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Abstract—Optimal dynamic rate allocation among mobile
stations for variable rate packet data transmission in a cellular
wireless network is an NP-complete problem; therefore, suboptimal solutions to this problem are sought for. In this paper,
three novel suboptimal dynamic rate adaptation schemes, namely,
peak-interference-based rate allocation, sum-interference-based
rate allocation, and mean-sense approximation-based rate allocation, are proposed for uplink packet data transmission in cellular
variable spreading factor wide-band code division multiple
access (WCDMA) networks. The performances of these schemes
are compared to the performance of the optimal dynamic link
adaptation for which the rate allocation is found by an exhaustive
search. The optimality criterion is the maximization of the average
number of radio link level frames transmitted per frame time
under constrained signal-to-interference-plus-noise ratio (SINR)
at the base station receiver. Two different error control alternatives
for variable rate packet transmission environment are presented.
We demonstrate that the dynamic rate adaptation problem
under constrained SINR can be mapped into the radio link level
throughput maximization problem with integrated rate and error
control. 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 adaptation, radio link level error
control, wide-band code division multiple access (WCDMA).

I. INTRODUCTION
N CELLULAR wireless networks, adaptive packet access
schemes based on dynamic rate and error control can
provide superior system performance resulting from higher
radio resource utilization. Wide-band code division multiple
access (WCDMA) systems (e.g., ETSI WCDMA, cdma2000),
which will be the major radio transmission technologies for
IMT-2000, have intrinsic support for dynamic rate transmission. In a WCDMA system, with a fixed number of assigned
codes, the uplink data transmission rate can be controlled on
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a frame-by-frame basis by using a variable spreading factor
(VSF) method [1]–[3].1 This method for dynamic rate variation is attractive due to its simplicity in implementation and
potential for low power consumption at the mobile stations [2].
The problem of dynamic radio link level rate allocation
to maximize the average number of transmitted frames
per frame time (or channel utilization) under constrained
signal-to-interference-plus-noise ratio (SINR) is non-deterministic polynomial (NP)-complete2 (to be described later in
this paper). Therefore, fast and efficient suboptimal solutions
to this problem (presumably based on interference and fading
conditions) are sought.
In this paper, the problem of dynamic rate adaptation is
addressed assuming a single class of users where all the users
have a similar quality of service (QoS) requirement in terms of
the received SINR at the base station (BS) receiver. Three novel
suboptimal dynamic rate adaptation schemes, namely, peakinterference-based rate allocation, sum-interference-based
rate allocation, and mean-sense approximation-based rate
allocation, are proposed for uplink packet data transmission
in cellular variable spreading factor WCDMA networks. The
optimality criterion is the maximization of the average number
of radio link level frames transmitted per frame time while
satisfying the SINR requirements for the mobiles.
Based on a generalized uplink SINR model (applicable to uniform and nonuniform traffic load scenarios in multicell environment) developed considering both the long-term fading and
the short-term fading conditions, the performances of the proposed suboptimal rate adaptation schemes are compared to the
performance of the optimal dynamic link adaptation for which
the rate allocations among the mobiles are found by an exhaustive search. Although the fairness in radio link level transmission rates among the different mobiles is not posed as an
optimization constraint, we also observe the achieved fairness
for the different rate adaptation schemes. Performance evaluation is carried out under random and directional micromobility
models with uncorrelated and correlated long-term fading, respectively. 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.
A time-framed system is considered here in which the frame
duration is fixed. Depending on the rate selection, however, a
1In a UMTS or 2000 system, the spreading factor and the number of codes in
the downlink are fixed.
2The family of NP-complete problems includes many important optimization problems which are all inherently of exponential time complexity and algorithms for solving them in less than exponential time do not exist.

1536-1276/04$20.00 © 2004 IEEE

36

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 3, NO. 1, JANUARY 2004

mobile station can transmit a variable number of fixed length
radio link control (RLC)/medium access control (MAC) layer
frames within one frame time, which are derived from the segmentation of variable-length IP packets. In such an environment,
dynamic rate adaptation can be integrated with RLC/MAC level
error recovery (for example, using channel coding) subsequent
to some transmission failure. Two error control schemes are presented which are based on the idea of integrating dynamic rate
adpatation with radio link level error control. We demonstrate,
in this paper, how the dynamic rate adaptation can be integrated
with radio link level error control to optimize the radio link level
throughput (in bits/second).
The rest of the paper is organized as follows. Section II reviews the pertinent literature and presents the motivation of this
work. An uplink SINR model for multicell VSF WCDMA systems is developed in Section III. In Section IV, the dynamic
rate adaptation problem and the radio link level error control
methods under variable rate transmission for packet-switched
cellular WCDMA systems are described. The suboptimal rate
allocation procedures are presented in Section V. In Section VI,
the idea of integrated rate and error control under mean-sense
approximation-based dynamic rate adaptation is presented. The
simulation model and the simulation results are presented in
Section VII. Conclusions are stated in Section VIII.

