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Abstract—This paper addresses the problem of dynamic link
adaptation under multiple quality-of-service (QoS) constraints
in cellular wideband code-division multiple-access (WCDMA)
systems. A novel dynamic joint rate and power adaptation frame-
work is proposed for downlink data transmission in a multicell
variable spreading factor (VSF) WCDMA system where the
different classes of users have different signal-to-interference ratio
(SIR) requirements. Based on a general downlink SIR model, the
problem of optimal dynamic rate and power adaptation under
multiple SIR constraints is also formulated, for which the rate
and power allocation can be found by an exhaustive search.
Two schemes, namely, near-optimal and suboptimal schemes, are
proposed for implementation-friendly dynamic rate and power
adaptation. Performance of dynamic joint rate and power adap-
tation under the proposed framework is evaluated under random
micro-mobility model with uncorrelated long-term fading and a
directional micro-mobility model with correlated long-term fading
in a cellular WCDMA environment.

Index Terms—Dynamic rate and power adaptation, multicell
multirate wideband code-division multiple-access (WCDMA)
systems, class-based quality of service (QoS), priority-based rate
adaptation.

1. INTRODUCTION

IDEBAND code-division multiple-access (WCDMA)-

based air interface is being designed to provide high
speed packet data services with differentiated quality-of-service
(QoS) support in the future-generation wireless networks (e.g.,
3G enhancements and 4G wireless networks) [1]. Ina 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 spectral
efficiency while meeting the QoS requirements for the diverse
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multimedia applications. This form of dynamic link adaptation
would be the key to implementing a class-based QoS frame-
work that enables sharing of radio resources among users with
different QoS requirements in a fair and efficient manner [2].

The data transmission rate in the forward link physical layer
of a WCDMA system can be controlled by using the variable
spreading factor method or the multicode method [3]. This
paper proposes a novel dynamic joint rate and power adaptation
framework for downlink data transmission in multicell variable
spreading factor (VSF) WCDMA systems where the mobile
data users are assumed to have different signal-to-interference
ratio (SIR) (and, hence, different bit-error rate) requirements.
Channel impairments due to multiuser interference as well as
time-varying and location-dependent channel characteristics
are incorporated in the proposed framework through a general
SIR model. Using this SIR model, the problem of optimal dy-
namic rate and power adaptation under multiple SIR constraints
in a multicell WCDMA system is formulated as an exhaustive
search over the solution space of a system of linear equations.
The optimality criterion is the maximization of the average
number of radio link level frames transmitted per frame-time!
under multiple SIR constraints and constrained power budget
in the base station transmitter.

The exhaustive search-based optimal dynamic rate and power
adaptation would be prohibitively complex to implement due to
exponential time-complexity. A simpler rate and power adapta-
tion scheme with comparable performance characteristics can
be devised using a heuristic-based power allocation? along with
a link quality-based rate allocation strategy. Two such schemes,
namely, near-optimal and suboptimal schemes are proposed for
dynamic rate and power adaptation on a joint-cell basis and
single-cell basis, respectively.

Specifically, the proposed suboptimal rate and power alloca-
tion scheme may make the dynamic rate and power allocation
on a frame-by-frame basis feasible and manageable in a cellular
WCDMA network without much control overhead. However,
link quality-based rate adaptation under constrained SIR may
result in an uneven rate allocation among the users in the
different service classes, and consequently, users with higher
SIR requirements (presumably with more stringent delay re-
quirements) may experience lower throughput performance
compared to those with relatively lower SIR requirements.

ITn this paper, this is referred to as the sum-rate throughput.

2This power allocation refers to the allocation of power among the base station
transmitters in the different cells for data transmission in the downlink to the
mobiles.
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Therefore, the proposed scheme is enhanced to integrate pri-
ority-based rate adaptation with link quality-based dynamic rate
adaptation to provide a more flexible dynamic link adaptation
framework.

Performance of dynamic joint rate and power adaptation in
the proposed framework is analyzed for both random and di-
rectional user micro-mobility models in a multicell WCDMA
environment. The long-term channel fading is assumed to be un-
correlated and correlated, respectively, for the random and the
directional micro-mobility models. Since the short-term fading
(i.e., multipath fading) changes more rapidly compared to the
long-term fading (i.e., path loss and shadowing), it is assumed
to be independently varying.

The organization of the rest of the paper is as follows. Sec-
tion II presents the background and motivation of the work.
Based on a general SIR model for downlink data transmission
in a multicell VSF WCDMA system, the problem of optimal
rate and power allocation under multiple SIR constraints is for-
mulated in Section III. Section IV presents the suboptimal joint
rate and power allocation strategy for dynamically adjusting the
transmission rate and the transmission power corresponding to
the mobiles in the different QoS classes. In Section V, radio link
level throughput (in terms of the average number of radio link
level frames transmitted per frame-time) is investigated analyt-
ically for suboptimal joint rate and power adaptation under the
proposed framework. The simulation model along with the sim-
ulation and the analytical results are presented in Section VI.
Conclusions are stated in Section VII.

II. BACKGROUND AND MOTIVATION

The problem of optimal rate and power adaptation for up-
link packet data transmission in a single-cell multirate CDMA
system was addressed in [4] and the optimal centralized adap-
tive rate and power control strategy to maximize the total av-
erage weighted throughput was determined. With the objective
of maximizing the throughput and with the constraints on max-
imum power and/or minimum rate, the problem of jointly con-
trolling the user power and data rates for uplink data transmis-
sion in a single-cell CDMA system was formulated as a con-
strained optimization problem in [S]—[7]. In [8], the throughput
maximization problem for CDMA uplinks was formulated as
an optimization problem in terms of the spreading gains and the
transmit powers of the users.

