ed to the performance of the optimal dynamic
link adaptation for which therateand power allocation isfound by
an exhaustive search. The optimality criterion isthe maximization
of thetotal radiolink level capacity (or sum-rate capacity) in terms
of the average number of radio link level frame transmitted per
adaptation interval under constrained SIR and power limit in the
base station transmitter. The proposed schemes have linear time
complexity as compared to the exponential time complexity of the
optimal scheme and achieve better radio link level throughput
fairness compared to the optimal link adaptation scheme with
a moderate loss in total throughput. Performance evaluation is
carried out under random and directional micromobility models
with uncorrelated and correlated long-term fading, respectively,
in a cellular WCDMA environment for both the homogeneous (or
uniform) and the nonhomogeneous (or nonuniform) traffic load
scenarios.

Index Terms—Dynamic rate and power adaptation, multicell
multirate wideband code-division multiple-access (WCDMA)
systems, radio link level throughput fairness.

I. INTRODUCTION

HIRD-GENERATION (3-G) <Author: Please define

“PP"> PP wideband code-divison multiple-access
(WCDMA) system, which is being developed as one of the
IMT-2000 standards, is expected to provide high-speed packet
data services with different quality-of-service (QoS) support
for 3-G wireless communications. In a WCDMA system, the
transmission rate and the power corresponding to the different
mobile users can be dynamically varied depending on the
variations of the channel condition to improve the spectra
efficiency while meeting the QoS requirements of the mobile
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users. The data transmission rate in the forward link physical
layer of a WCDMA system can be controlled by using the
variable spreading factor (VSF) method or the multicode
method [1]. This paper proposes a novel joint adaptive rate and
power adaptation procedure for downlink data transmission in
multicell VSF WCDMA systems where the mobile data users
are assumed to have similar signal-to-interference ratio (SIR)
[and hence similar bit-error rate (BER)] requirements.

In an interference-limited environment, channel utilization
(and hence the system capacity) can be enhanced by suitable
rate and power allocation to the mobiles based on the corre-
sponding interference and fading conditions—if amobile expe-
rienceslarger interference, the rate assignment for thismobileis
to be constrained to lower rates compared to that for the mobile
with better channel conditions. Thisis similar to the dynamic
link adaptation concept proposed for narrowband systems [2].
In this paper, ajoint dynmaic rate and power adaptation pro-
cedure is proposed (with two variations) for both uniform and
nonuniform traffic loadsin amulticell environment considering
both random mobility with uncorrelated shadowing and direc-
tional mobility with correlated shadowing. Since the short-term
fading (i.e., multipath fading) changes more rapidly compared
to the long-term fading (i.e., path loss and shadowing), multi-
path fading is assumed to be independent.

The organization of the rest of the paper is as follows.
Section Il presents the background and motivation of the
work. In Section 1ll, a model is developed to evaluate the
SIR and based upon it the optimal rate and power allocation
is determined for downlink data transmission in a multicell
VSF WCDMA system. In Section 1V, two suboptimal joint
rate and power allocation algorithms, namely, Algorithm-1
and Algorithm-2, are presented for dynamically adjusting the
transmission rate and the transmission power corresponding
to the different mobiles. In Section V, the sum-rate capacity
is investigated analytically for joint rate and power adaptation
using Algorithm-2. The simulation model along with the
simulation, the seminumerical and the analytical results are
presented in Section V1. In Section V11, conclusions are stated.

Il. BACKGROUND AND MOTIVATION

The problem of optimal rate and power adaptation for uplink
packet data transmission in a single-cell multirate CDMA
system was addressed in [3] and the optima centralized
adaptive rate and power control strategy to maximize the total
average weighted throughput was determined. With the ob-
jective of maximizing the throughput and with the constraints
on maximum power and/or minimum rate, the problem of
jointly controlling the user power and data rates for uplink data
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transmission in a single-cell CDMA system was formulated
as a constrained optimization problem in [4]-6]. In [7], the
throughput maximization problem for CDMA uplinks was for-
mulated as an optimization problem in terms of the spreading
gains and the transmit powers of the users.

However, the problem of joint rate and power adaptation
under constrained SIR and power limit for downlink data
transmission in a multicell and multirate CDMA system
has not been studied. In this paper, we address this problem
and based upon a simplified SIR model for downlink data
transmission in a multicell VSF WCDMA system, we find out
the optimal solution by an exhaustive search in the solution
space. The optimality criterion here is the maximization of the
total radio link level capacity (or sum-rate capacity) in terms
of the average number of radio link level frame transmitted
per adaptation interval under constrained SIR and power limit
in the base station (BS) transmitter. The spatial distribution
of the users aong with the short-term and long-term channel
fading are explicitly taken into account. Since in a cellular
WCDMA system with large number of users, implementation
of such an optimal scheme would be infeasible due to the
huge computational complexity, we propose two very simple
(implementation-friendly) suboptimal schemes. The sum-rate
capacity of these suboptimal schemes are compared to the
optimal scheme.

Again, most of the recent papers [7]-{11] reveal that the
throughput-maximizing rate alocation with power limit per-
mits only very few users (with favorable channel conditions)
to transmit at or near the maximum allowable rate, and the
rest of the users do not transmit at all. This implies that the
throughput-maximizing rate distributions are extreme, which
may cause unfairness in radio link level [and hence higher
layer protocol, e.g., transmission control protocol (TCP)]
throughput performance in a cell. In the same way, the above
optimal rate and power alocation islikely to cause the fairness
problem among cells, as well as usersin a cell. Therefore, the
performances of the suboptimal schemes are compared with
the performance of the optima scheme in view of both the
sum-rate capacity and the fairness.

Thesimplistic SIR model along with the simple dynamic rate
and power allocation schemes would enable us to evaluate the
higher layer protocol performance under dynamic link adapta-
tion and understand the interlayer protocol interactionsin mul-
tirate cellular WCDMA networks.

