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MO B I L I T Y A N D RESOURCE MA N A G E M E N T

INTRODUCTION

With rapid development and continuous expan-
sion of mobile communications, and explosive
growth in demand for new wireless cellular ser-
vices, it is expected that next-generation wireless
cellular networks will support a wide variety of
services, including voice, video, images, data, or
combinations of these. Direct sequence code-
division multiple access (DS-CDMA) has
emerged as the predominant radio access tech-
nology to provide high-speed multimedia ser-
vices used in both wideband CDMA (WCDMA)
and cdma2000. For example, in WCDMA net-
works, the air interface using 5 MHz band-
width/carrier and 3.84 Mchips/s high chip rate
can provide increased processing gain and higher
receiver multipath resolution, which enables the
possibility of an effective RAKE receiver and
offers flexible wideband services such as wireless
Internet services at a peak rate of 384 kb/s and
video transmissions at data rates up to 2 Mb/s.

Great capacity gain and flexibility can be

achieved with deployment of a DS-CDMA radio
interface. In narrowband time-/frequency-divi-
sion multiple access (TDMA/FDMA) systems
with fixed channel allocation, the capacity for
each cell is time-invariant based on the specified
frequency reuse pattern, ensuring the co-channel
interference level [1]. In DS-CDMA systems, all
cells share the overall frequency band, and cell
capacity is interference-limited. The capacity in a
DS-CDMA system depends heavily on instanta-
neous traffic conditions in both home and neigh-
boring cells, while the transmission quality over
the wireless channels can be measured in terms
of the signal-to-interference ratio (SIR) at the
receiver side by taking into account both the in-
cell and out-cell interferences. Because of this
unique interference-limited “soft” capacity
nature of the DS-CDMA system, mechanisms
such as adaptive antenna arrays and voice activi-
ty factors could be applied to improve system
capacity [2]. Despite considerable effort and
progress made in DS-CDMA system design, the
accommodation of multimedia services still
poses a number of challenges. To fully utilize the
scarce resources and at the same time provide
necessary quality of service (QoS) guarantees for
a variety of services, it is of great importance to
design effective resource management strategies.

Resource management in general contains a
wide scope of aspects, including channel configu-
ration, power control, connection mobility man-
agement, and load balance. This article mainly
focuses on cell planning, power, and rate alloca-
tion, congestion control, and call admission con-
trol in the DS-CDMA wireless cellular network.
We start by describing the general concepts in a
DS-CDMA network, in particular capacity con-
straints, and then discuss the main challenges. We
then closely examine congestion control, rate and
power control, and cell planning. We study call
admission control and then conclude the article.

CAPACITY IN DS-CDMA
Before we describe resource management, we
need to first examine capacity provisioning. In
DS-CDMA cellular networks, all users share the
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same total frequency band for transmissions.
Each user is assigned one or more distinct
spreading codes, and all these codes generally
bear noise-like characteristics with very small
cross-correlation to each other. The quality of
communication is primarily determined by the
detected SIR level at the receiver, with the gen-
erally accepted measurement on the bit energy-
to-noise density ratio (Eb/N0), expressed as

where R is the baseband information bit rate; W
is the total radio frequency band for transmis-
sion, so the corresponding spreading gain is G =
W/R; Pt is the received signal power for the ref-
erence spreading code; and IN denotes the total
detected interference at the receiver. In order to
guarantee transmission quality, the received SIR
for each service should be maintained above a
certain threshold.

To achieve higher system capacity, one of the
most efficient means is to mitigate multiple
access interference (MAI) among multiple users.
Two techniques are commonly used [2]:
• Cell sectorization, which deploys directional

antenna arrays at the base station and splits a
cell into different sectors. Generally speaking,
only signals from the users within a sector are
received at the corresponding antenna array.
Thus, the number of users one cell can serve
could be increased by approximately the same
factor as the number of sectors.