The problem of joint rate and power adaptation under single
SIR constraint and constrained power budget for downlink data
transmission in a multicell and multirate CDMA system was
addressed in [9]. This paper extends the work in [9] by consid-
ering multiple SIR constraints in a class-based QoS framework.
The work in [10] is particularly relevant to this work where a
dynamic bandwidth scheduling scheme was proposed to imple-
ment a class-based QoS framework for a CDMA air interface. In
such a framework, each service class offers some characteristic
performance behavior (or group behavior) and mobile user ap-
plications can select a service class based on their QoS require-
ments and pricing schemes. Although the dynamic rate adjust-
ment in the proposed bandwidth scheduling scheme was based
on the elasticities of the service classes and the path loss factors
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TABLE 1
LiST OF KEY NOTATIONS
gj No. of mobiles in cell j
(.7 _0’7‘])
ml(-] ) Transmission rate allocated

to ith mobile in cell j

Pb(fi) Power allocated to ith mobile
in cell j corr. to the
basic rate vy
mﬁj ) % Pb(ﬁ) Total power allocated to
ith mobile in cell j
n;075() Intercell interference factor corr.

to the transmission to
ith mobile in cell j
P. Pilot signal transmission power
Total power budget available
at the jth BS
Pp Average power budget for
BS transmitters per cell

Bj/; Ratio of Pp ;- and Pp ;
(SIR), Target SIR for mobiles with lowest
SIR requirement (i.e., target SIR
for service class 1)
(SIR)o,q Target SIR for service class ¢
(q = 172ﬁ_"'7Q)
,ugj ) Effective interference factor for

ith mobile in cell j

corresponding to the mobiles, the specific SIR requirements for
each class of users were not explicitly taken into account.

More comprehensive and general channel model and user
micro-mobility models are adopted in the joint dynamic rate
and power adaptation framework proposed in this paper. As
a result, the impacts of the radio channel parameters and the
user micro-mobility patterns on the radio link level performance
under dynamic rate adaptation can be investigated. Also, the
concepts of radio link quality-based dynamic rate adaptation
and user priority (or requirements)-based dynamic rate adapta-
tion are integrated into a single framework. To this end, an ana-
lytical approach is presented for approximate evaluation of radio
link level performance under dynamic rate adaptation with mul-
tiple SIR constraints. The proposed dynamic rate and power al-
location framework would enable us to evaluate the higher layer
protocol (e.g., transmission control protocol (TCP) [11]) perfor-
mance under dynamic radio link adaptation with QoS differen-
tiation and better understand the interlayer protocol interactions
in multirate cellular WCDMA networks.

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

Table I lists the notations for the key parameters to be used in
the downlink SIR modeling.

A. Modeling of Downlink SIR

A variable rate downlink packet access for VSF WCDMA
(with the basic spreading gain given by N chips per bit) is con-
sidered where the transmission rates can be selected from the
set {ro,71,...,7,}. With 7, = mri(m =0,1,...,¢), in the

case of rate r,,, the spreading gain is reduced to N/m chips per
bit.
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With the radio propagation modeled by intercell interference,
path loss, shadowing and multipath fading and assuming a uni-
form spatial distribution of the mobiles in the cells, the downlink
SIR for the ith mobile in cell j(j = 0,1,...,.J) can be formu-
lated as follows [9]:

()
(SIR)Y) = G _
Pp[(1-v)+ Zj';é]' ﬂj’/j 'nj’/j(z)]

In (1), Pp ; is the total transmission power at the jth base station
(BS); and is given by

ey

9
i=> m"PI+P, @
i=1
where g; is the number of mobiles in cell j(j = 0,1,...,
J), mgj ) e {0,1,..., ¢} denotes the rate allocation to the kth
mobile in cell 7, and P(] ) is the power allocation at basic rate
(so that the total power allocatlon to the sth mobile in cell j is
m( )PbJL ), Bj1/; = Pp.j/ Pp,j, and P, is the pilot signal trans-
mission power.

In (1), v represents the downlink in-cell orthogonality factor
(v = 1 implies perfectly orthogonal in-cell mobiles) to account
for the interpath interference due to multipath® and 7. ;(7) is
the intercell interference factor defined by

a VL)
¢ L;(j,1)

Here, Ci(] " and L;/(4,7) denote the short-term and the long-
term fading, respectively, in the link between (B.S) ;- and the ith
mobile in cell j (tagged cell). L;/(j, ), as given by (4) below,
models the log-normal shadowing and the distance-dependent
attenuation (as the dth power of the distance).

njryi(i) = : 3)

Lji(j,i) = 70 - 1054710, 4)
Defining the effective interference factor ugj ) as
p = =)+ Bigi i) | )
J3'#i

the downlink SIR in (1) can be written as
. PV
(SIR)Y) = —t— ©)
Therefore, for given power allocations {Pg ; |7 = 0,1,...,.J}
and P(].) (which are presumably fixed during each adaptation in-

@) can be estimated by
at the corresponding mobile. Based on the

terval), the effective interference factor y;
measuring (SIR)( 9)

measured/estimated {,u,fj )}, the SIR can be controlled to meet
the different QoS requirements.

For optimal dynamic link adaptation the rate and power allo-
cations need to be determined based on (1) and (2) so that the
different SIR constraints are satisfied.

3In fact, v depends on the location of the mobile and the characteristics of the
multipath fading channel. For simplicity, the effect of mobile location on v is
not taken into account and a constant value of #(<1) is assumed here.
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B. Optimal Rate and Power Adaptation

We assume that the multilevel QoS is defined over @ service
classes with the target SIR for class ¢(¢ = 1,2,...,Q) being
(SIR),,4. Then, for the optimal rate and power allocation the
total number of transmitted frames Z}]:o o m(J ) during an
adaptation interval* is maximized subject to the followmg con-

straints on SIR and base station transmission power budget

(SIR)Y) > (SIR),

forie 1, ¢=1,2....Q
1 J
——— Y Pp;<Ps ®)
(J+1) =

where the index set I @) i deﬁned for all the mobiles in cell 5
with target (SIR), ¢, i.e., UQ 1 1q @) = ={1,2,...,9;}, and Pg is
the average power constramt per cell (i.e., average power budget
available at the base station transmitter for downlink data trans-
mission).

If it is assumed that the target SIR for class ¢ (i.e., (SIR), 4)
is related to the minimum target SIR (denoted by (SIR),) by

(SIR)o.q
(SIR), ]

q: ) 7"'7Q7 K"qZO (9)

A
kq = logy [
then Proposition I serves as the basis to determine the optimal
rate and power allocations under multiple QoS constraints (in
terms of target SIRs).