I1l. MODELING OF DOWNLINK SIR AND OPTIMAL RATE
AND POWER ALLOCATION

A. Modeling of Downlink SR

We consider a variable rate downlink data trans
mission system for WOCDMA-based cellular networks
where the transmission rates can be selected from
the set of rates {vg,v1,...,v,}. If it is assumed that
vm = muy; (m = 0,1,...,¢)!, and that only one frame (of
fixed length of M bits) corresponding to the basic rate v, can

be transmitted during a frame time, then for transmission rate

IFor the rest of the paper, itisassumed that v,,, = mwv, sothat the normalized
value of v,,, with respect to the basic rate v; ism.

TABLE |
LisT oF KEY NOTATIONS
Parameter Value
Frame-time, T 10 ms
Chip sequence length, N 128
Path loss exponent, § 4.0
Standard dev. of
shadow fading, o 8 dB
v 0.2
P./Pg 0.05, 0.1, 0.2
D 100 m
ED 0.1
Ag 4.2
v 20, 50, 80 km/hr
%) 8
J 2, 18

of v,,,, m frames can be transmitted during the same time. For
this, a VSF WCDMA system can be used where the basic gain
is given by N chips per bit, and in the case of rate v,,, the
spreading gain is reduced to N/m chips per bit.

Table | lists notations on key parameters to be used in the
downlink SIR modeling below.

Suppose that Pb(_i.) is the transmission power corresponding
to the ith mobile station (MS) in cell j when the basic rate v; is
used for transmission to the MSin the downlink. Then, in order
to achieve the same BER performance, the power allocation for
rate v,, would be mP,f_J,L.).

Now assume that the number of MSsin cell jisg; (j =
0,1,...,.J),andthat theMSsinacell areuniformly distributed.
The radio propagation is modeled by path loss, shadowing and
multipath fading. The signal from the base station ;’ (denoted by
(BS),) to the ith mobile of cell j (tagged cell) is attenuated by
the 6th power of the distance and log-normal shadowing, that is,
the signal power received at theith mobilein cell j from (BS)
is

Lj/ (J/L) — Tz_f’ . 1057‘_3-//10. (1)

The signal is also affected by an L-path Rayleigh fading vyith
path gaina; ;v (1= 1,2,...,L), where Y a2, 2 ¢V,

CDMA systems are generaly interference-dominant and
if noise becomes dominant, the capacity of such a system
cannot be fully utilized. Near the capacity limit, time-division
multiple-access systems are interference-limited too (due to
co-channel interference). Since we are concerned with the
maximum sum-rate capacity, we are considering a system
which should operate near its maximum capacity. In fact, the
optimal rate allocation scheme induces the sum-rate capacity to
the maximum transmission rate supportable in each power-con-
strained cell. For this reason, the noise term is ignored in the
modeling and analysis of downlink SIR below.

The output signal-to-interference ratio (SIR)S_B_I for the Ith
path, at the ith mobile of cell j can be expressed as in (2),
shown at the bottom of the next page, where v < 1 represents
the orthogonality factor in downlink (v = 1 corresponds
to perfectly orthogona in-cell mobiles) to account for the
self-interference due to delayed multipath components even
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with in-cell synchronous transmission, while for intercell asyn-
chronous transmission [12] v = 0, and mz(.”) € {0,1,...,¢}
denotes the rate allocation to the ¢th mobilein cell j.

In fact, v depends on the location of each MSin cell j and
also the characteristics of the multipath fading channel. For sim-
plicity, in the SIR model devel oped below the effects of user lo-
cation and multipath fading on v are not taken into account and
aconstant value (<1) of v is assumed.

If we include the transmission power of any of the control
channels(e.g., pllot channel) in (2), the RAKE-combined output
(SIR)(J) SE I(SIR)O Zl can be effectively modeled as in
(), shown at the bottom of the page, where P, indicates the
pilot-signal transmission power and ;. /;(4) is the intercell in-
terference factor defined as follows:

s ¢V Ly, Q)
¢ L)

Let usdenote Pg ; asthetotal transmission power at the (BS);,
namely,

njey;(i) 2 4

Z m(l P(J) (5)

Then, the RAKE-combined output (SIR) gj 2 at theithMSof cell
j can be expressed by

)
. PYN
(SIR)Y) = bt 6)

J'#i

where 3;:/; = Pp j1/Pp ;.

B. Optimal Rate and Power Allocation

Based on the above SIR modeling, an optimal rate and power
alocation is performed in the sense that the sum-rate capacity

where (SIR), = E; /1, isthetarget SIR and P isthe average
power constraint per cell (i.e., average power budget available at
the BS of acell). Itisto be noted that the “rate 0” isallowed for
the maximum sum-rate capacity (i.e., m(] € {0,1,...,¢}).
Proposition 1: To maintain the same downlink quality
(SIR)Y) = (SIR)Y) foral i = 1,...,g; incel j, the
RAK E-combined output SIR expron in (6) can be formu-

lated as
; N P,
smG= g (1-5E) @
me)uff) B,j
k=1

where the effective interference factor u(] ) in cell j isgiven by

u?=[u—w+§j@wwwmwl (10
J3'#I

Proof of Proposition 1. First, in order to have the same
downlink quality for all MSsin the tagged cell 5, (6) should be
of the form
piN

(SR = 5

(11)
Here, the parameter p; which is kept the same for al MSsin
cell 7, is defined by

}(])
P = (J) izl,...,gj

(12)

where the effective interference factor ugj ) in cell j isgiven by
(20) with the index % replaced by 7. We note that the effective
interference in each mobilein cell j ismodeled in terms of the
in-cell orthogonality factor v, the power ratio 3;:,;, and the in-
tercell interference factor ;. ,;(4) that aso includes the multi-
path fading. The resultsin [13, eg. 21, p. 309] can be consid-
ered as special cas&s of the above formulation when v = 0,
Bir i =1, and('j] 1 (no fading).