II. BACKGROUND AND MOTIVATION
An adaptive variable transmission rate random access scheme
based on direct-sequence CDMA (DS-CDMA) slotted ALOHA
(S-ALOHA) in an additive white Gaussian noise (AWGN) environment was proposed in [4], although no rate selection procedure (other than the exhaustive search) was assumed in the
presented analytical model.
An adaptive multiple access scheme for uplink admission/congestion control was proposed in [5] for variable
spreading gain CDMA systems with variable received power
operating in an AWGN environment. The scheme was based on
the adaptation of the retransmission control probability for the
users with different but fixed transmission rates. The problem
of dynamic rate control was not addressed therein.
The effect of dynamic spreading gain control on the dynamics
of multiple access interference (MAI) and spectral efficiency in
a single-cell S-ALOHA system was studied in [6] where all the
mobile terminals used similar dynamically varying spreading
gain to maximize total system throughput.
In [7], nonreal-time packet-data traffic throughput (in the
uplink) was evaluated in a single-cell variable spreading gain
voice-data CDMA system. The objective was to maximize
the average data throughput while minimizing the sum of the
transmit powers used by the mobiles.
It was observed that in many cases a time-scheduled transmission mode where only one terminal among all of the data
terminals are allowed to transmit at a time, provides remarkably higher per-user throughput compared to the conventional
unscheduled (or random) transmission mode. This observation
on the throughput-maximizing rate distribution is in line with

the information-theoretic results on optimal cellular capacity in
[8], which basically state that a necessary condition to maximize
system capacity is to separate the users in a cell and share the
available bandwidth between cells.
Similar results were obtained in [9], where the throughput
maximization problem for CDMA uplinks was formulated as
an optimization problem in terms of the spreading gains and
transmit power of the users. In the optimal power and rate optimization strategy only one user in a cell that has the most favorable channel condition transmits at the highest possible rate.
This work presented in this paper is different from those in
the above in that it addresses the problem of optimal dynamic
rate adaptation under constrained SINR for uplink packet data
transmission in multicell multirate WCDMA systems. The optimality criterion is the maximization of the average number of
radio link level frames transmitted per frame time. The main
contribution of this paper is the formulation of the optimal dynamic rate adaptation problem under constrained SINR using
a general SINR model for uplink data transmission in cellular
VSF WCDMA networks. In the proposed dynamic rate adaptation framework, the impact of the rate allocations in other cells
is taken into consideration and the other-cell interference factors are explicitly taken into consideration (rather than treating
all the other-cell interference as noise).
The observations on the throughput maximizing rate distributions in some of the previous works are utilized to devise simple
heuristic-based rate adaptation algorithms with reduced computational/implementation complexity (compared to the optimal
dynamic rate adaptation). Again, the idea of integrating dynamic
rate adaptation with radio link level error control is introduced.
Two radio link level error control alternatives for variable rate
packet data transmission are presented.
Although the problem of dynamic rate adaptation for packet
data service with a single class of users (e.g., best-effort packet
data service) has been considered only, the framework can be
extended to handle the case with multiple class of users.
III. MODELING OF UPLINK SINR
To devise radio link level dynamic rate allocation schemes for
multicell multirate WCDMA systems, it is required to first develop an effective uplink signal-to-interference-plus-noise ratio
(SINR) model. A list of the key mathematical notations is provided in Table I for the SINR model developed below.
Let us assume that the frame time, denoted by , is fixed
and that the transmission rates can be selected from the set of
. If it is assumed that
(
rates
),3 and that only one frame (of fixed length of
bits) corresponding to the smallest (basic) rate can be transmitted during a frame time, then for the transmission rate of
, frames can be transmitted during a frame time. For this,
a variable spreading gain WCDMA system can be used where
, the
the basic gain is given by chips per bit, and for rate
chips per bit.
spreading gain is reduced to

r = mr
r m.

3For the rest of the paper it is assumed that
with respect to the basic rate
is
value of

r

so that the normalized
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to the th path, and
for the same link

TABLE I
LIST OF KEY NOTATIONS

represents the long-term fading

(2)
is defined by
(3)

For this, mutually orthogonal codes (e.g., orthogonal variable
spreading factor (OVSF) codes4 [1]) for different transmission
rates are possible if a rate is chosen according to
(1)
where
is the basic spreading gain (in chips/bit) cor. This results in a variable rate resolution
responding to
which becomes very coarse for relatively higher transmission
rates. The highest transmission rate ( ) would be presumably
limited by some minimum required spreading gain. For a constant rate resolution, nonorthogonal spreading codes must be
used as a consequence of which the intracell interference will
be increased.
Assuming random signatures and considering both the
short-term -path Rayleigh fading and the long-term fading,
i.e., path-loss and shadowing, the RAKE-combined output
corresponding to the
SINR at the th base station,
transmission from th mobile in cell (
) can be
represents
expressed by (2). Here,
being the path
the -path multipath fading gain with
and the th mobile in cell corresponding
gain between
4OVSF codes for variable rate transmission can be generated from the subset
of row vectors in the Hadamard matrix
of size 2
2 ( is an integer).
The maximum value of 2 would be roughly of the order of the number of users
supportable in a cell.