Proposition 1: Given the set of rate allocations {m / )} the
global power allocations {Pp_;} can be determined by solving
the (J + 1) simultaneous linear equations in (10), where §; =
Pp_ ;/P. and (SIR)EJB = 2f4(SIR), 4 fori € 15, subject to
the constraints (SIR), ¢ > (SIR), and 1/(J + 1) ij]:O Bi <
Pg/P,. Note that, (SIR),, 4 here represents the minimum target
SIR plus some margin, i.e., (SIR), 4 = (SIR), + € for a small
value € > 0

Q
Bi IN=(1=v)) 2% Zm (SIR),
q=1 7/612'7)
Q .
=S8 320 | ST mP () | (SIR)eu = N
7'#7 g=1 ie[éj)
j=0,1,...,J. (10)

Proof of Proposition 1: Combining (5) and (6) with
ﬁj’/j = PBJ'//PB’]', we obtain
NP = |(1= )P+ Ppj-nj(i) | (SIR)S).
J'#J
(1D
Here, we assume a steady-state system condition where
all the mobiles belonging to the same service class g, i.e.,

Vi € 'ng ) achieve the same downlink quality in terms of
SIR)Y) 9254 (SIR), 4 [due to power allocation PY) in
0,1 , p b2t

4The adaptation interval is assumed to be one frame-time in this paper.
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proportion to the interference factor /1,(] ) as in (6)]. This as-
sumption holds for the optimal rate and power allocation where
the downlink quahty should be kept to the minimum required
(SIR),, for Vi € 1.

Multiplying (11) by m%
1,2,...,g; and using (2) yields

and summing up for ¢« =

N(Pp,;—P.)= |(1-v)Ps; Zm Y (SIR)Y)

SIR) (J)

+ZPB] Zm M1/ (i

J'#i 1=1

(12)

Now, classifying all the mobiles in cell j into the subsets of
each service class {ng) l¢ =1,2,...,Q}, where Uqungj) =
{1,2,...,9;}, and then substituting (SIR)EJB = 2%¢(SIR), 4
into (12) for Vi € I ¢ = 1,2,...,Q, (10) is obtained. ~ m

Based on the global power allocations { P ; }, the power al-
locations at basic rate {Pb(i)} can be determined from

P =

1/ G
~ (2547) P - (STR)o.a (13)

fori e I{¥ ), when the effective interference factors { /ng )} are
obtained using (5) with 3;//; = Pp j: /Pg, ;. Here, itis assumed
that the in-cell orthogonality factor v and the intercell interfer-
ence factors {7;//;(¢)} can be measured at the mobile units.
Note that, the earlier formulation of the optimal rate and power
allocation problem [in terms of (10) and (13)] is based on the
channel conditions (e.g., v, {n;:/;(4)}), SIR requirements (via
{(SIR), o l¢g =1,2,...,Q}) and user classes and traffic loads
(e . {ni} (i h.
Now, the power allocations { Pg ;} and { P, ;} derived from
(10) and (13) should be globally optimized by searching the rate
combination { m(] } across the (J + 1) cells that maximizes the
sum of the transmission rates during a frame-time (or sum-rate
throughput Z}]:o fil ml(»J )). Since finding the optimal solu-
tion requires cycling through all possible assignments it would
involve exponential time complexity [of O(p(90F+9))],

C. Near-Optimal Rate Adaptation

The complexity of exhaustive rate search can be reduced
while presumably achieving close to the maximum sum-rate
throughput by some “greedy” method for rate allocation in
which maximum possible transmission rates are allocated to the
mobiles experiencing better channel conditions. The channel
condition for each mobile is characterlzed by the corresponding
effective interference factor (i.e., uz ) Since [L(J )s for the mo-
biles in the different cells depend on the the power allocations at
the base station transmitters, a heuristic-based power allocation
is to be assumed so that these can be estimated using (5).

For this, let us define n(J) |I(J)| qg=1,2,...,0Q, where

Z g=1 ng 9) for 7 =0,1,...,J. Since the total transmis-
510n power at a base station could generally be allocated based
on the number of users in each service class and the different
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SIR requirements, the heuristic power allocations { P ;} can
be determined according to the following (see the Appendlx)

P o 2ens) (J+1)P
Bj = ~(J + 1),
ij:o Zqul 9rg ”r(zj )

i=0,1,...,J
(14)

where * denotes explicitly the heuristic-based power allocation
Py ; to distinguish it from the optimal power allocation Pg, ;.
ThlS power allocation is based only on the number of users in the
different cells and the corresponding SIR requirements. Then,
usm% these power allocations, the effective interference factors
{ p;”’} can be estimated using (5).

Note that, if ki, = 0 Vg (ie., (SIR)oq; = (SIR)o,q¢ =
1,2,...,Q), the power allocations { P ;} reduce to Py ; =
(gj)/(Z'].],ZO 9;)(J+1)Pg,j=0,1,...,J,as was in the case
of common SIR requirement in [9].

The complexity of the rate search is reduced by allocating
maximum allowable transmission rates to the mobiles in an as-
cending order of (2"« ugj )) for which feasible total power allo-
cations are obtained by solving the (J + 1) linear equations in
(10) and the sum-rate throughput is maximized. We refer to this
as the near-optimal dynamic rate and power allocation. Note that
the per-cell power allocations { PE j} [as calculated using (14)]
based on SIR requirements (i.e., {(SIR)o 4 |¢ = 1,2,...,Q}),
user classes and traffic loads (e.g., {n((f)}, {g;}) are used only
to determine the effective interference factors { uz(.j )} while the
actual power allocations are obtained by solving the linear equa-
tions in (10). Since solving a set of (.J + 1) linear equations has
time complexity of O(J + 1)3, the rate and power allocation for
this case has time complexity of O(¢p - ij]:O gj - (J+1)3).

The optimal and the near-optimal rate and power allocation re-
quire that the in-cell orthogonality factor v and the intercell inter-
ference factors {7;/; (i) } be a priori measured and estimated for
each mobile in a cluster of cells. However, it would cause much
control overhead, and therefore, a suboptimal method is proposed
which performs dynamic rate and power allocation on a per-cell
basis (rather than on a joint-cell basis) and, hence, makes fast dy-
namic link adaptation feasible fromimplementation pointof view.