Now, substituting %) = p; - u?” [from (12)] into (5) gives

ZJ 0% ) is maximized with the SIR and power con- Pp, - P.
straints such as pj = m (13)

) m\ m J

(SIR)Y) = (SIR)pa >(SIR), Vi, j @ k; BTk
1 J and then combining thiswith (11) ends up with (3). ]
ESH Z Pp; <Pp (8) It isto be noted that the commqnication quality will fluctuate
(J + )j=0 acrossthe cellsunless {Pg ; | j = 0,1,...,J} are properly

. o2, (m 1) (—) Li(G:9)

(SIR>on 1= gj ] . . . (2)

3 mO PO 1L+ E S mP P L ()

k=1 j'#j k=1
. PN

(SIR)S) = ©)

-0 (%

k=1

(J)P(J) +p> 4 Z] 2 (Z mil )Pb(]k) -|-P> -nj//j(i)
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alocated toyield (SIR)Y) = (SIR), 4 for all ;. For thisreason,
itisrequired to globally alocate { Pp_;} such that the downlink
quality for al cellsis kept the same.

From (9) and (10), if we let (SIR)Y) = (SIR), 4 for all j
dongwith 3;,; = Pp »/Pp ;, weobtain (J+1) smultaneous
linear equations in (14)

95

B; lN ~(1-v)Y m(SIR),

k=1
;75 (k) - (SIR)o,a = N,

Zm(])zﬂj/
= J'#]
J=0,17...,

J (14

where 8; = Pg j/P..

Ingeneral, given {g; }, m,s and {n;:,;(k)} dongwith N
and v, these equations can be solved so as to yield the global
power alocations {Pp; | j = 0,1,...,.J} with the con-
straints (SIR),,q > (SIR), and 1/(J + 1) Y27_o B; < Pp/Pe.
Once the per-cell power alocations { Pp_;} are determined by
(14), the per-user power allocation at basic rate {P(j)} can be

found using (10), (11), and (12) with the constraint (SIR),;; @) >
(SIR),.

Using (14), the optimal rate and power alocation
during each adaptation interval can be determined
by an exhaustive search for the rate combinations
{(])U—Ol JJii=1,...,0; that  maximizes
the sum-rate capamty within the SIR and power constraints.
It is to be noted that, inclusion of a constraint on throughput
fairness (over each adaptation interval) among the users and
across the cells in the general optimization approach above
would make it computationally prohibitive. Again, ensuring
fairness in a very small time-scale (e.g., one adaptation in-
terval) would beimpractical due to the highly degraded channel
utilization. Therefore, the fairness among the different users
is generally measured over several frame-periods (rather than
over each frame period).

It isto be noted that, the above approach to optimal rate and
power allocation considers common SIR requirement for all the
mobilesin all the cells. The problem of dynamic rate and power
adaptation under multiple SIR constraints (e.g., different SIR
requirements for the different mobilesin the different cells) can
be addressed under the above optimal rate and power allocation
framework even though the computational complexity of adpap-
tation would increase.

It is not difficult to observe that the computational
complexity of the exhaustive search for determining
the optima rate and power alocation would be of
O (((p+1)%)*1) x O((J+1)%. Since finding the
optimal solution requires cycling through all possible assign-
ments which would involve exponential time complexity,
the problem of optimal rate selection (which is similar to the
satisfiability problem ([ 14, p. 673])) isNP-complete. Therefore,
it is unlikely that a true optimal algorithm for this problem
(other than the exhaustive search) exists. Hence, in a practical
scenario, a fast and efficient procedure would be desirable
which may not necessarily result in true optimal rate and power
alocation (from the viewpoint of total sum-rate capacity) but a
suboptimal rate and power allocation.

Again, the optimal rate and power allocation is aso likely
to cause the fairness problem among usersin different cells, as
well asusersinacell. Therefore, we propose the two suboptimal
dynamic rate and power allocation schemes which greatly re-
ducethe computational complexity whileincreasing thefairness
across the cells. The sum-rate capacity and the radio link level
throughput fairness (among usersin different cells) for thesetwo
schemes are compared with those of the optimal rate and power
allocation scheme. '

The rate alocations {mgj)} and the per-user power alo-

cations at basic rate Pb(fi) under the proposed suboptimal
schemes are dependent on the interference distribution. The dy-
namic rate and per-user power (at basic rate) adaptation is made
in such away that higher transmission rates are assigned to mo-
biles experiencing lower interference, whereaslower powersas-
signed to the mobiles as given in (12) for fixed p;. The per-cell
power allocations { P ;} for these suboptimal rate and power
adaptation algorithms are heuristic-based and are determined
by the traffic load distribution over the cells. The suboptimal
schemes are expected to improve the throughput fairness with
reasonably high sum-rate capacity.

V. SUBOPTIMAL JOINT RATE AND POWER ALLOCATION
A. Uniform Traffic

With uniform traffic distribution, the traffic load is on the
average same in al cells, and the same power constraint ap-
plies to al the cells, i.e., the power constraint is modified as
Py ; < PV j. Therationale behind this is that the optimal
rate allocation will increase the sum-rate capacity to the max-
imum allowable rate in each cell. Then, the throughput fairness
among users in different cells (or intercell throughput fairness)
may be achieved by constraining thetotal transmission power at
the BS to the same limit. In fact, the optimal algorithm searches
for a user with least interference condition (level) across the
(J+1) cellsinvolved to maximize the sum-rate capacity. There-
fore, therate allocation among usersisexpected to become more
“nonuniform” compared to the suboptimal algorithmsfor which
the search can belimited within acell with the power allocations
per-cell (i.e., { P, ;}) heuristically determined.

We assume that the target (SIR),, corresponding to some de-
sired BER performance (e.g., BER < 107°) is known to the
BS and that the traffic loads in all the cells are the same. Then,
using (9) and since P ; < Pg, for agiven traffic load of G per
cell

0, @ o N P.\ a
1— -2 )2, 1
ka ™ = IR)O ( PB) v ( 5)

This bound enables us to jointly alocate the rate and the
power to the mobiles When the corresponding effective inter-

ference factors { (J >} are known.