• Voice activity monitoring, which switches off
signal transmission when the mobile terminal
is not active to reduce interference.
In order to accommodate high-speed multi-

media services and support variable transmission
rates, two mechanisms can be used: multicode
(MC) and variable spreading factor (VSF). In an
MC-CDMA system, all data signals over the
radio interface are transmitted at a basic rate,
and the spreading gain G over each code chan-
nel is a constant. Multiple orthogonal spreading
codes are transmitted simultaneously for a high-
speed application. For VSF transmission, each
user transmits over one single code channel.
Higher transmission rate can be achieved by
varying the spreading factor G inversely with the
desired data rate. Thus, in VSF-CDMA systems,
users are assigned variable length codes and dif-
ferent power levels, based on data rates and QoS
requirements. The two mechanisms provide
comparable performance in high-speed transmis-
sion, so both are commonly deployed in DS-
CDMA systems.

Generally speaking, the uplink and downlink
use different bandwidth regions for transmission
in a DS-CDMA cellular system. Thus, they are
usually considered separately for capacity calcu-
lation. Refer to Fig. 1: in the uplink, the received
signal power at the reference base station, BS0,
from a specific mobile station, MSj, is MSj’s
transmitted power Pj multiplied by the pass loss
factor L0,j; the corresponding interference is the
received power from other active mobile sta-
tions, both within reference cell BS0 (e.g., MSi)
and out cells (e.g., MSk in BS1), plus the back-
ground thermal noise [1]. The capacity in the

uplink is calculated as the maximum number of
users that could be accommodated, subject to
the SIR requirement for each user in the refer-
ence cell. In the downlink, a fraction of total
transmission power at the base station is dedicat-
ed to the control channels, and all traffic chan-
nels share the remaining power. As shown in
Fig. 1, reference cell BS0 allocates a fraction of
its traffic channel power to any in-cell mobile
user (e.g., MSi); the remaining power received at
MSi from its home base station BS0 and other
base stations (e.g., BS1) will appear as interfer-
ence. The capacity in the downlink is defined as
the maximum number of users that could be
admitted, under the constraints that the trans-
mission quality of each user, in terms of SIR
threshold, is guaranteed, and the overall power
needed does not exceed the maximum power
supply at the base station.

CHALLENGES IN RESOURCE MANAGEMENT

The accommodation of multimedia services with
diverse QoS requirements poses many new chal-
lenges in the design of resource management
strategies, such as how to efficiently allocate the
available resources to optimize channel utiliza-
tion; how to adjust the service rate to relieve the
congestion or accommodate more traffic; how to
maintain diverse QoS requirements; and how to
provide priorities among different services.
There are also several distinctive characteristics
in a DS-CDMA system that can be explored for
better performance. For example, universal fre-
quency usage enables more efficient resource
provisioning; proper rate and power allocation
helps to reduce interference with greater capaci-
ty gain. On the other hand, these features
inevitably increase the complexity of system
design, and thus must be carefully addressed. In
this section we examine several critical issues
including universal frequency reuse among cells,
power control, soft handoff, voice activity factor,
and path loss model for a DS-CDMA system,
and discuss the corresponding impact on
resource management design.

UNIVERSAL FREQUENCY REUSE
The universal frequency reuse of a DS-CDMA
system allows all cells to share the same wide
frequency band. This reduces the complexity in
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� Figure 1. The SIR model for a DS-CDMA cellular system.
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cell planning on co-channel bandwidth allocation
and potentially leads to higher capacity gain for
a cell under asymmetric loadings. Nevertheless,
this increases the dependency among neighbor-
ing cells and incurs significant difficulty in
resource management, as more frequent coordi-
nations are required. Furthermore, because of
universal frequency reuse with interference-lim-
ited transmission, even if the cell occupancy
information is available, outage (i.e., the received
SIR level for an existing connection drops below
the threshold) might still occur due to user
mobility, propagation variation, voice activity,
and so on. As a result, more precise control and
finer tuning are generally required in resource
management.

POWER CONTROL
Power control in DS-CDMA systems helps
reduce excessive interference throughout the sys-
tem and prolong battery life. Most existing work
assumes perfect power control: in the uplink, to
overcome the “near-far” problem [1], the
received power from all users in the reference
cell is kept equal; in the downlink, the assigned
power to each user is adjusted to achieve exactly
the required SIR level. In practical systems,
power control imperfection may occur occasion-
ally and cause some misadjustment of received
power. Consequently, the received power level
of both the required signal and the interference
might change over time. This in turn exerts addi-
tional difficulty on power allocation and adjust-
ment, and requires resource management
strategies to incorporate more accurate estima-
tion of power control imperfections.