IV. SUBOPTIMAL RATE AND POWER ALLOCATION
A. Dynamic Link Adaptation Based on Radio Link Quality

We assume that the power allocations {Pg,|j =
0,1,...,J} are determined in a heuristic manner, as given by
(14). Then, Proposition 2 below serves as the basis to perform
the rate allocation among the mobiles in cell j (tagged cell) so
that their SIR requirements are satisfied.

Proposition 2: Given the power allocation Pg ;, rate al-
location to the mobiles in cell 5 can be performed in an
ascending order of the weighted effective interference factor

/lgj )& (2“q M(J )) ,1 € ng ) by using the following inequality:

9=1 ier)

Q
. () () N Pe )2 o
Yoo | S mu? | < e (1 2,0,
TS SIR), ( P i§,j> !

5)
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Proof of Proposition 2: Multiplying (13) by m\’, sum-
ming up for7 = 1,2,..., g; and using (2) gives

Q
“S o | Y w0 | Py
q=1

i€l )

N(Pj, (SIR), 4

(16)

where theset {1,2, ..., g;} has been partitioned into the subsets
{I(]) ¢ =1,2,...,Q}. Then, using the inequality (SIR), 4 >
(SIR), in (16) results in (15). [ |

The powerallocation Pb(fi) atbasicrate can be determined from
theinequalityin (17) below whichisderived from (6) using the fact
that (SIR){/} > 2%4(SIR), = (SIR),q fori € I\,

> ]b (TNM(J)) P} ;- (SIR),.

Since the rate and power allocation should be such that the
total power budget is met [as in (18)], in case the power con-
straint is violated, the rate allocation in (15) will need to be ad-
justed so that the power allocation becomes feasible within the
total power budget

P > (17)

9
S m P < pp ;- P
=1
This suboptimal rate and power allocation depends on the
total power budget P ; which would vary according to the
traffic distribution (i.e., number of users and the corresponding
SIR requirements) across the (J 4 1) cells.
1) Uniform Traffic Load: In this case, we assume g; = G
(] ) = ng for all j, q. Therefore, total power budget PB7 i=
Ppin (14) andy = v for all j. The following is the procedure
for joint rate and power allocation in cell j.

(18)

1) Sort the mobiles in the ascending order of u(] )

2) Forthefirstmobilein thelist, calculate the power allocation
at the basic rate as Plfi) = ﬁz(.J ) P5(SIR), /N and allocate
the maximum possible rate to this mobile as far as

G
Zm(]) i) <y and Y m PP < Py - P
=1

3) Repeat step (2) for the second mobile in the list, and so

on.

Note that if there is a certain constraint on the rate, namely,
m > m, fori € I{’), then the rate allocation in step (2)
can be easily modified to accommodate the rate constraint along
with the power and the multiple SIR constraints.

2) Nonuniform Traffic Load: The power budget in this case
should be different from cell to cell depending on the traffic
distribution across the (J + 1) cells. Given Py , g;, and ),
the rate and power allocation is performed in the same way as
in the uniform traffic load case.

3) Complexity: Since the suboptimal rate and power alloca-
tionisperformedonaper-cell basis (ratherthanonajoint-cellbasis
as in the optimal and near-optimal cases), it does not require the
radio network controller (RNC) to inform the base station of the
the intercell factors corresponding to the mobiles in the other cells
during each adaptation interval. The time complexity of the rate
and power allocation in this case is of O(¢p - g;) incell 5.
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RNC determines P
using {(SIR),,}, user
classes and traffic loads

|

MSs measure {(SIR),}
and report to BS

\
BS determines {u”}
using {(SIR),,"}, P}
and current {P, "}

|

BS allocates {m,”} in
ascending order of

{u”} using (15)

|

BS allocates/updates
{P, "} using (17)

Fig. 1.
method.

Flow diagram for the suboptimal single-cell rate and power allocation

4) Implementation Issue: A flow diagram for the suboptimal
rate and power allocation method is shown in Fig. 1. Based
on the link quality estimates {(SIR)g{ 2}, the proposed dynamic
joint rate and power adaptation scheme can be implemented in
a mobile-assisted and base station-controlled manner. Within
the European Telecommunications Standards Institute (ETSI)
WCDMA power control framework, such a scheme would not
cost extra overhead.

5) Comparison: A comparison among the three approaches
for dynamic rate and power adaptation is shown in Table II.

B. Dynamic Link Adaptation With Priority

In case of radio link quality-based dynamic link adaptation
based on (15), (17), and (18) as described earlier, higher trans-
mission rates will most likely be allocated to a few mobiles with
favorable radio link conditions in terms of the weighted effective
interference factor /L( 7) . Again, asisevident from (15), due torate
allocation based on u(] ) = (2%41)) mobiles with higher SIR
requirements are more likely to experience unfairness in terms
of sum-rate throughput. The essence is, the weighted effective
interference-based rate allocation prevents us from allocating
the rate resource according to the individual user requirement.
For example, sometimes mobiles with more stringent delay re-
quirements may need to be allocated higher transmission rates
even though the corresponding radio link qualities are not very
favorable.

For this reason, a dynamic link adaptation scheme is devel-
oped which integrates radio link quality-based rate and power
allocation with individual user requirement-based (or priority-
based) rate allocation in a flexible framework. In addition to pro-
viding QoS differentiation among the different service classes
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TABLE 1I
COMPARISON AMONG THE DYNAMIC RATE AND POWER ALLOCATION METHODS

Optimal

Near-optimal

Suboptimal

Joint-cell rate/power alloc.

Joint-cell rate/power alloc.

Single-cell rate/power alloc.