Based on the measured/computed {M(J)}k—l’ the rate

( ) (k=1,..., G) is adaptively changed in such away that

the weighted sum ) interference (e, X5 mul) does not
exceed v, the a priori bound. Regarding the per-user power
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allocation at basic rate, since the downlink quality should be
maintained the same for al mobiles, it is obvious that

PO =pjud, k=1,...G. (16)

It isto be noted that, under uniform traffic case, even though
the number of mobilesisthe samein all the cells, the path gains
and the interference conditions may not be necessarily samein
all the cells. Therefore, therate allocation among the mobilesin
the different cells may not be the same if a snapshot is consid-
ered.

In the algorithms below, the M Ss are assumed to be logically
arranged in a list in the increasing order of the corresponding
interference factors Note that, for both the algorithms, the key
parameter is u Y ) which is to be measured or computed. This
implementation issue will be discussed in Section 1V-A4.

1) RateAllocation Algorithm-1: The rate all ocam onismade
such that the sum-rate capacity, namely, >, m,f ) is maxi-
mized while satisfying the constraint in (15). The rate allocation
agorithm can be stated as follows:

(i) Initialize ¢ to 1 and

weighted sum interference to
0.0.
(i1)
rate v, (Mm < ®)

Allocate the maximum possible
to the ¢ th MS with

(7) such that
(J) <

interference factor pu;
weighted_sum_inter ference + mpu,
update weighted sum interference to
weighted_sum_inter ference + mu,gj)

(iii) Increment ¢ and repeat step (ii)
for the next candidate mobile (in the
list).

v and

Inthiscase, ratesare assigned to the mobilesin a“ depth-first”
fashion starting from the one experiencing the lowest interfer-
ence. In this case, due to the “aggressive’ rate allocation cor-
responding to connections with better channel conditions the
radio link level sum-rate capacity is expected to be high. Since
in this case the rate change can be “abrupt” from frame time to
frame time, the variance of the radio link level frame transmis-
sion delay can be high.

2) Rate Allocation Algorithm-2: In this case, the rate corre-
sponding to each mobileisfirst set to be inversely proportional
to the corresponding interference factor. Then the rate aloca
tions are updated in a “breadth-first” fashion as far as the sum
interference isless than v asin (15).

The algorithm can be expressed as follows:

(i) . As long as the inequality in

(15) is satisfied, allocate rates

to all the mobiles according to

mg) = 111111((04//1,(5)),90) k= 1,...,G where
() is the integer nearest to z,

o = N/G(l — (PP/PB)) (SIR);l and PB,j = Pgp.
(ii) . Update the rate allocation in a
‘breadth-first’ fashion over all the MSs
such that the sum interference does not
exceed 7.

This algorithm (as described inside the box below) makes
the rate change from frame time to frame-time smoother (com-
pared to Algorithm-1) so that a more uniform delay will be
incurred at the radio link level. With dynamic link adaptation
using Algorithm-2, the throughput fairness is expected to be
higher compared to that for Algorithm:-1.

3) Power Allocation: As for the per-user power allocation
at basic rate, the parameter p; in (16) isfound as

Pp — P.
TR (17)

§:7nk Uk

This can be interpreted as joint rate and power allocation be-
cause the power alocation itself depends on the rate alloca-
tion. Also, it is observed that the effective total power in traffic
channel converges to

Z m(J)P(J

for the rate allocation using Algorithm-2. In other words, the
product of power (at basic rate) and rate per traffic channel
is kept constant at p;a regardless of the effective interference
factor.

4) Implementation Issue: Given the target (SIR), and the
traffic load G, the parameter /L,(j) (k=1,...,G) needs to be
measured/computed periodically every adaptation interval. The
effective interference factor ;ng ) can be measured usi ng (10) as-
suming that the MS location can be tracked at the BS. A more
practical way of implementation would be to compute the pa-
rameter by using the link quality estimates (e.g., (SIR)S_,)c) at
each mobile.

From (11) and (12), we obtain

— (pja) G (18)

)

N P
Hl(cj) = ) # (19)

(SIR)gx *B
with Pg; = Pg. Therefore, if each mobile continuously
measures the link quality in terms of (SIR)E){,)c and reports

any change in (SIR)S,{,)C to the BS, then based on the values

of Pb(]k) and Pg, the effective interference factor /1,53 ) for the
next adaptation interval can be computed at the BS using (19)
for a given processing gain N. After ;L,(j) is computed, the
rate allocations (m,ij)7k =1,2,... ,gj> can be determined.

Based on i\’ and m\”, the parameter p; and hence the power
alocations can be determined at the BSs. In this way, the above
joint rate and power adaptation algorithms can be implemented
in a mobile-assisted and base-station controlled manner. The
implementation procedure is shown by a flow diagram in
Fig. 1.

This SIR measurement-based rate allocation may not cause
extraoverhead since the mobile units may perform the SIR mea-
surements (which would be required for power control purposes
anyway) on aper-slot basis during each frame time which typ-
ically consists of 16 power control slots (or groups). The mea
sured SIR values can be transmitted to the BS (e.g., through the
uplink DPCCH in ETSI WCDMA [12]) periodically.
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j)
Measure (SIR)(()] Kk at the MS and report to (BS)j

)
Compute p.(f( using (19) at the (BS): based
. . .
on power allocation (B , Py’ ) in the previous
adaptation interval ’

Based on (15) determine rate allocation m k
using Algorithm-1 and Algorithm-2

Compute p:

) using (17) at the (BS)j

Based on u(ll() and pJ determine Pg )k using(16

Fig.1. Flow diagram for joint rate and power allocation in the case of uniform
traffic.

B. Nonuniform Traffic

For the same SIR constraint for all the downlink data traffic
flows in al the cells, the intercell fairness under nonuniform
traffic may be achieved by constraining the power allocation per
cell, i.e, Pp ; asfollows:

9;

Pp; < Pg (20)

J
1
T+1 > gj
i=0

forj =0,1,...,J.

Thejoint rate and power alocation for nonuniformtraffic dis-
tribution can be performed after the optimal global power alo-
cations{Pg ; | 1 = 0,1, ..., J} have been determined by the
network controller. For the suboptimal joint rate and power al-
location, the per-cell power alocations { P ;} are assumed to
be given by (20).