SOFT HANDOFF
Soft handoff denotes the state where a mobile
transmits to and receives from more than one
base station simultaneously. On the downlink,
the mobile combines the signals from the base
stations in connection and adds the different
multipaths to reinforce the received signal,
which leads to improved communication quality.
On the uplink, the neighboring base stations
independently decode the signals received, and
the best replica is selected. As a result, soft
handoff ensures smoother user communications,
better communication quality during handoff,
and larger cell coverage in DS-CDMA systems.
The trade-off lies in higher complexity and addi-
tional network resource demands. Consequently,
soft handoff may greatly impact resource man-
agement design. For example, as longer handoff
transfer delay is generally allowed, it is possible
for handoff traffic to be queued. Furthermore,
as more base stations become involved in com-
munication with one mobile user, power trans-
mission and allocation should be carefully
adjusted to maximize utilization and avoid exces-
sive interference in the overall system.

VOICE ACTIVITY
In DS-CDMA systems, cell capacity is mainly
constrained by interference from simultaneous
transmissions. In such cases, the voice activity
factor might be incorporated into system design,
and spectrum utilization can be significantly
improved by shutting down mobile stations dur-

ing their silent periods. As a result, the system
does not need to provide full bandwidth to the
admitted calls as long as their received SIR lev-
els during active periods exceed the required
threshold. However, with partial bandwidth allo-
cation, outage might occur occasionally if most
of the users are actively transmitting. The addi-
tional capacity gain should be well justified to
maintain the required QoS, and congestion con-
trol is needed to combat the more varying sys-
tem behavior.

PROPAGATION MODEL
Generally speaking, the propagation model
might change greatly in a variety of environ-
ments or/and during different time intervals.
This imposes great difficulty as well as new chal-
lenges on system management. For example,
under poor channel conditions, greater power
should be allocated to compensate for severe
path loss; however, this may cause overprovi-
sioning of system resources and incur additional
interference to others in better channel condi-
tions. On the other hand, by precisely tracking
channel fluctuations and scheduling transmis-
sions when the corresponding channel quality is
near its peak, such diversity gain might help
improve performance in terms of higher system
throughput and lower inter- and intracell inter-
ference. Therefore, a precise loss model and
accordingly better resource management strate-
gies should be designed to properly utilize the
system resources.

The issues discussed in this section pose con-
siderable difficulties as well as opportunities for
resource management in DS-CDMA systems.
The challenge here is how to design an effective
resource management policy that can accurately
reflect system behavior and optimize network
performance by taking advantage of the unique
characteristics of a DS-CDMA system.

RESOURCE MANAGEMENT ISSUES

Resource management is a broad scope concept.
In this section we investigate several critical
issues, including congestion control, power and
rate allocation, and cell planning. Furthermore,
cell planning considers bandwidth allocation,
base station planning, pilot power control, and
cell sectorization. We leave detailed discussion
of call admission control for the next section.

CONGESTION CONTROL
If the system fails to find a set of power trans-
mission levels that satisfy users’ QoS require-
ments, congestion occurs. Even with perfect
admission control, congestion might happen due
to a variety of factors such as the deterioration
of the wireless environment, mobility of users,
users’ activity, and power control imperfection.
As a result, transmission power and cell interfer-
ence tend to increase and outage occurs. This
incurs traffic loss and delay jitter, thus deterio-
rating transmission quality. Generally speaking,
when congestion occurs three main mechanisms
can be applied to relieve it:
• Drop some ongoing calls. The question is

which set of calls to drop. The system may
choose to drop call(s) in outage condition, or
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drop each existing call with prespecified prob-
ability, or drop call(s) that make the largest
contribution to alleviating congestion. The last
scheme offers the best performance at the
greatest complexity.

• Decrease transmission rate. This could be
done by either proportionally reducing the
transmission rate of each user or decreasing
the rates to the same maximal fair SIR level.

• Reduce the number of simultaneous transmis-
sions. The transmission probability can be
dynamically adjusted according to occupancy
information. To eliminate randomness and
obtain full control over simultaneous transmis-
sions, cells may sequentially schedule active
transmitting periods for each service type.
To conclude, dropping ongoing calls is the

most straightforward way to relieve congestion,
but it is undesirable and often unbearable from
the users’ point of view. To simultaneously
reduce the data rate of all data services yields
lower throughput than to support fewer users
with full rates at the same time. Thus, decreasing
data rate results in suboptimal system utilization.
On the other hand, switching off some users
leads to extra transmission jitter and delay. All
these trade-offs need careful examination.