Optimal solutions on
{Pg,;} and {m,gj)} by solving
(J + 1) equations in (10)

Near-optimal solutions on
{Pp,;} and {'mg'?)} by solving -
(J + 1) equations in (10)

Rate alloc. in
exhaustive manner
j =

Rate alloc. in ascending
order of {/15]) l[i=1,...,9;
j oo J} given cell j

Rate alloc. in ascending
order of {ﬂfj) li=1,...,95},

Exponential complexity
J

of the order ~ pzz:u 9 order ~ ¢ -

Complexity of the
Z;‘]:U g5 ('] + 1)3

Complexity of the

order ~ ¢ - g;

Heuristic per-cell power alloc.
- {Pfg_]-} using (14) to determine

Heuristic per-cell power alloc.
Py, ; using (14) to determine

. . @ G

{1} {1}, {m"} and {7}
Need to estimate {7;//,(i) | Need to estimate {n;:/;(i) | {,ugj)} to be estimated by
i=1,..., 957 ' =0,...,J} i=1,..., 9553 =0,...,J} periodic SIR measurements

(' #J) in (3)

in (6)

in terms of SIR, such a scheme essentially enables to provide

flexible service differentiation in terms of other QoS parameters

such as delay. This is achieved at the cost of loss in the sum-rate
throughput in a cell.

In the proposed scheme, the procedure for allocating trans-
mission rates to the mobiles in cell j in the proposed scheme is
shown in the following.

1) Sort the mobiles in the ascending order of ﬁz(-] ),

2) For the first mobile in the list, calculate the power alloca-
tion at the basic rate as P%) = iV )P§7 ;(SIR),/N and
allocate the maximum pos_éible rate to this mobile as far
as (19) is satisfied with m”) < ¢ and [m? .o~ | being
the allocated rate (|| denotes the largest integer not ex-
ceeding z) and

9j

S m ol | P <Py - P

i=1
Here, o and [, are the rate control and priority control
parameters, respectively.

3) Repeat step (2) for the second mobile in the list, and so on.

> [mgj) 'Ofqu | <A

Q
S
q=1 iGI((Ij)

0<a<10, [,<0, ¢=1,2,...,Q. (19)

Witha = 1.0, rate adaptation in this caseis based only onradio
link conditions where mobiles with higher SIR requirements are
likely to be penalized in terms of average-rate throughput.5 As the
valueoftheratecontrol parameter adecreases, fairness (interms of
average-rate throughput) amongusersin the classes with different
requirements would be improved while the sum-rate throughput
(or equivalently, channel utilization) would be degraded. There-
fore, by controlling «, the desired tradeoff between fairness and
efficiency could be achieved.

Again, together with «, the priority control parameter [/, can
be varied to control the transmission rate allocation among

SForthe ith mobilein cell §, thisis the average number of radio link level frames
transmitted per frame-time under the corresponding SIR constraintand is denoted
by E(m{?).

mobiles in the different service classes. For a certain value of
a, as I, increases/decreases the transmission rates allocated to
the mobiles in the service class ¢ increase/decrease. Therefore,
if the users corresponding to the service class with higher SIR
requirements have tighter delay requirements (e.g., real-time
video users), better transmission rates can be allocated to the
corresponding mobiles by decreasing/increasing the value of
the priority control parameter for the service class(es) with
lower/higher SIR requirements. In any case, the minimum
SIR requirements in terms of x, for all the service classes as
given in (9) are guaranteed. Note that, the rate and the priority
control parameters can be adjusted on a frame-by-frame basis
depending on the radio link conditions and thereby a flexible
dynamic rate and power allocation can be achieved.

Note that, the impacts of variations in « and [, on the average-
rate throughput £/ (mgj )) may not be quite observable unless the
restriction m;”’ < ¢ is imposed in (19). In other words, using
the constraint [m'?) - a~la| < ¢ (instead of m{” < ) would
make it more difficult to achieve the QoS differentiation among
the mobiles over a wide range of average-rate throughput.

V. ANALYSIS OF THE AVERAGE SUM—RATE THROUGHPUT

In this section, the sum-rate throughput is evaluated for the
suboptimal rate allocation [based on (15)] using the average
value of the effective interference factor ;1,5] ) in (5) for random
user mobility. We assume a hexagonal cell layout with normal-
ized cell radius of unity and uniform distribution of mobiles
within each cell.

Since the long-term channel gain L;(j,4) corresponding to
mobile ¢ in cell j (tagged cell) should be greater than L (j, )
for all other gells, the average value of the effective interference
factor E{ ;LE] )} can be expressed by

@M1 _
E{ﬂ'zj}_ (1_’/)"1';'5]"/]'
17
¢ Ly (j.0)

- 20
¢ILy(j.0) 0

L (4,4) < L;(4,)
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Due to the independence assumption on short-term fading with
E{CZ-(] )} =1 for all j/, (20) can be written as

E{u} = |(1=v)+ Y By

J'#i

E{Z((jf)) ‘ Ly (j.4) <Lj(j,z'>} . @

By referring to [9] and [12], the expected value can be evaluated
as

1—1/

E{@ﬁ}: 2: mmvﬁ//fkl

(£k,£0)
ki=2n

u°+ v 8/2
' <(u +V3k/2)2 + (v + 31/2)2>

. (%) du do

where the integral is evaluated numerically over the area of

(22)

center cell 7, B.1y/; = PB,k,)/ Pp,j for (k,1) = j' # j, and
9 56
f(k,1) = exp[(cIn10/10)*] 1 = Q
202

: ((u+ V3k/2) + (v—|—3l/2)2>
" 10810 2 2

uc 4+ v
- \@2%1 } (23)

where o is the standard deviation (dB) of the random variable

& in (4), and Q(z) = 1/v/27 [ e~V /2 dy.

Based on the average value fi; = E{u(j )} the avemge
weighted effective interference factor u(] ) = (2% ;) = ﬁ,(lj )
can be determined (where ¢ € I(J) and g = 1,2,...,Q). In
fact, the average weighted interference factor /L(Ij for class ¢

is largely affected by the corresponding SIR requirement s,
since the average value of the interference factor [L(J ) would not
be much different for all the mobiles under random mobility
assumption.