Based on { Pp ;} and n;/;(k), the effective interference fac-
tors u§g>, k =1,...,g;, can be measured and hence the rate
alocations can be performed by the same agorithms used in
the case of uniform traffic distribution. In this case, Pg in (15)
would be replaced by P ; and «; (for Algorithm-2) would be

given by
aj = N <1 _

9j B,j

> (SIR); . (21)
Using p; in (13) and {/L,(j) , the per-user power allocation at
basicratein (16) isperformed to havethe samedownlink quality
for al the MSs.

V. ANALYSIS OF SUM-RATE CAPACITY

For multicell and multirate WCDMA downlink, if uniform
traffic distribution is assumed, then the achievable maximum
sum-rate capacity can be estimated by taking into account the
intercell interference caused by .J other cells. The sum-rate ca-
pacity here refers to the average number of radio link level
frames transmitted per adaptation interval to al the mobilesin
acell (i.e, X% m{) for which the required SIR is achieved.
When the sum-rate capacity isaveraged over the number of mo-
biles, the average-rate capacity per mobile per adaptation in-
terval is obtained. For nonuniform traffic scenario, the average
sum-rate capacity in a multicell system can be obtained based
on the sum-rate capacity determined for each cell.

Since in the case of Algorithm-1 the rate and power allo-
cation is nonuniform with respect to the effective interference

factors {ug ) , deriving closed-form theoretical results for the

sum-rate capacity in this case seems to be mathematically in-
tractable. Therefore, the sum-rate capacity in this case is ana
lyzed by simulation. In the case of arate and power allocation by
using Algorithm-2, the approximate sum-rate capacity C; can
be investigated analytically.

A. Uniform Traffic

The sum-rate capacity in this caseis given by
Cy=G-E {m,@} 22)

for the case with noninteger rate mg Jin step (i) of Algorithm-2.
From step (i) of Algorithm-2, we have

E{mg} :aE{j}

If we consider only the path loss to simplify the derivation,
then the factor L;: (5, k) in (1) reducesto L;:(j, k) = r;.*, and

¢Y") = 1 (no fading) in which case we derive (24) below

(23)

5/2

u2+v2

u 3k 2 v 2
() + (52)

> k) =Y

j'#7 (k1)
3'#i k4l=2n

(24)

for a positive integer n.
Here, we assume the hexagonal cell layout with the normal-
ized cell radius of unity and uniform distribution of mobilesin

tagged cell ; = 0. Then, the expectation E {1/;;2]')} can be
derived asin (25) below

1 V3/2 ru/V3
(4)
s Jo Jo

u2~|—1}2

(088) 4 (252"

) . (25)

527 1

>

(k1)
k+l=2n

X dudv (

Sl
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Now, combining « in step (i) of Algorithm-2 and (23) with (22),
we obtain

C‘d:N<1—Z%> (STR);! {j}

Thus, using the two-dimensional (2-D) spatial integral in (25),
the sum-rate capacity C; can be numerically evaluated for
varying é.

For more realistic channels, we need to consider both the
path loss and the shadowing as modeled by L (j,k)in(1) and

(26)

CO ) = 1 (no fading) in which caseE{uk } is given by (27)
below?
V3/2 pu/V3
E{,N)}fv/ / A=)+ > flk.1)
(k.1)
k+1=2n
5/2

u? + v? < 8 >
dudv | — | . (27)
7 5
(u:t;/?:k) e V3

Similarly, asin[13], f(k,!) can be evaluated asin (28) below

B oln10\? . LI
= €Xp < 10 ) { —Q[—/—202 0810

u z 2 v 2
(=)' + (39

u? + v?

f(k,1)

In 10
- \/202‘11—0 (28)

where ¢ is the standard deviation of the Iog-nogmal random
variable ¢; in (1), and Q(z) = 1/v2r [° e /% dy. Since

{1/,&)} ~ 1/E {w)} (by using Jensen’ sinequality [18]),
an approximation for the sum-rate capacity Cy in (26) can be
obtained based on (27) and (28).

On the other hand, when m,(j) is an integer in the set
{0,1,...,¢} (as defined in step (i) of Algorithm-2), the
sum-rate capacity C,; can be expressed as in (29) below

Ca =G -E{m{}

m=1

~1
~G . {LPZ mPr [m = 0.5 < < m+0.5]

+¢Pr [ (J) >p— 0.5} } . (29)

With this rate truncation, the possibility of (SIR), 4 < (SIR),
exists, but the second-order effect isignored hereto simplify the
analysis.

B. Nonuniform Traffic

The sum-rate capacity (75]) in cell 5 is similarly obtained
based on /L(J) in (10). Here, the power ratio ;. /; acts as the
weighting factor and affects the level of interference from
(BS);s to the kth mobile in cell j. The weighting effect
is similar to the well-known “near—far effect,” that is, the

2Thepossibility of (BS),+ (j' # ) being selected asaserving BSisignored
and, hence, this holds as an upper bound [13].

stronger (BS),» produces higher intercell interference. In
(25), E {1 /,L;ﬁ} includes the weights {3, ;}, and then the
sum-rate capacity C’((lj )is given by (26) with Pp ;.

Considering both the path loss and the shadowing, E { ;L,(j ) }
can be determined using (27) when f(k,l) is replaced by
F(k, D) By With By /j = Preay/Pa.js (k1) = 5" # 5.
Using E {1/;1(1))} ~1/E {M(J , the sum-rate capacity C'/)
results. To compare with the uniform traffic case, the average
sum-rate capacity 5d per cell is evaluated as

J
o)
; i

In the case of integer rate allocation, the sum rate c§oa(:|ty
Cm isobtained similarly asin (29) Wherem =a;/w
derive the probability distribution on m,(j ), Monte Carlo simu-
lation is performed for j = 0,1,..., J.