H

2

n

where the signal is assumed to be attenuated by the th power
and log-normal shadowing with standard
of the distance
deviation .
In (2),
denotes a specific rate allocation
is its transmit power at basic rate,
to the th mobile in cell ,
is transmit power with rate
(
) where
and
the bit time is reduced to
because of the VSF scheme.
In (2), the factor 1/3 results from the rectangular chip pulse and
[10],
is the
uniform delay distribution for a chip time
is the power spectral
number of mobiles in cell , and
density of the background noise.
Note that when we derive the th path
(where
),
in (2) is to be rein case of
and
. This
placed by
is because the self-interference due to delayed multipath signals
from the th mobile in cell does not include the desired th path
signal. Compared to the total in-cell and other-cell interferences,
its effect is typically negligible and therefore (2) can be regarded
as a conservative estimate for the unified SINR analysis.
In general, the uplink channel is power controlled to normalize the received signal power at basic rate. The received
, which is constant for all mobiles in the
signal power at
same cell, can be expressed as
(4)
and
.
for
Using (4), the RAKE-combined output SINR in (2) can be
formulated as

(5)
is the bit energy,
where
spreading factor at basic rate, and
terference factor defined as follows:

denotes the
is the other-cell in(6)

In (5), the first term represents the sum of the transmission rates
in cell , the second and third terms denote the other-cell interference weighted by the corresponding rate distributions and the
output signal-to-noise ratio (SNR) per bit, respectively.
The important observation here is that the rate allocation in
one cell affects the rate allocation in other cells, because when
higher rates are allocated to mobiles in one cell, it increases the
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other-cell interference and in turn reduces the sum of the transmission rates in other cells because of the weighting effect in the
second term in the expression for SINR in (5). This implies that
the dynamic rate allocation should be performed jointly over all
the cells involved to minimize the other-cell interference and
hence maximize the sum of the radio link level transmission
rates.
IV. DYNAMIC RATE AND ERROR CONTROL

among
follows:

for all mobiles in (

) cells is defined as

A. Optimal Dynamic Rate Allocation

Therefore, intercell fairness measures the global fairness in the
average transmission rate per mobile per frame time.

Based on the uplink SINR modeling developed in Section III,
an optimal rate allocation can be defined as follows:

C. Error Control Alternatives Under Variable Rate
Transmission

subject to

for all and

(7)

assuming all mobiles require the same uplink quality across
the cells, or equivalently, the same SINR constraint (with target
) applies to all mobiles in all the cells.
Note that the optimal rate allocation can be determined
by an exhaustive search to find the rate combinations
that maximizes the
sum of the transmission rates within the SINR constraint in (7).
Since the exhaustive search requires cycling through all possible
assignments which would involve exponential time complexity
),
(with the order of the complexity being
the problem of optimal rate allocation (which is similar to the
satisfiability problem [11, p. 673]) is NP-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 allocation
but a suboptimal rate allocation.
B. Suboptimal Dynamic Rate Allocation and Performance
Measures
In Section V of this paper, we propose two suboptimal
“joint-cell” rate adaptation schemes, namely, peak-interference-based rate allocation and sum-interference-based rate
allocation which have linear complexity of
.
However, these two suboptimal schemes would require the
radio network controller (RNC) to estimate all the other-cell
interference factors
[in (6)] corresponding to all
the mobiles in all the cells and, therefore, may cause large
network overhead. For this reason, we also propose a single-cell
mean-sense approximation-based dynamic rate allocation procedure as a promising alternative to the joint-cell rate allocation
in view of both the performance and implementation. In this
case, the other-cell interference in a target cell is accounted for
in an average sense.
The performance measures considered for the different rate
adaptation algorithms are average transmission rate per mobile
) under constrained SINR and (interper frame time (
) in the average transmission rate among
cell) fairness (
the different mobiles in the different cells. The intercell fairness

Two different hybrid automatic repeat request (ARQ)-based
error control schemes, namely, Selective-Repeat (SR) and
Go-Back-m (GBm), to be used under variable rate packet data
transmission are presented in this paper. In the former, each
frame transmitted during a frame time is treated independently
so that only the frames transmitted with errors will be retransmitted. Therefore, error recovery in this case is similar to
error recovery in the classical selective-repeat ARQ scheme,
although this is a bit more complicated due to the variable rate
transmission.
The GBm scheme assumes a whole frame decoding rather
than an individual frame decoding within a frame time. That
frames transmitted during a frame time (with transis, the
mission rate ) are treated as one single frame of length
bits. Therefore, when the entire frame is declared to have failed
frames during that frame time will
after decoding, all the
be retransmitted. This scheme is different from the classical
go-back-N ARQ scheme since the number of retransmitted
frames is determined only by the rate adopted (i.e., the transmission window size is variable in this case rather than fixed).
For illustration, flow diagrams of the proposed error control
protocols are depicted in Fig. 1 for transmissions from a single
user assuming that the acknowledgment delay is and that the
can be selected from the set
.
data rate
The achieved radio link level throughput ( ) under these two
error control schemes can be expressed by
(8)
denotes the number of users choosing rate
(
), given that the total number of users transmitting simultaneously during a frame time is (i.e.,
).
is deHere, the probability of correct reception of a frame
pendent on the physical layer bit-error rate (BER) performance
) (and hence on the channel interference and fading
(i.e.,
conditions) and on the error control protocol employed. Specifwould be largely dependent on the dynamically alically,
located transmission rates among mobiles in the different cells.
for a user
The probability of correct reception of a frame
can be expressed as
transmitting at rate
where

for
(9)
for
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ARQ-based error control in variable rate transmission systems.

where
is the BER for a user with rate
and
. Here,
-bit error correction capability is assumed for
bits. To make a fair performance
the frame of length
comparison between these two error control protocols, the code
rates are to be kept the same. For a certain value of , the code
rate satisfies the Varsharmov–Gilbert lower bound [12] as given
by

with the performance of the optimal rate allocation scheme in
terms of the average transmission rate per mobile per frame
time. Note that the avergae transmission rate per mobile can be
determined from the sum of the transmission rates as expressed
in (7) by dividing it with the total number of mobiles.