Based on (15), when the suboptimal rate allocation is per-
formed in an ascending order of the interference factor [NL((IJ ), mo-
biles in the service class with lower x, are more likely to be al-
located transmission rates. That is, with k1 < ko <, ..., < kq,
the suboptimal rate allocation is performed in an increasing
order of ¢, i.e., ¢ = 1,2,...,Q until the inequality in (15) is
satisfied. In such a case, the following inequalities hold (0 <

s < Q-1

an lo-al| < a7ty (24)
Q+1 . .
Z 2Ka ng” lo-a~la] > ﬂ]lw(]) (25)

q=1
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where the maximum allowable rate m(] ) =  is dynamically

adjusted depending on the rate control parameter « and the pri-
ority control parameter [,. Note that, if s = () in (24), all the
mobiles in all the service classes can be allocated transmission
rates (i.e., there is no congestion).

Now, the sum-rate throughput in the target cell j, denoted by
C}, can be bounded by

s+1

Zn(])LLp a”l] < ¢y <Zn(J - a”l|

where the value of s can be found from (24) and (25). From (24),
we can find the largest m < ¢ such that

(26)

S

2K5+1Ag-7_21 S ﬂ;l,y(]) _ Zznq TL |_<P a” qJ

q=1

where Ag]-121 = ZZGI ), Lm(])
Since this upper bound would be tight due to the suboptimal
rate allocation, where the rate allocation continues as far as
there is any residual rate resource, the sum-rate throughput will
closely converge to the bound. Therefore, the average-sense
sum-rate throughput in cell j, C;, can be approximated to

27

—ls+1J .

C; = anj) lo-al] + Agﬁl.

q=1

(28)

With the previous formulation, where the radio link condition
is taken into account in the average sense by [i;, the radio link
level performance (in terms of average sum-rate throughput in
cell j,C;) under dynamic rate adaptation can be investigated
under different traffic distributions (as characterized by {ng )})
when the mobiles have different SIR requirements (as speci-
fied by {£, }). Furthermore, the parameter s measures indirectly
fairness in throughput among users with different SIR require-
ments. For instance, as s increases, the fairness improves since
the rate allocation becomes more even among users in the dif-
ferent service classes.

Let us consider a time-varying traffic distribution where the
number of users in each service class has Poisson distribution

so that the value of the parameter n((lj ) is given by
. 2\Fa
Pr [n((lj) - -q] - e—*qk—zl ky=0,1,... (29)

where )\, denotes the average number of users belonging to ser-
vice class ¢ = 1,2,...,Q during a frame-time and {ng]) g =

1,2,...,Q} are mutually independent.
With the Poisson traffic model, the fairness factor s may be
defined and derived by
_A
s = E{s<k17 ) kQ)}
Q ke
= D> slhikg) <He”q ,j!) (30)
k1>0 kg>0 q=1 q

where s = s(ki1,...,kq) is found in (24) and (25) by letting
n,(lj ) = k4 for all ¢. Therefore, by observing 5, the performance
behavior in terms of the fairness in rate allocation among dif-
ferent service classes can be analyzed under varying traffic dis-
tribution.
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VI. SIMULATION MODEL, RESULTS AND DISCUSSIONS

A. Models for Micro-Mobility, Shadowing and Multipath
Fading

We consider two micro-mobility models, namely, the
random mobility model and the directional mobility model.
In the former 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 latter case, we assume a directional random
walk model [13] where the mobile users travel from a starting
point to a destination in a series of statistically independent
discrete steps. In this case, the effect of shadowing at the dif-
ferent locations is assumed to be correlated. For each step, the
angular deviation (6) of the travel direction from the principal
directions has the probability density function f(6) given by

Ag

L —r<0<
2[1+ A20%tan—Y(Agr)’ = =
0,

f(0) = (31)

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 Ay
is 4.2 [13]. 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 [14]:

W1 1(dB) = @ X WydB) +(1—a) xc (32)

where wy(qB) is the mean envelope level or mean square-en-
velope level (in dB) that is experienced at location k, a is the
correlation coefficient given by a = EETS/ D, and ¢y, is a zero-
mean Gaussian random variable with variance 2. Here, 62 =
(1+a)/(1 — a)o?, with o2 being the variance of log-normal
shadowing. The parameter ¢p is the correlation between two
points separated by distance D and T is the sampling interval
(which is assumed to be equal to the frame-time 7 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 assumed. Multipath fading with unequal average
path power is assumed for the directional mobility with corre-
lated shadowing case and the parameters are based on the ve-
hicular-B model [15] for macro-cell.

B. Performance Metrics and Simulation Methodology

To evaluate the performances of the dynamic rate and power
adaptation schemes by computer simulation, we determine the
average transmission rate per frame-time for the mobiles in the
target cell (i.e., average-rate throughput for the th mobile in cell
1 E (mgj ))) and also the average transmission rate per mobile
per frame-time (i.e., E(m,)) over all the mobiles in all the cells.

The values of some of the system parameters used for ob-
taining the results presented in this paper are listed in Table III.

6At any point on the travel path, the line joining the point to the destination
defines the principal direction.
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TABLE III
SYSTEM PARAMETERS
Parameter l Value
Frame-time, 7’ 10 ms
Chip sequence length, N 128
Path loss exponent, & 4.0
Standard dev. of
shadow fading, o 8 dB
v 0.2
P./Pgp 0.2
(SIR),, dB 2,3, 4,
5,6,7,8
D 100 m
gD 0.1
Ap 4.2
v 20, 50, 80 km/hr
[ 3,8
J 2,6

Three classes of users (i.e., ¢ = 1,2, 3) with different SIR re-
quirements (e.g., 2% = 1,2, 3,2% = 1,1.26, 2) are considered
in each cell. For example, with 2« = 1,1.26,2, and (SIR),
= 3 dB, the minimum SIR requirements are 3, 4, and 6 dB for
q =1,q = 2, and g = 3, respectively. Seven cells (i.e., J = 6)
are considered in a hexagonal cell-layout and “cell 0” is as-
sumed to be the tagged cell. The number of users in each of the
cells is assumed to be 20 (i.e., g0 = g1 = --- = gg = 20).
The service classes for the mobiles in the tagged cell are as
follows: I\” = {0,1,...,6}, I3 = {7.8,...,13}, IV =
{14,15,...,19}.