POWER AND RATE ALLOCATION
Provided with the system parameters on cell
occupancy and channel conditions, it is impor-
tant to improve system performance by properly
allocating transmission rate and power. A variety
of criteria can be optimized, such as to minimize
the power consumption, which prolongs battery
life and causes less interference; or to maximize
transmission rate, which indicates maximized
system throughput and resource utilization. A
power and rate allocation scheme was proposed
for the downlink in [3] with the objective of
maximizing the total number of frames transmit-
ted during a control interval, under the SIR con-
straint for each service type and the average
transmission power limit among all base stations.
The basic implication is that if a mobile experi-
ences poor channel conditions, the assigned
transmission rate for this mobile should be low.
The optimal allocation is formulated and the
solution is obtained through exhaustive search,
with exponential complexity and degraded fair-
ness. To cope with these two disadvantages, sub-
optimal algorithms are proposed in which rate
allocation depends on interference distribution,
and power allocation depends on traffic distribu-
tion among the cells. For the uplink [4], the opti-
mization is formulated to maximize the total
normalized transmission rate subject to the con-
straint on transmission power and maximum
allowable rate. The optimal solution yields not
only higher throughput but also significant power
savings. However, this can potentially lead to
starvation for users with poor channel condi-
tions, since users with better channel conditions
will always transmit first.

CELL PLANNING
Efficient cell planning is of vital importance for
service providers to reduce network cost and
maximize utilization of scarce resources. Gener-
ally speaking, cell planning consists of a number

of issues, such as bandwidth allocation, base sta-
tion planning, pilot power control, and cell sec-
torization. We discuss each of them in detail.

Bandwidth allocation in uplink and down-
link: In most systems, uplink and downlink use
different bandwidth regions for transmission,
and the bandwidth allocation between them is
symmetric. However, to accommodate multime-
dia services, greater amounts of radio resources
are required on the downlink than on the uplink.
To cope with the traffic asymmetry, unbalanced
bandwidth allocation is preferred, and great sys-
tem performance gain might be achieved by the
proper assignment of bandwidth between two
links according to traffic demand.

Base station planning: Since the overall fre-
quency band is shared by all active users and the
capacity of each cell depends on the interference
level, proper planning of base station locations
should consider not only cell coverage but also
some other factors, such as the amount of
resources available, estimated traffic distribution
in the area, and radio channel propagation mod-
els. The main purpose of base station planning is
to select the sites for base stations by taking into
account the system cost, transmission quality,
service coverage, and so on. The optimal loca-
tion of new base stations to minimize a linear
combination of installation cost and total trans-
mitted power was investigated in [5] by taking
into account traffic distribution, SIR require-
ments, power allocation constraints, and power
control mechanisms. More complex models also
exist with considerations of the stochastic behav-
ior of the system or/and soft handoff.

Pilot power control: To select the proper base
station(s) to connect, mobile stations need to
measure and report the Eb/N0 level of the
received pilot power to the base stations. The
pilot power determines the cell coverage area
and average number of users within a cell.
Increasing the pilot signal power of a base sta-
tion expands the coverage area of the cell, there-
by increasing the number of users in the serving
cell, but resulting in higher intracell interference.
On the other hand, it may decrease the number
of users in adjacent cells with decreased intercell
interference. Efficient pilot power control needs
to balance the cell load and cell coverage area
among neighboring cells, with the objectives of
reducing the variation of interference, stabilizing
network operation, and improving cell capacity
and communication quality, especially under
nonuniform traffic loading among cells.