(10)

The idea behind this suboptimal scheme is to minimize the
peak-interference to other adjacent cells that is caused by any
higher rate allocation in one cell. If a mobile located at near the
cell boundary transmits at higher rate, it would cause increased
interference to adjacent cells, and consequently, would limit the
sum of the transmission rates in those cells. Therefore, maximum allowable rates are allocated to the mobiles with the most
favorable interference conditions (with respect to the other cells)
in terms of the peak-interference factor.
The proposed rate allocation procedure can be described as
follows.
to
1) Find the peak-interference
due to the th mobile in cell ,
adjacent other cells
and
.
and repeat this for all
(
2) Allocate the maximum possible rate
) to the mobiles logically arranged in an
increasing order of the corresponding peak interferences
as far as the

where
and the min. Therefore, for a certain
imum Hamming distance
),
minimum value of code rate (corresponding to
, and hence
corresponding to a frame of length
,
can be determined (at least approximately) using (10) with
replaced by
.
For the GBm scheme only the gross throughput (in terms of
successfully transmitted frames/frame time) is calculated in this
paper although the net throughput would be lower since the correctly received frames may be retransmitted more than once.
V. SUBOPTIMAL RATE ALLOCATION SCHEMES
In this section, three suboptimal rate allocation procedures,
two of which perform the rate allocation on a joint-cell basis,
are presented. The performances of these schemes are compared

A. Peak-Interference-Based Joint-Cell Dynamic Rate
Allocation (Algorithm 1)
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SINR constraint, i.e.,
is satisfied
for all and .
Therefore, among all mobiles to which rate allocation is performed, only one has the rate smaller than the maximum allowable rate (i.e., ) while all the other mobiles are allocated the
maximum allowable rate. The rate distribution resulting from
this dynamic rate allocation becomes increasingly “extreme”
and/or increasing other-cell interferwith increasing
ence factors.
It is required to properly estimate the set of values
and these may be obtained from the channel measurements performed periodically in case of soft handoff in power-controlled
CDMA. Since such a “joint-cell” rate allocation procedure
places some burden on the RNC, a proper selection of is
crucial in reducing the network overhead without causing much
loss in the sum of the transmission rates, compared to that for
the optimal scheme.

C. Mean-Sense Approximation-Based Single-Cell Dynamic
Rate Allocation (Algorithm 3)
Since the “joint-cell” suboptimal rate allocation schemes
require estimation of other-cell interference factors across all
) cells, the network overhead may become high for
(
large values of . Therefore, we consider the following simple
“single-cell” dynamic rate allocation scheme which does not
require estimation of the other-cell interference factors but
rather relies on a mean-sense approximation of the other-cell
interference. This formulation enables us to map the dynamic
rate allocation problem under constrained SINR into the radio
link level throughput maximization problem under integrated
rate and error control, as will be described later in this paper.
For this scheme we have the following.
1) The composite of the other-cell interference in (5) is approximated in mean sense as follows (see the Appendix ):
(11)

B. Sum-Interference-Based Joint-Cell Dynamic Rate
Allocation (Algorithm 2)
The idea behind this scheme is to minimize the composite of
the other-cell interference in (5), which is the sum of interferences generated by all the mobiles in a cell to the adjacent cells.
When mobiles are located near the intersection of three cells, the
sum interference caused by any two other cells becomes largest,
and, consequently, the sum of the transmission rates over the
three cells may decrease significantly. Therefore, in such a case
the sum interference can be controlled effectively by allocating
low rate (e.g., “rate 0”) to these mobiles. In fact, the effect of
spatial distribution of the mobiles on the joint-cell dynamic rate
allocation may be more effectively taken into account through
sum-interference-based dynamic rate allocation.
The “joint-cell” rate allocation in this case allocates the
maximum allowable rate to the mobiles with most favorable
interference conditions (with respect to the other cells) in
terms of the sum-interference factor which is defined by
for
and
.
The rate distribution in this case is similar to that in the
peak-interference-based scheme, that is, only one among all
the mobiles, to which rate allocation is done, is allocated a
transmission rate smaller than the maximum transmission
rate while all the other mobiles are allocated the highest rate
(i.e., ).
Note that the sum-interference-based approach is likely to be
more sensitive to the estimation errors compared to the peak-interference-based approach. Again, a proper selection of is
also important for the sum-interference-based rate allocation
scheme, because this affects not only the network overhead to
estimate the sum-interference factors but also the resulting estimation errors. In general, the sensitivity to such estimation errors would be reduced as decreases, and the network overhead
would also become smaller. Therefore, it is necessary to investigate the average transmission rate as a function of , which
would allow us to find a proper value of to be used in the
joint-cell rate allocation.