Since, for the system configuration finding the optimal rate
and power allocation from (10) by using exhaustive search is in-
feasible, we observe the throughput performance of the optimal
scheme for a smaller system configuration with three cells and
three users per cell (i.e., go = g1 = g2 = 3).

The locations of the mobiles in the tagged cell are gener-
ated randomly 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 shad-
owing, during each iteration, the initial locations of the mobiles
are generated randomly within the target cell and the successive
locations are generated by using (31) based on the mobile speed
(v) and the length of the adaptation interval (or frame-time, 7T').
The destination point is assumed to be located in the tagged cell
and while generating the successive mobile locations, it is en-
sured that the locations are within the tagged cell.

In each case, simulations are performed to obtain the max-
imum average-rate throughput.” For this, the intercell interfer-
ence factor 7/ /; (7) is calculated using (3) to evaluate the ef-

fective interference factor MEJ ) in (5). In this case, Lj(j,1) >
Lj/(j,9) for all j (i.e., the base station in the tagged cell is se-
lected as the serving base station). The values of L;/(j,4) and
L; (4, 1), which account for the long-term fading, are assumed
to be constant over a frame-time (7).

The values of Ci(j ) and Ci(j ), which account for the short-term
fading in (3), are assumed to be constant only over a fraction of
the frame-time At, where 7' = K At. Therefore, the value of

TThe average-rate throughput may fall below this maximum value in the soft-
handoff case due to increased 7/ (4).
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Fig. 2. Average transmission rate per mobile per frame-time for optimal,
near-optimal, and suboptimal dynamic rate adaptation (for the random mobility
model) when ¢ = 3.

n;,;(i) over a frame-time is calculated by using the average

of the K independent values of CZ-(J ) / ij ) The value of K is
assumed to be 16 in this paper.

In the case of near-optimal rate adaptation, the rate allocation
is performed in an ascending order of ,E(,E] ) by allocating the
maximum allowable rate as far as the allocated rates satisfy (10)
and until the sum of the transmission rates is maximized. The
power allocations to estimate the values of uz(.]) are determined
using (14) for both the near-optimal and the suboptimal rate
adaptation schemes.

To evaluate the average sum-rate throughput using the pro-
posed analytical approach, both the integer and the noninteger
rate allocations are considered. In the former case, the integer
parts of ¢ - o' and m - a~!*+1 are considered while evaluating

C}, the average sum-rate throughput in cell j, by using (28).

C. Results and Discussions

1) Optimal, Near-Optimal, and Suboptimal Rate Adap-
tation: Typical results on the average transmission rate per
mobile per frame-time (average-rate throughput) under op-
timal, near-optimal, and suboptimal rate adaptation schemes
are presented in Figs. 2 and 3. The average-rate throughput for
the random mobility case found from analytical approximation
is also plotted in the same figures for comparison.

As is evident, the throughput performance of all the three
schemes are fairly close over a range of values of (SIR),. The
throughput performance for the suboptimal case is fairly close to
that of the near-optimal case. Depending on the value of (SIR),
the near-optimal scheme may provide slightly better throughput
than the suboptimal case. However, from the cost and com-
plexity viewpoint the use of the near-optimal scheme may not
be preferable to the suboptimal scheme.

The analytical results on average-rate throughput in Fig. 2 are
observed to upper bound the simulation results, which is due to
the more optimistic average-sense approximation of the inter-
ference factor (note that, we consider a smaller system configu-
ration consisting of only three cells with three users per cell in
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Average transmission rate per mobile per frame-time, E(m)

05 . . . . .
(SIR),, dB

Fig. 3. Average transmission rate per mobile per frame-time for near-optimal
and suboptimal dynamic rate adaptation when p = 8.
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24
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Average transmission rate per mobile per frame-time, E(m)

0.6 | | I | L
2 3 4 5 6 7 8
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Fig.4. Average transmission rate per mobile per frame-time under suboptimal
dynamic rate adaptation for the directional mobility model when p = 8.

this case). As the number of users increases, the multiuser diver-
sity will be increased so that in each cell the user with the best
channel condition will be allocated most of the rate resource
4\ in (15), resulting in a nonlinear rate allocation with respect
to the channel condition. However, the average-sense approxi-
mation is based on the rate allocation in proportion to the mean
interference factor. As a result, for a larger system configura-
tion (e.g., in Fig. 3), the analytical results will lower bound the
throughput performance of the suboptimal scheme.

Simulation results show that, for the assumed system param-
eters, variation in terminal speed v (e.g., v = 20, 50, 80 km/h)
does not have significant impact on the average-rate throughput
(Fig. 4). Although correlated shadowing impacts the channel
conditions of all the mobiles, for the radio link quality-based
rate adaptation, the transmission rate allocation is done only for
a subset of the mobiles (with better channel conditions) during
an adaptation interval. This makes the impact of terminal ve-
locity on the average-rate throughput not much significant in
our model. However, the impact of imperfect power control on
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Fig. 5. Target SIR and achieved SIR for the mobiles in the tagged cell (for the
random mobility model) when ¢ = 8.
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Fig. 6. Impact of (SIR), on average transmission rate per frame-time for the
mobiles in the tagged cell (for the random mobility model) when ¢ = 8.

sum-rate throughput, when considered, would be worse for
high-mobility users compared to that for the low-mobility
users.

2) Average-Rate Throughput and Achieved SIR With Subop-
timal Rate Adaptation: The achieved signal-to-interference ra-
tios for the different mobiles in the tagged cell closely follow
the corresponding target SIRs (Fig. 5). Similar results are ob-
tained for the mobiles in other cells. Since the value of v() in
(15) decreases with increasing (SIR),, the average transmission
rate per frame-time for the different mobiles decreases with in-
creasing (SIR), (Fig. 6). With radio link quality-based rate al-
location, mobiles with higher SIR requirements are allocated
lo(w)er rates due to larger weighted effective interference factor
~ (i

For the directional mobility with correlated shadowing case,
short-term unfairness in rate allocation may result due to the
differences among the achieved average transmission rate per
frame-time for the different mobiles in the same service class
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Fig. 7. Impact of rate control parameter «v on average transmission rate per

frame-time for the mobiles in the tagged cell (for the random mobility model)
when ¢ = 8.