Cell sectorization: Traditional sectoring
approaches divide the cell into equal-width sec-
tors, which has been shown to provide the same
capacity gain under highly uniform traffic load
[2]. However, for a system with hot spot traffic,
those sectors under high-density traffic load may
suffer high outage probability. Adaptive cell sec-
toring can be deployed to greatly improve the
performance in such a system. In [6], the optimal
cell sectoring (OS) to minimize the total trans-
mission power is formulated as a shortest path
problem and solved by Dijkstra’s algorithm. The
direction and width of the sectors can also be
adjusted according to the geographic distribution
of traffic. With the observation that the sector
boundaries had better be across some low-densi-
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ty regions in order to avoid excessive oscillations,
and also with the objective to achieve lower
computational complexity, the authors in [7]
propose a cluster-based sectoring (CS) algo-
rithm. The complexity of CS is much lower than
OS, without any significant degradation of sys-
tem performance. Specifically, under the user
distribution and sectoring for OS and CS shown
in Fig. 2, the CS algorithm greatly reduces com-
plexity from OS with only a slight increase in
total transmitted power. Furthermore, the sector
boundaries generally cross low-density regions in
the CS solution; while in OS, they may pass
through two users very close to each other. It is
expected that dynamic cell sectoring could be
designed to incorporate the stochastic nature of
the system, such as user mobility, channel fading,
power control, and sectorization imperfection,
for better adaptation to real systems.

CALL ADMISSION CONTROL

Call admission control is one of the most impor-
tant aspects of resource management, which
determines whether to admit or reject a call
upon its arrival. The objective is to maximize the
utilization of resources by admitting as many
new calls as possible while maintaining the fair-
ness and QoS of ongoing services. There are
many call admission control schemes proposed
in literature, most of which can be classified into
the following three categories: number-based,
SIR-based, or interference-based. In this section
we discuss them in some detail.

NUMBER-BASED CALL ADMISSION CONTROL
In number-based call admission control [8], the
QoS requirement for the upper bound on packet
error probability is mapped into the maximum
number of voice/data calls that can be simultane-
ously accommodated in the system, denoted
Kv/Kd. To reflect voice calls’ capability to toler-
ate higher bit error rates, Kv is set greater than
Kd. As shown in Fig. 3, the admission of voice
calls depends on a threshold value Tv. Newly
arriving data either joins the backlog pool or is
discarded if the pool is full. To provide priority
to voice calls, the admission threshold Tv can be
set equal to Kv (i.e., admit as many voice calls as
the system can support). Some fairness can be
offered to data traffic by setting Tv less than Kv,
taking into account the number of backlogged
data packets. At any time slot t, voice calls can
transmit without delay and the backlogged data

packets occupy the silence period of voice calls
for transmission with probability Pt. Pt is calcu-
lated according to a function with the parame-
ters for maximum allowed simultaneous data
transmissions Kd, current active voice calls, and
number of backlogged data packets obtained
from system feedback at the beginning of each
time slot.

Based on the time-invariant cell capacity
assumption, the operation of number-based
call  admission strategies is  very similar to
those in narrowband systems, in which call
admission only depends on current cell load-
ing. Such a scheme is simple for implementa-
tion and analysis. However, in a DS-CDMA
system, the capacity varies with the interfer-
ence level, and the number-based schemes
completely ignore the soft  nature of DS-
CDMA capacity, so the control is generally
inaccurate and nonadaptive.

INTERFERENCE-BASED CALL ADMISSION
In DS-CDMA cellular networks, all users share
the same wide frequency band. When a call
(MS_Arrival) is admitted into a cell, it trans-
mits to and receives information from the corre-
sponding base station (BS0), as shown in Fig. 4.
In the uplink the transmitted power from
MS_Arrival increases interference levels on
other in-cell (MS_In) and out-cell (MS_Out)
users’ receivers at their base stations BS0 and
BS1. In the downlink the power allocated from
BS0 to MS_Arrival causes additional interfer-
ence for all other users (MS_In and MS_Out) in
the system. The interference level depends heav-
ily on overall system conditions. As a result, the
admission of a new call can gracefully degrade
the performance of all users currently in service.
Accordingly, in a DS-CDMA system the number
of calls that can be admitted to a cell is not a
fixed value. Thus, a more reasonable measure-
ment should be the interference level at the
receivers.