T+D) (30)

VI. SIMULATION MODEL, RESULTS AND DISCUSSIONS

A. Models for Micromobility, Shadowing, and Multipath
Fading

We consider two micromobility models; the random mobility
model and thedirectional mobility model. Intheformer case, the
location of each mobile user during each frame time is chosen
randomly inside the target cell and the effect of shadowing at
different locations is assumed to be uncorrelated. In the later
case, we assume a directiona random walk model [15] where
the mobile userstravel from astarting point to adestinationina
series of statistically independent discrete steps and in this case
the effect of shadowing at the different locations is assumed to
be correlated. For each step, the angular deviation (#) of the
travel direction from the principal direction? has the probability
density function f () given by

Ay <y <
f(0) = { [razefan iam TSOST g

0, otherwise.

The parameter Ay controls how close the travel direction is
to the principal direction. If a mobile user travels in a forward
direction with probability 0.95, the corresponding value for Ag
is4.2 [15]. We assume that all the mobile users have a constant
speed of v and that for each user the successive points are sep-
arated (in time) by one frame time.

The correlated shadowing is modeled as a Gaussian white
noise process, filtered through a first degree low-pass filter as
follows [16]:

W41(dB) = @ X Wi(ap) + (1 — a) X vy (32)

where wy,4p) 1S the mean envelope level or mean square-enve-
lope level (in decibels) that is experienced at location k, a is
the correlation coefficient given by a = g;,TS/D, and v isa
zero-mean Gaussian random variable with variance 52.

Here, 52 = (1 + a/1 — a)o?, with o2 being the variance
of log-normal shadowing. The parameter p is the correlation

3At any point on the travel path, the line joining the point to the destination
defines the principal direction.
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between two points separated by distance D and 7, is the sam-
pling interval (which is assumed to be equal to the frame-time
T in this paper).

Multipath fading is assumed to be independently varying.
In the random mobility case, an L-path (L = 3) Rayleigh
fading channel with uncorrelated scattering and equal average
path power is considered. Multipath fading with unequal av-
erage path power is considered for the directional mobility with
correlated shadowing case and the parameters are based on the
vehicular-B model [17] for macrocell.

B. Performance Metrics and Smulation Methodol ogy

We evaluate the average transmission rate per frame-time
E mgj)? for the kth mobile in cell j (i.e, average-rate
capacity) and the fairness in average-rate capacity among
the different mobiles (in a cell/group of cells) under the
proposed joint rate and power alocation algorithms in the
presence of uncorrelated shadowing and correlated shadowing
for random and directional mobility model, respectively. The
average sum-rate capacity can be obtained by multiplying
the average-rate capacity obtained over all the mobiles (in a
cell/group of cells) over the simulation period with the total
number of mobiles (in a cell/group of cells).

The intracell fairness among E(m,(j)) in cell 7, for k =
1,2,...,g;, isdefined as follows:

, [Er )]
F, i(n]t)ra - |:gj i;l P (m ](‘]))2} - (33)

The value of this fairness metric* rangesfrom1/g; to 1.0, with
1.0 corresponding to equal average downlink transmission rate
for al mobilesin cell j. The value of 1/g; corresponds to the
extreme case where the average downlink transmission rate for
all the mobiles (except one mobile) incell 5 is0.0. intracell fair-
ness measures thelocal fairness, that is, fairness among mobiles
inacell.

Theintercell fairnessamong E(m,) for all mobilesin (.J+1)
cellsis defined as follows:

2

EEr00)

Finter = (34)

(Shom) i st ()]

Therefore, intercell fairness measures the global fairnessin the
average-rate capacity.

For the random mobility with uncorrelated shadowing case,
the location of the mobiles in the target cell are generated ran-
domly during each iteration and the number of iterations used
for collecting the results is sufficiently large (e.g., 10°). In the
case of directional mobility model with correlated shadowing,
during eachiteration, theinitial locations of themobilesare gen-
erated randomly within the target cell and the successive loca
tions are generated by using (31) based on the mobile speed (v)

4Thisissimilar to the fairnessfunction used in [19] to quantify thefairnessin
ashared resourcesystemwithn users: F = (Y0, 2,)°/n 300, 27) (where
x; istheith user's throughput).

and the length of the adaptation interval (or measurement in-
terval or frame-time 1"). The destination point is assumed to be
located in the target cell and while generating the successive
mobile locations, it is ensured that the locations are within the
target cell.

Itisto be noted that, the correl ation between shadowing inthe
two successive locationsis affected by the mobile speed and the
measurement interval. The total number of iterations for each
mobile during each simulation is taken to be sufficiently large
(e.g., 10%) toensurereliability of the obtained performance mea-
sures.

In each case, simulations are performed to obtain the
maximum average-rate capacity.s For this, the intercell in-
terference factor 7 /j(i) is calculated using (4) to evauate

the effective interference factor ug” in (10). In this case,
L;(j,%) > Lj(4,%), Vj' (i.e, thetheBSinthe“tagged cell” is
selected asthe serving BS). Thevaluesof L, (j,4) and L;(j, 9)
which account for the long-term fading are assumed to be
constant over a frame-time (7).

Thevalues of Ci(j ) and ij ), which account for the short-term
fading in (4), are assumed to be constant only over afraction of
the frame-time At, whereT' = K At. Therefore, the value of
nj//j(z') over a frame time is calculated by using the average

of the K independent values of Ci(j/)/ci(j). The value of K is
assumed to be 16 in this paper.

For al the results on fairness presented in this paper, the
average-rate capacity (per adaptation interval) is calculated for
each mobile independently by averaging over the entire simu-
lation period. In the other cases, the average-rate capacity (per
mobile per adaptation interval) is calculated by averaging over
all the mobiles (in a cell/group of cells) over the entire simula-
tion period.

To evaluate the sum-rate capacity based on (29) in the case
of Algorithm-2 (for uniform traffic load), the probability distri-
bution of mgj ) is obtained empirically based on the values of
1/u§j) obtained by using Monte Carlo simulation. In this case,
10" values of p,,(j ) are generated for randomly chosen mobile
location in the center cell (cell 0) within the 3-tier cell layout
(i-e., J = 18). Note that, if we assume /) = (a/u;j)) asin

step (i) of Algorithm-2, Pr [rh,(j) < x} =Pr [1/u,(j) < w/a].
In the case of nonuniform traffic scenarios, the effective inter-
ference factor ;A,(j) isevaluated using (10) and all the above pro-
cedures remain the same.