where we have assumed
, i.e.,
similar traffic load in the “tagged cell” and the other adjacent cells in mean sense and the average other-cell interference factor in the tagged cell is defined by
(12)
Regarding the computation of , we assume that the mobiles are randomly located in the other cells and the areaaverage in [13] is chosen to be ; therefore, exact estimation of the other-cell interference factors can be avoided.
may vary from frame time to frame time
Note that
depending on the mobility of the users and the channelfading conditions.
To model the average other-cell interference factor in
tagged cell in mean sense for unequal traffic distributions, (11) may be modified as follows:

where

may be well approximated to

2) With constant (desired) received power level
at
the tagged
, the transmit power levels
(which are inversely proportional to the channel gains
) for all mobiles in cell are used as
the channel measurements for dynamic rate allocation
among mobiles in cell .
3) With the mean-sense approximation to the other-cell interference, the RAKE-combined output SINR in (5) can
be rewritten as

(13)
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Then, the sum of the transmission rates in cell can be
evaluated by combining (13) with (7), given the parameand
.
ters
is ob4) Once the sum of the transmission rates
tained, the dynamic rate allocation is performed by allocating the maximum allowable rate to the mobiles (logically arranged in an increasing order of the transmit power
levels) as far as the sum of the transmission rates is not
exceeded.
Note that the transmit power levels account only for the
channel gains between the mobiles in the tagged cell and
while the channel gains between the mobiles and other
are neglected. In addition, the mean-sense approximation does not fully exploit the spatial distribution of mobiles
in other cells. To investigate the effectiveness of mean-sense
approximation, the performance of the proposed single-cell dynamic rate allocation scheme is compared to the performances
of the joint-cell suboptimal rate allocation schemes.
D. Implementation Issues
To implement the proposed suboptimal rate adaptation
schemes, the other-cell interference factors
in (6)
need to be estimated periodically. This can be done within
the existing framework for power control and soft handoff
in WCDMA networks. During closed-loop power control,
each BS measures the uplink received signal strengths from
in (6) can
which the in-cell channel gain
be accurately estimated. Again, to prepare for soft handoff,
each mobile station periodically measures the downlink signal
strengths from its neighboring BSs. Therefore, this information
can be conveyed to the BS through uplink control channel (e.g.,
DPCCH in ETSI WCDMA [1]) and due to channel reciprocity,
in (6) can be estimated.
the channel gain
Note that, due to the distance-dependent loss [as given in (3)],
is dominant
the contribution of the long-term fading
in the channel gain. In this way, the other-cell interference
in (6) can be periodically estimated in
factors
the power control and soft handoff framework to realize the
suboptimal rate allocation algorithms.
Algorithm 3, which is based on the mean-sense approximation of other-cell interference, is intended to reduce the network
overhead resulting from the estimation of the other-cell interference factors. Since due to the mean-sense approximation the rate
allocation based on this algorithm can be either aggressive or
conservative, while implementing the algorithm the mean-sense
interference factor may need to be tuned periodically. Again,
drift in the assigned rate allocation from the desired allocation
can be compensated by SINR-based power control.
VI. INTEGRATED RATE AND ERROR CONTROL UNDER
MEAN-SENSE APPROXIMATION-BASED
DYNAMIC RATE ADAPTATION
In this section, we show that the dynamic rate adaptation (using the mean-sense approximation-based suboptimal
scheme) under constrained SINR maps into the throughput
maximizing rate allocation procedure.
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Let us define the effective traffic load (or equivalently, the
sum of the transmission rates) by
(14)
for the single-cell dynamic rate
where
allocation and the rate distribution is simply given by
and
for
(
denotes the greatest
integer not exceeding ).
Then, given that the other-cell interference and the noise are
fixed, the RAKE-combined output SINR in (13) can be expressed as a function of only, namely,
(15)
(
denotes the power spectral density of
for
the equivalent noise).
To determine the radio link level throughput using (8),
we need to calculate
and hence
, the BER. To calculate BER, we consider two multipath channel models-multipath Rayleigh fading channel with equal average path power
and multipath Rayleigh fading channel with unequal average
path power.5
In the case of -path Rayleigh fading with uncorrelated scat[where
tering and equal average path power, since
is as defined in (15)], the effective per-path SINR becomes
. For maximal-ratio combining (MRC) with independent branches, the BER is given by [14]
(16)
.
where
In the case of multipath Rayleigh fading with unequal average
, where
path power, the effective th path SINR is
( denotes the expectation) and
(normalized). Then, the BER can be expressed by [14]
(17)
where

.

Note that the BER is a function of only the effective traffic
and does not depend on the distribution of rate alload
locations. That is, for the mean-sense approximation-based
in (9) is
single-cell dynamic rate allocation procedure,
would
equal to . Therefore, for SR-based error control
be equal to (which is a function of ) while for GBm-based
error control
for
mobile station
for mobile station

(18)

5Here, the in-cell power control may compensate the multipath fading  (j; i)
from slot to slot during a frame time, where one frame time is typically divided
into 16 power control slots (as in ETSI WCDMA [1]), but the instantaneous
fluctuations in the signal amplitude level during a bit time are assumed to follow
these channel models.
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with
rewritten as

. Therefore, throughput

in (8) can be

for
for

.