(which is caused by variations in the channel condition due to
correlated shadowing).

3) Impact of Rate and Priority Control Parameters: When
the value of the rate control parameter « is 1.0, the rate
adaptation is based on radio link condition only and this may
cause the average transmission rate per frame-time for the
mobiles with higher SIR requirements to drop significantly.
This problem may be alleviated by using o« < 1.0. The amount
of improvement in the average-rate throughputs for the mobiles
with higher SIR requirements would depend on the distribution
of the SIR requirements among the users. As the value of
the rate control parameter « decreases, the average transmis-
sion rate per frame-time for mobiles with lower/higher SIR
requirements decreases/increases (Fig. 7). For the assumed
distribution of SIR requirements, the average transmission rate
per frame-time for the mobiles with higher SIR requirements
improves remarkably with decreasing «.

The priority control parameter [, and the rate control parameter
« may be properly selected depending on the user requirements in
the corresponding service classes. For example, the service class
with higher SIR requirement may be assigned the priority level
l, = Owhilethe service class with lower SIR requirement may be
assigned the priority level /; < 0 so that the transmission rate al-
location becomes more even among users in the different service
classes (as observable from E(m;) for {l; = 0,lo = —1,13 =
—2}and {l; = —2,l = —1,l3 = 0} in Fig. 8). As the priority
control parameter [, for the service class with higher SIR require-
ment is increased, the average transmission rate per frame-time
for the mobiles in that service class increases (Fig. 8). Again, the
reverse effect can be produced by adjusting [, and v, for example,
when the channel conditions for the users in the service class with
higher SIR requirement deteriorate.

The average transmission rate per mobile per frame-time
(or average-rate throughput) decreases with increased priority
(larger [,) to mobiles with higher SIR requirements (or equiv-
alently, lower priority (smaller /;) to mobiles with lower SIR
requirements). For example, the average rate throughput with
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Fig. 8. Impact of priority control parameters on average transmission rate per

frame-time for the mobiles in the tagged cell (for the random mobility model)
when ¢ = 8.
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Fig. 9. Impact of priority control parameters on average-rate throughput (for
the random mobility model) when ¢ = 8.

Iy = —2 is smaller compared to that for /; = 0 (Fig. 9). The
desired tradeoff between the average-rate throughput and the
fairness in rate allocation among mobiles in the different ser-
vice classes can be obtained by adjusting both the rate control
parameter « and the priority control parameter [, appropri-
ately and thereby a flexible combined link quality-based and
priority-based rate adaptation can be achieved.

The average-rate throughputs found from analytical ap-
proximation follow the simulation results more or less closely
(Fig. 10). The rate and priority control parameters for an ac-
ceptable region of operation can, therefore, be estimated based
on the analytical approximations. The analytical results on the
average-rate throughput are observed to act as lower bound.
The analytical approximation on the average-rate throughput
is based on the average interference factor [in (24) and (25)]
and the assumption that the rate allocation is performed in an
ascending order of «, for all the mobiles in the corresponding
service classes. Even though the approximation is based on the
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Fig. 10. Comparison among the simulation and the analytical results on
average-rate throughput (for the random mobility model) when y = 8.

fact that for small a and/or I, rate allocations to the mobiles
in service classes with smaller /; may become zero and rates
are mostly allocated to mobiles in the service class with higher
lq4, the average interference factor used in the approximation
may become much larger compared to the interference factors
that mobiles in the service class with higher [, experience from
frame-time to frame-time. Again, due to the assumption that
the rate allocation is performed in an ascending order of s,
the (negative) effect of higher weighted interference factor /25] )
(due to mobiles with higher SIR requirements) on average-rate
throughput is somewhat more pronounced in the analytical
approximations.

Note that, for dynamic link adaptation with priority the con-
straint m,E] ) < pin (19) makes the variations in the rate and pri-
ority control parameters effective in controlling the average-rate
throughput among the users in the different classes (as discussed
in Section IV-B). This is also illustrated in FI% 10. Removing
this constraint and using the constraint Lm,g] a7l <
instead may not enable to provide QoS differentiation over a
wide range of average-rate throughput as evidenced by the very
slowly varying nature of the corresponding curve in Fig. 10.

VII. CONCLUSION

In this paper, a dynamic link adaptation framework is pre-
sented for dynamic allocation of transmission rate and power
under multiple SIR constraints for downlink transmission in cel-
lular VSF WCDMA networks. Heuristic-based simple subop-
timal dynamic rate and power adaptation scheme is proposed
to avoid the huge complexity of optimal dynamic link adapta-
tion which is almost infeasible to implement. The concepts of
radio link quality-based link adaptation is combined with the
user priority-based link adaptation and this would enable to de-
velop a class-based QoS framework for the cellular multirate
WCDMA networks. An approach for analytical investigation of
the radio link level performance under dynamic link adaptation
with multiple SIR constraints is also presented which would be
useful for system engineering purposes. The proposed frame-
work can serve as a basis for investigating higher-layer protocol
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performance under dynamic radio link adaptation with QoS dif-
ferentiation in cellular WCDMA networks.

APPENDIX
HEURISTIC DETERMINATION OF ng ;IN(14)
In (13), we note that, given Pp ; and (SIR), 4, the per-user
power allocation at basic rate P,” is proportional to the factor
2541,9) for i € 1. Combining this with (2) yields

93

S 2 (mﬁ.j) ugj)) Pg ;- (SIR),q (33)

i=1

1
PBJ_PC:N

where i € I(Z) for ¢; € {1,2,...,Q}. Since the interfer-
ence factor uij ) in (5) cannot be estimated without a priori
knowledge of the per-cell power allocations {Pg ;}, and also

the the rate allocation mgj ) s inversely proportional to /ng ),
while determining Pp ; we treat the factor (mY 1) to be ap-

proximately constant. Therefore, the per-cell power allocation
Ppg_; should be increased in proportion to Zqul 2Faq nl(lj ) where
n$) = 19| and Equl n{) = g;. Hence, the per-cell power
allocation can be calculated approximately by Py ; as in (14)
subject to the average power constraint per cell Pg in (8).
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