The values of some of the system parameters used for ob-
taining the results presented in this paper are listed in Table I1.
We consider a nonuniform traffic scenario in three cells (i.e,,
J =2withgy = 8, g1 = 10, and go = 12. The average-rate
capacity per mobile (E (m,(j))) and the intercell fairness
(Finter) are caculated based on the average-rate capacity
corresponding to each mobile in each of these three cells.
Intracell fairness corresponding to a cell is calculated based on
the average-rate capacity of the mobiles in that cell. Cell O is
considered as the tagged cell.

5The average-rate capacity may fall below this maximum valuein the case of
soft handoff due to increased 7 / /4 (7).



KIM et al.: DOWNLINK JOINT RATE AND POWER ALLOCATION IN CELLULAR MULTIRATE WCDMA SYSTEMS 9

TABLE I
SYSTEM PARAMETERS

95,7 =0,---,J No. of mobiles in cell j
G No. of mobiles per cell
in case of uniform traffic load

mz(j ) Transmission rate allocated to
ith mobile in cell j
P,)(Ji) Power allocated to ith mobile

in cell j corresponding to the
basic rate vy

mﬁj ) x P,f‘JZ:) Total power allocated to
ith mobile in cell j
Inter-cell interference factor
corresponding to transmission to
ith mobile in cell 7

P, Pilot signal transmission power

nr74(2)

Py ; Total power budget available
at the jth BS
Pgp Average power budget for
BS transmitters per cell
B Ratio of Pg; and P,
Bjs4 Ratio of Pp j» and Pp
(SIR), Target SIR
(SIR)Y) Achieved SIR at the
mobiles in cell j
,ul(J ) Effective interference factor
for mobile 7 in cell j
7 U S —— N
6 - > ~ N .
~ — — optimal 0.9F "
\ —+— algo. 1 — — optimal
. \ —8— algo. 2 N N ; ::gg‘ ;
;} P /Py =02 osl . P, -02
§ ar \
3 3 !
g w07 \
g o |
o \
& 06l '
© ol \
\
\
\
0.5 \
1F \
0 - - L 0.4 - - L
2 4 [ 8 10 2 4 6 8 10
(SIR), (dB) (SIR), (dB)

Fig. 2. Average-rate capacity per mobile and intercell fairness under different
link adaptation algorithms for random mobility with uncorrelated shadowing.

C. Results and Discussions

Fig. 2 demonstrates typical variationsin the average-rate ca-
pecity E m,? ) (in terms of the average number of frames

transmitted per frame time per mobile) and intercell fairness
(Finter) With different target SIR values (i.e,, (SIR),). Some

typica results on the variations in £ m,(j )) and Fipter With

(SIR), areshown in Fig. 3 for the directional mobility and cor-
related shadowing case. As is evident from Fig. 2, the optimal

5.5

5r algo.2 O 3 /
0.9 NS 1
Ny
450 >
—~ — — v=20km/hr — — v=20km/hr
= e —— v=50km/hr | | 081 —+— v =50 km/hr
hg —&— v =80 km/hr N —&— v =80 km/hr
g \
Q
S 35 = 1 N =
g Pc/PB 0.2 07k Pc/F’E =0.2
> 5
S E
8 st w
8 algo. 1
Q
2 0.6
g st
@D
j=
o
g Ll
] 0.5F
151
S 04f
1k |
P
0.5 - 03 y - X
2 10 2 4 6 8 10

6
(SIR), (dB) (SIR), (dB)

Fig. 3. Averagerate capacity (per mobile) and intercell fairness under
different link adaptation algorithms for directional mobility with correlated
shadowing.

rate and power adaptation algorithm provides the highest av-
erage-rate capacity (and hence the highest sum-rate capacity),
but the intercell fairness deteriorates significantly.

Average-rate capacity is higher for link adaptation using
Algorithm-1 compared to that for Algorithm-2. In the former
case, the rate allocation is primarily based on the interference
experienced by amobile and higher rates are allocated “ aggres-
sively” to the mobiles with low interference factors. Inthe latter
case, mobiles even with high-interference factor are likely to
be alocated transmission rate although it is more probable that
the transmissions to these mobiles will suffer errors. Therefore,
rate allocation using Algorithm-1 results in higher average-rate
capacity. As expected, E (m,(j )) decreases with increasing
(SIR),.

The intercell and the intracell fairness in average-rate ca
pacity for both Algorithm-1 and Algorithm-2 are observed to
befairly closein the case of random mobility with uncorrelated
shadowing. But both the intercell and the intracell fairness im-
prove significantly under link adaptation using Algorithm-2 for
the directional mobility with correlated shadowing case (Figs. 3
and 4). Due to more nonuniform rate allocation and at the same
time correlation among the sample statistics in different loca
tions, the rate allocation using Algorithm-1 becomes more un-
fair.

Simulation results show that, for the assumed system pa
rameters, the variation in termina speed v (e.g., v = 20, 50,
80 km/hr) affects the average-rate capacity significantly only
when (SIR), is relatively small (e.g., (SIR), = 3 dB). Aswv
increases, the value of low-pass filter gain a in (32) increases
and the value of 52 decreases, and consequently, the shadowing
becomes more random which tends to improve the effective
interference factor. Again, when (SIR), isreduced, v increases
[in (15)]. As aresult, higher transmission rate is alocated to
the mobiles, and consequently, £ (mé”) increases.

Although correlated shadowing impacts the channel condi-
tions of al the mobiles, transmission rate alocation is done
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Fig. 4. Intracell fairness (in the tagged cell) under link adaptation using
Algorithm-1 and Algorithm-2 for directiona mobility with correlated
shadowing.

for only a subset of the mobiles (with better channel condi-
tions) during an adaptation interval. Again, when (SIR), isin-
creased, v decreases, and consequently, the average permissible
transmission rates for the mobiles decreases. These two phe-
nomena contribute to make the impact of terminal velocity on
average-rate capacity insignificant when (SIR), is relatively
high.