TABLE II
SIMULATION PARAMETERS

(19)

(as well as
,
) decreases as
inSince
creases (and vice versa) for both the error control protocols,
the throughput can be optimized when is properly chosen.
Since under certain channel fading and interference conditions
depends on the target
the sum of the transmission rates
), for a given error control protocol (e.g.,
SINR (i.e.,
SR or GBm) the target SINR can be controlled such that
the peak throughput is achieved. Again, under a given error
control protocol, for a certain target SINR, the forward error
correction (FEC) parameter can be adjusted such that the
total radio link level throughput is maximized. In this way, the
single-cell dynamic rate allocation under constrained SINR in
the presence of other-cell interference and noise reduces to the
throughput-maximizing rate allocation problem and the rate
control can be integrated with error control to maximize the
radio link level throughput.
VII. SIMULATION MODEL, RESULTS, AND DISCUSSIONS
A. Models for Micromobility, Shadowing, and Multipath
Fading
We consider two micromobility models: 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
the different mobile locations is assumed to be uncorrelated.
In the latter case, we assume a directional random walk model
[15] where the mobile users travel from a starting point to a
destination in a 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 direction6 has the
given by
probability density function

, and
is a
the correlation coefficient given by
zero-mean Gaussian random variable with variance .
with
being the variance
Here,
of log-normal shadowing. The parameter
is the correlation
is the sambetween two points separated by distance and
pling interval (which is assumed to be equal to the frame time
in this paper).
Multipath fading is assumed to be independently varying. In
) Rayleigh fading
the random mobility case, an -path (
channel with uncorrelated scattering and equal average path
power is considered. Multipath fading with unequal average
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. Modeling Estimation Error
The estimation error is modeled as multiplicative noise. The
corresponding to each of the other-cell inestimation error
is generated as a log-normal random
terference factors
variate with standard deviation
. Therefore, the estimated
other-cell interference factors are calculated as follows:
(22)

otherwise.

(20)

The parameter
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
is 4.2 [15]. We assume that all the mobile users have a constant
speed of and that for each user the successive points are separated (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]:
dB

dB

(21)

where
is the mean envelope level or mean square-envelope level (in decibels) that is experienced at location , is
6At any point on the travel path, the line joining the point to the destination
defines the principal direction.

C. Simulation Methodology
For the random mobility with uncorrelated shadowing case,
the locations of the mobiles in the target cell are generated 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 shadowing,
during each iteration the initial locations of the mobiles are generated randomly within the target cell and the successive locations are generated by using (20) based on the mobile speed ( )
and the length of the adaptation interval (or measurement interval or frame time ). 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.
It is to be noted that the correlation between shadowing in
the two successive locations is affected by the mobile speed
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Performance comparison among the optimal and the suboptimal rate allocation schemes.

and the measurement interval. The total number of iterations for
each mobile during each simulation is taken to be sufficiently
large (e.g., 10 ) to ensure reliability of the obtained performance
measures.
In each case, simulations are performed to obtain the maximum average value of the transmission rate per mobile.7 In this
. The values of
case,
and
, which account for the long-term fading, are assumed to be constant over a frame time .
The values of
and
, which account for the
short-term fading in (6), are assumed to be constant only over
, where
. Therefore,
a fraction of the frame time
over a frame time is calculated by using
the value of
the average of the independent values of
.
The value of is assumed to be 16 in this paper.
To investigate the sensitivity of the peak-interference-based
and the sum-interference-based rate allocation algorithms to the
estimation errors, the other-cell interference factors
in (22) are used to determine the rate allocations
, where
higher rates are allocated to the mobiles with least peak/suminterference factors, while the SINR constraint in (7) is tested
, instead of
.
using the true values
In the case of mean-sense approximation-based rate allocation, the values of (for
) are generated during
each frame time depending on the location of the mobiles in the
,
). Rate allocation
other cells (with
in each cell is based on the above calculated . The average
7The average transmission rate per mobile may fall below this maximum
(k ).
value in the case of soft handoff due to increased 

transmission rate per mobile per frame time is obtained over all
the cells over the simulation period. In fact, the area-average
other-cell interference factor is rather optimistic; therefore, if
we allocate rates in a given cell based on the area-average interference, the average transmission rate per mobile per frame
time in that tagged cell may become higher than the average
transmission rate per mobile per frame time over all the cells.
Therefore, for performance comparison with the peak-interference and the sum-interference based-schemes, we evaluate the
average transmission rate per mobile per frame time over all the
cells for this scheme.
Since due to the spatial distribution of the mobiles and the
random nature of the channel shadowing and fading conditions
the other-cell interference factors vary from frame time to frame
time, for a fair comparison among the performances of the optimal rate allocation with the performances of the suboptimal
rate allocation schemes, the average transmission rate per mobile per frame time is evaluated for all the schemes under similar
statistical variations of the other-cell interference factors.
The values of some of the system parameters used for obtaining the results presented in this paper are listed in Table II.
) cells (
We consider a nonuniform traffic scenario in (
, 6, 18) with
for the
joint-cell suboptimal rate allocation schemes. Note that
corresponds to a three-tier cell layout [18]. The average transmission rate per mobile per frame time (
) is calculated
based on the average transmission rate per mobile per frame
) cells.
time corresponding to each mobile in each of these (
For the single-cell rate allocation we assume
.
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Fig. 3. Performance comparison among the suboptimal rate allocation schemes for the directional mobility with correlated shadowing case.