An admission control scheme based on the
received interference at base stations was pro-
posed in [9] for the uplink DS-CDMA system.
Three interference margins are defined: the total
interference margin (TIM), current interference
margin (CIM), handoff interference margin
(HIM). Here, TIM is the maximum acceptable
link interference such that the QoS in terms of
lower bound Eb/N0 is guaranteed; CIM is the esti-
mated interference level taking into account the
assignment of the channel to the newly arrived
call; HIM is the interference estimation further
considering the reserved channels for handoff
calls. The BS interprets the current interference
from the measured power strength and calcu-
lates CIM and HIM accordingly. If there is a call
request and HIM < TIM (i.e., handoff arrival can
be safely reserved), the call will be admitted.
Otherwise, the base station will check whether it
is a handoff call and CIM < TIM. If so, the base
station will assign a new channel for the handoff
call; otherwise, the call will be rejected. Com-
pared with number-based schemes, interference-
based call admission control better represents
the inherent interference-limited nature of DS-
CDMA systems at the expense of extra complex-
ity in interference detection.

� Figure 2. User distribution and cell sectoring.
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Dashed lines: sectoring boundaries for OS
Solid lines: sectoring boundaries for CS
Red ellipse: one of the clusters.
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SIR-BASED CALL ADMISSION CONTROL
Admission control based on the uplink SIR
requirements was first proposed in [10]. A cru-
cial measurement, residual capacity, is defined as
the additional number of calls that can be
accepted by a base station so that the system-
wide outage probability will not exceed a prede-
fined SIR level. In the localized algorithm, the
residual capacity is calculated solely based on
the SIR measurement at the local base station,
and a call will not be admitted unless the residu-
al capacity is greater than zero. In the global
algorithm, all adjacent cells’ SIR levels and
residual capacities will be calculated at call
admission. A call is accepted if and only if the
minimum of all cells’ residual capacity is greater
than zero. This ensures that the admission of the
new call will not affect the QoS in all surround-
ing cells, which is particularly important in a
nonuniform traffic scenario. This work is extend-
ed to support multimedia services in [11], where
uplink and downlink were considered separately.
The average SIR level for each call class is mea-
sured periodically for both links. Accordingly,
for each class i, the system estimates the expect-
ed SIRi,j at a class j call arrival. Distinct admis-
sion thresholds Γi,j are settled for admission if
SIRi,j ≥ Γi,j, for all call classes. Priority is provid-
ed for handoff calls by setting higher SIR thresh-
olds for new arrivals.

To better reflect the stochastic system behav-
ior and guarantee long-term transmission quali-
ty, an admission control scheme for the downlink
MC-CDMA system supporting multiple classes
of traffic was proposed in [12]. The lower-bound
SIR requirement for each service type is formu-
lated, incorporating statistical factors such as
voice activity and log-normal shadowing in prop-

agation. The long-term outage probability is cal-
culated, and the capacity constraint is derived
for admission control. Reservation based on an
iteratively estimated handoff arrival rate is per-
formed to provide priority support for handoff
traffic.

In conclusion, number-based call admission
control assumes a time-invariant cell capacity
and is simple for implementation and analysis.
However, it does not consider the inherent soft
capacity nature of DS-CDMA system and could
lead to inaccurate results. On the other hand,
the SIR-based schemes best characterize the
transmission quality and thus offer QoS guaran-
tee. But the varying system environment poses
considerable difficulty in system design and mea-
surements. Interference-based call admission
control also considers the interference-limited
nature of the system. The trade-off lies in sim-
pler implementation for coarse measurements of
QoS.

CONCLUSION

Direct sequence code-division multiple access
has been shown as the predominant radio access
technology to provide high-speed multimedia
support in next-generation wireless cellular net-
works. The DS-CDMA cellular system signifi-
cantly differentiates itself from traditional
narrowband TDMA/FDMA systems, in which
great capacity gain could potentially be achieved
by taking advantage of its unique characteristics.
There are also new challenges for system design,
particularly for resource management. In this
article we discuss several critical issues in
resource management including call admission
control, congestion control, rate and power allo-

� Figure 3. Number-based admission control.
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cation, and cell planning. In general, the issues
in resource management are closely related. A
cell planning strategy that adapts well to traffic
distribution and channel condition helps the
design of a call admission control scheme. A bet-
ter call admission policy can alleviate pressure
on the congestion control mechanism. Further-
more, efficient rate and power allocation could
be deployed to achieve optimized system perfor-
mance. Perhaps greater challenges exist in seam-
less integration of the different elements in real
systems and adequate adaptation to the stochas-
tic behavior of the system, such as user mobility,
air interface condition variation, voice activity
factors, power control imperfection, and traffic
conditions.
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