It is to be noted that, since power control erroré increases
with increasing mobile speed, the average-rate capacity may de-
teriorate at high-user mobility conditions. The impact of imper-
fect power control on the dynamic rate adaptation in correlated
fading channels will not be addressed in this paper.

Theachieved SIR(i.e., (SIR)Y)) ishigher than the target SIR
(i.e, (SIR),) in the case of rate alocation using Algorithm-2,
whilethe achieved SR followsthetarget SR very closely in the
case of rate alocation using Algorithm-1. This is presumably
due to the lower value of % m? i) in (9) for rate alloca-
tion using Algorithm-2 under the constraint in (15) compared to
the corresponding value in the case of Algorithm:-1.

Typical resultsonthevariationsin (SIR), 4 in the tagged cell
for different values of the target SR in a nonuniform traffic
scenario are presented in Fig. 5. The achieved SR has been
observed to be almost independent of the variations in other
system parameters such as terminal speed and ratio of pilot-
signal power to average power budget per cell (P./Pg).

The ratio of the control channel power to the average
transmission power constraint (P./Pp) can be considered as
a system design parameter. As P./Pp is reduced, the vaue
of v (in (15)) is increased and consequently, the average-rate
capacity improvesfor both the rate adaptation schemes (Fig. 6).
Note that, decreasing the power level of the pilot channel may
make it more difficult to achieve synchronization at the mobile
terminals.

It is to be noted that, the average-rate capacity in the soft
handoff case would be lower than the maximum average-rate
capacity. Because, in the soft handoff case (say, to cell j'),

6This refers to the power control to mitigate the short-term fading.

1ol —+— algo. 2 /| 10+

random mobility and 4
9 uncorrelated shadowing case // 1 9f

— — algo. 1
—+— algo. 2

directional mobility and

correlated shadowing case

P/Pg=02

2 4 6 8 10 2 4 6 s 10
(SIR), (dB) (SIR), (dB)

Fig. 5. Achieved SR (in the tagged cell) under link adaptation using
Algorithm-1 and Algorithm-2.

\\ —+— algo. 2 ool algo. 2 7 |
AN v = 20 km/hr
\

0.8

0.71

inter

0.6

average-rate capacity/mobile, E(mkm)

0.5F

0.4r

2 p 5 s 10 2 4 5 s 10
(SIR), (dB) (SIR), (dB)

Fig.6. Effectsof variationin P. / P ontheaverage-rate capacity and intercell
fairness for directional mobility with correlated shadowing.

L (j,7) is the maximum (rather than L;(j,4)), which would
yield higher 7, / ;(i) inan average sense, and consequently, the
average-rate capacity will be decreased.

The analytical results on the average-rate capacity obtained
for Algorithm-2 (for both the integer and the noninteger rates
under uniform traffic load, asdescribedin Section V) are plotted
in Fig. 7 dong with the simulation results for the nonuniform
traffic case. In this case, the traffic load in the tagged cell is
assumed to be same as the average traffic load per céll in the
nonuniform case (i.e., G = 10). The frequency reuse factor for
the mobilesin the tagged cell (cell 0) is calculated based on the
interference from the other cellsin a3-tier cell layout [13] (i.e.,
J = 18 in this case).

As is observable from Fig. 7, the analytical results closely
follow the simulation results. The analytical resultsare based on
the assumption that the rate allocation is performed according

to the following: mg) = a/u;ﬂ, while the simulation results
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Fig. 7. Comparison between the analytical and the simulation results (for link
adaptation using Algorithm-2, G = 10).

are obtained assuming that the rate allocation is performed ac-
cording to the algorithm presented in Section IV. For the prac-
tical range of values of (SIR), the analytical results well ap-
proximate the average-rate capacity under the proposed rate al-
location agorithm (Algorithm-2). Therefore, the presented ana-
Iytical methodology may be useful for system engineering and
design.

VII. CONCLUSION

We analyze the SIR for downlink data transmission in
cellular VSF WCDMA networks. Based upon this analysis,
the solution to the optimal rate and power allocation problem
(under constrained SIR and maximum transmission power
at the BS) is devised. Two easy-to-implement and simple
suboptimal dynamic rate and power alocation algorithms,
namely, Algorithm-1 and Algorithm-2 are proposed. For op-
timal rate alocation, the transmission powers of the different
BS transmitters are determined using an exhaustive search
(of exponentia time complexity) while for suboptimal rate
alocation, the BS transmission power allocation is determined
in a heuristic manner and the rate allocation agorithms have
linear time complexity. Between the two interference-based
dynamic rate adaptation agorithms, Algorithm-1 is more
“aggressive’ and nonuniform in nature while the other entails
amore uniform dynamic rate allocation.

The average-rate capacity and the intercell/intracell fairness
in average-rate capacity have been analyzed under multipath
fading, random moability with uncorrelated shadowing and di-
rectional mobility with correlated shadowing. The approximate
average/sum-rate capacity in the case of Algorithm-2 has been
evaluated analytically for the random mobility with uncorre-
lated shadowing case.

The suboptimal dynamic rate and power allocation schemes
provide better intercell/intracell fairness compared to the op-
timal scheme, but at the cost of moderate loss in average-rate
capacity. Rate adaptation using Algorithnm1 provides higher av-
erage-rate capacity compared to that for Algorithm-2, but the

intercell/intracell fairness in significantly better for the latter
scheme in a correlated shadow fading channel.

The SIR model along with the dynamic rate and power alo-
cation mechanisms for downlink data transmission presented in
this paper can be used to model and evaluate the performance
of transport layer protocols (e.g., TCP) in wireless Internet ac-
cessscenariosin cellular multirate WCDMA networks. Specifi-
cally, investigation of the impact of the transmission delay vari-
anceat theradiolink level (for example, due to some aggressive
dynamic rate adaptation scheme) on the end-to-end throughput
performance and end-to-end throughput fairness would be of
much interest. The framework for dynamic rate adaptation pre-
sented in this paper would enable us to explore the radio link
level and the transport level protocol interactions in WCDMA-
based cellular data networks.
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