D. Performance Results and Discussions
1) Comparative Performance With Respect to Average
Transmission Rate per Mobile per Frame Time: Typical
variations in the average transmission rate per mobile per frame
time
with the desired signal-to-interference-plus-noise
ratio
are demonstrated in Fig. 2 for dynamic rate adaptation using the optimal algorithm and the three other schemes
described above. Interestingly, both the peak-interference-based
and the sum-interference-based dynamic rate allocation schemes
are observed to perform no worse than the optimal dynamic rate
allocation, which is determined by an exhaustive search over all
possible combinations of rate allocations among all the mobiles
in all the cells under given SINR constraint. This phenomenon
can be attributed to the fact that both the peak-interference-based
and the sum-interference-based dynamic rate allocation schemes
tend to reduce the other-cell interference (by allocating lower
rates to mobiles located presumably near the boundary of the
cells) in order to increase the average transmission rate. In
fact, the “greedy” approaches of the peak-interference and
the sum-interference-based rate allocation make the average
transmission rate achieved for these two cases very close to that
for the optimal scheme.
For both the micromobility models-random mobility with uncorrelated shadowing and directional mobility with correlated
shadowing, the performance difference between the peak-interference-based and the sum-interference-based rate allocation
schemes is not significant (Figs. 2 and 3). For the mean-sense
approximation-based dynamic rate allocation, the average transmission rate is observed to be smaller compared to the two other

schemes. This is due to the fact that the mean-sense approximation overestimates the other-cell interference factor compared to the actual values. Therefore, the joint-cell rate allocation schemes can better exploit the spatial distribution of all
mobiles over all the cells compared to the mean-sense approximation-based scheme.
2) Fairness in Achieved Average Transmission Rate per
Mobile: Under the proposed dynamic rate adaptation schemes,
) in average transmission rate is
the intercell fairness (
largely affected by the user mobility patterns (and hence the
spatial distribution of the users) and the target SINR (i.e.,
). Typical variations in
for the three rate allocation schemes are illustrated in Fig. 4 for both the micromobility
models.
For all the three schemes, the fairness deteriorates for the
directional mobility with correlated shadowing case compared
to that for the random mobility with uncorrelated shadowing
case. This is presumably due to the fact that, under the
directional mobility model, the users moving near/along the
boundary of a cell would be allocated lower transmission
rates compared to those located nearer to the BS. In the
random mobility case, at the beginning of each frame time
all the mobiles are assumed to be randomly located inside
the cells, and, therefore, the possibility of a mobile being
allocated lower/higher transmission rate during successive
frame times is reduced. This, in turn, reduces unfairness in
the achieved average transmission rate per mobile per frame
time over a finite time interval.
the rate distribution resulting
Since with increased
from the dynamic rate allocation becomes more extreme (i.e.,
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Fig. 4. Fairness in the achieved average transmission rate per mobile per frame time.

Fig. 5. Impact of J on the average transmission rate per mobile per frame time.

fewer number of mobiles are allocated the maximum possible
rate while the other mobiles are allocated “rate 0”), the fairness
.
deteriorates with increasing

3) Selection of : Sensitivity of the average transmission
rate to variations in the parameter is illustrated in Fig. 5. As
is evident from Fig. 5, the average transmission rate monotoni-
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Fig. 6. Sensitivity of average transmission rate to variations in estimation errors for the random mobility with uncorrelated shadowing case.

Fig. 7. Sensitivity of average transmission rate to variations in estimation errors for the directional mobility with correlated shadowing case.

cally decreases with increasing . Since the larger the value of
is, the greater is the deviation of average other-cell interference factor from the actual values, the impact of increasing
on the achieved average transmission rate becomes more pronounced for the mean-sense approximation-based dynamic rate
allocation.
Since the network overhead due to estimation of the other-cell
interference factors may become significant for large , the

choice of for “joint-cell” rate allocation would be based on
the desired/permissible network overhead.
4) Impact of Estimation Error: For the peak-interference-based and the sum-interference-based rate allocation, the
other-cell interference factor corresponding to a mobile in a cell
and the rate allocation corresponding to that mobile contribute
to the interference in the other cells. Therefore, errors in the
estimation of the other-cell interference factors impact the
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Fig. 8. Impact of FEC parameter on the radio link level throughput (for SR and GBm-based error control and mean-sense approximation-based dynamic rate
allocation).

rate allocation in other cells and hence the achieved average
transmission rate by each mobile.
The impact of estimation errors on the average transmission
rate for the random and directional mobility models are illustrated in Figs. 6 and 7. The achieved average transmission rate
) and
per mobile depends on the estimation-error variance (
the loss in the average transmission rate can be significant when
is
the desired signal-to-noise-plus-interference ratio
, presumably a
relatively small (Fig. 7). For small
larger number of mobiles are allocated the largest possible rate,
and, consequently, the impact of the other-cell interference (as
manifested in
) on the achieved
becomes more pronounced. Therefore, estimation errors in
other-cell interference significantly deteriorate the average
transmission rate. Note that since the noise due to estimation
error is assumed to be multiplicative, the accuracy in the
estimation of other-cell interference decreases with decreasing
(in decibels).
Since for the sum-interference-based rate allocation scheme
the estimation errors are accumulated in the “sum interference,”
the impact of estimation errors on rate allocation corresponding
to mobiles in a cell would become more pronounced with increasing . This, in turn, impacts the rate allocation in other cells
and ultimately the achieved average transmission rate per mobile per frame time. Specifically, with increasing , the estimation errors in other-cell interference factors corresponding to the
mobiles in a cell would more significantly impact the rate allocation in the adjacent cells in the case of sum-interference-based
rate allocation.
5) Integrated Rate and Error Control: Under the meansense approximation-based single-cell dynamic rate adaptation,

the radio link level throughput ( ) can be maximized with a
) and the radio
proper choice of the target SINR (i.e.,
link level error control mechanism. For both the error control
schemes described in this paper, dynamic rate allocation with
SINR constraint can be used to determine the throughput-maximizing rate allocation that produces the maximum radio link
level throughput under different traffic load.
Typical variations in the average radio link level throughput
for both the SR and the GBm-based
per mobile with
error control are illustrated in Fig. 8 for different values of the
FEC parameter for the random mobility with uncorrelated
shadowing case. Similar results are obtained for the directional
mobility case. The impact of variations in the average traffic
load on throughput is illustrated in Fig. 9.
Under certain traffic load and channel condition, for both
the SR and the GBm error control protocols, is effectively a
. For lower values of
, although
function of
the average transmission rate allocated per mobile is higher,
the frame-error rate is also significantly higher especially when
the value of the FEC parameter ( ) is small (i.e., code rates are
larger); consequently, the average throughput is reduced. Again,
too much “conservativeness” in terms of the target SINR and,
hence, radio link level reliability may deteriorate the achieved
throughput performance due to the reduced average transmission rate per frame time.
Since the average transmission rate per mobile per frame time
decreases with increasing average traffic load ( ), the radio link
level throughput per mobile ( ) diminishes as increases. With
dynamic rate adaptation under constrained SINR, can be maximized with a proper choice of the target SINR (Fig. 9). Under
similar conditions, the radio link level throughput is better with
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Fig. 9. Radio link level throughput under different average traffic load (for SR and GBm-based error control and mean-sense approximation-based dynamic rate
allocation).

the GBm error control protocol compared to that with the SR
error control protcol. However, as mentioned before, the net
throughput (or goodput) for the GBm case would be smaller than
those shown in Figs. 8 and 9. Again, the choice of the proper
radio link level protocol between these two would be determined
based on the implementation complexity of these schemes.
VIII. CONCLUSION
Based on a general SINR model for uplink variable rate
transmission in cellular WCDMA networks, the problem of
optimal dynamic rate adaptation under constrained SINR has
been formulated considering a single class of users. Three
different interference-based dynamic rate adaptation algorithms
with reduced computational complexity have been introduced.
Two different error control alternatives in a variable rate packet
data transmission scenario have been presented and their
performances have been analyzed for the mean-sense approximation-based dynamic rate adaptation. It has been shown
that the problem of dynamic rate adaptation under constrained
SINR maps into the problem of radio link level throughput
maximization under integrated rate and error control. Performance evaluation for the proposed schemes has been carried
out for the random mobility with uncorrelated shadowing and
the directional mobility with correlated shadowing cases.
The following provides a summary of the key results.
1) Optimal dynamic rate allocation (which could be found
through exhaustive search) provides no better average
transmission rate per mobile than the proposed suboptimal heuristic-based dynamic rate allocation schemes.
The mean-sense approximation-based approach provides
a rather conservative estimate of the average transmis-

sion rate compared to the peak-interference and the
sum-interference-based approaches.
2) Directional mobility and correlated shadowing reduces
the fairness in average transmission rates among the mobiles in the different cells compared to the random mobility with uncorrelated shadowing case.
3) The average transmission rate per mobile per frame time
deteriorates with increasing , and, hence, the number of
cells being considered for “joint-cell” rate allocation. This
is particularly significant for the mean-sense approximation-based dynamic rate allocation.
4) Estimation errors adversely affect the transmission rate
per mobile per frame time, especially for the directional
mobility with correlated shadowing case when the target
SINR is small. The average transmission rate per mobile
per frame time for the sum-interference-based rate allocation scheme is more sensitive to the estimation errors
and the parameter .
The proposed model for performance evaluation under dynamic radio link level rate adaptation would be used in our future work to evaluate the performance of transmission control
protocol (TCP) in wide area cellular WCDMA networks. In addition, the problem of dynamic rate adaptation in cellular multirate WCDMA networks under multiple level of QoS constraints
will be also addressed.
APPENDIX
EVALUATION OF THE OTHER-CELL INTERFERENCE IN (11)
Suppose that a cell is loaded with the effective traffic load
(
) as given in (14), where
is associated with
(
) with other neighboring
tagged center cell 0 and
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cells. In cellular power controlled-CDMA [13], the other-cell
interference is affected by Rayleigh multipath fading, path loss,
and shadowing, modeled as a multiplicative loss of , which
yields the composite of the other-cell interference as
. Due to the law of large numbers, it fairly approaches
, which is
an expectation, namely,
(23)
with as defined in (12). Since we are assuming equal traffic
),
is well apload in mean sense (
proximated by as given in (14) with
, and the average
is calculated by the area-avother-cell interference factor
in [13].
erage of
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