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Abstract—The advantages of code division multiple access
(CDMA) for cellular voice have become well known, and IS-
95-based systems have now been widely deployed. Attention is
now focused on higher data-rate packet services for cellular
systems. Although many packet multiple access schemes have
been studied over the years, researchers have often studied single
cell performance and ignored reuse. Moreover, direct sequence
spread spectrum (DSSS) has been considered unsuitable for
high data-rate packet multiple access since spreading limits the
permitted data rates, DSSS requires large overhead (preambles)
for acquisition and requires closed-loop power control.

In this paper, we describe a scheme for high data-rate packet
service using CDMA that addresses all of the above problems and
has been standardized in Revision B of IS-95. A low rate funda-
mental code channel is maintained that eliminates the need for
long preamble and provides closed-loop power control. Reuse is
managed by the infrastructure through a “burst-level” admission
control based on load and interference-level measurements at the
base stations and mobiles.

We report on the feasibility of such a burst-mode packet data
service for cellular CDMA networks. The focus is not only on the
performance of high data-rate users, but also on the impact on
voice users sharing the CDMA band. We propose a multitiered
performance analysis methodology consisting of a mix of static
simulations, dynamic simulations at different time scales, and
analytic methods to address the various feasibility issues: impact
on coverage; capacity; power control; and effectiveness of burst
admission algorithms. We expect that detailed performance work
on all aspects discussed in this paper will continue in the future.
However, based on the current study, we can conclude that the
proposed approach is well suited for third-generation wideband
CDMA systems being considered for standardization throughout
the world.

Index Terms—Burst admission, CDMA packet data, high data-
rate services, load and interference-based dynamic assignment
(LIDA), wireless data.

I. INTRODUCTION

FUTURE wide-area (cellular) wireless networks will sup-
port a variety of services. Users with very different

application- and location-specific, time-varying rate and qual-
ity of service (QOS) requirements will have to be accom-
modated. A mobile terminal may set up and modify sessions
for voice, data, image, as well as video through wireless
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connections to the base station (BS). In order to provide such
services, the network must be able to statistically multiplex
users with different rates and/or QOS requirements while
maximizing the spectral efficiency. Moreover, the network
should provide fair capacity sharing among all busy users
and allow peak capacity access by one user if all others are
idle. Thus, the attraction of packet-based wireless networks
is evident. A technology that meets the above requirements
and can evolve from emerging digital cellular systems will be
quite attractive as a basis for personal communication services
(PCS).

In recent years, much research has focused on high-speed
packet wireless access. Wireless ATM standardization is cur-
rently in progress [1], [2]. Some diverse samples of work on
packet multiple access for wireless networks include PRMA
[3], WaveLAN [4], and DQRUMA [5]. Although attempts
have been made to address cellular-type reuse for such medium
access control procedures (MAC’s), most work on MAC’s has
ignored reuse issues. An exception is the work by Whitehead
[6] to extend the WaveLAN protocols for efficient access with
reuse. Also, dynamic packet-by-packet cellular reuse in a time
division multiple access (TDMA) system is studied in [7].

The advantages of code division multiple access (CDMA)
[8], [9] for cellular voice have become well known. In contrast
to orthogonal systems such as TDMA or frequency division
multiple access (FDMA), frequency planning or “orthogonal-
ity” coordination (channel allocation) between cells and within
the same cell are greatly simplified. The reason is that, unlike
TDMA and FDMA where the reuse constraints usually account
for the worst case (e.g., ninety-fifth percentile) interferer, reuse
in CDMA is based on the average interference seen from a
large number of low-power users. Due to this interference
averaging property, CDMA simply translates voice activity
factor and antenna sectorization into capacity gains. Further-
more, RAKE receivers resolve the multipath components of
the spread spectrum signal and translate it into diversity gain.

On the other hand, spread spectrum has not been pursued
as a viable method of providing higher data rates and packet
multiple access over wireless. This is primarily due to the
following reasons.

1) Spreading limits the permissible data rates in the limited
wireless spectrum.

2) Signal acquisition for packet access using spread spec-
trum requires large overhead and delay.
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3) Dynamic slotted time-division access can be more effi-
cient compared to CDMA [10].

In this paper we address these problems in providing higher
data-rate packet mode service using CDMA. When supporting
higher data rates in a system with mixed traffic, the challenge
is to design an access control mechanism which allows one
or more users to get high data-rate bursts without impacting
the QOS to the voice users. The focus of this paper is on
the design and performance evaluation of such an access
control mechanism. The issues discussed above are addressed
as follows.

1) Acquisition delays and overhead are minimized through
the use of a low overhead acquisition and tracking
(fundamental) code channel even when idle. The funda-
mental code channel also acts as a dedicated signaling
channel for burst control and signaling.

2) The scheme permits a single user to access the entire
bandwidth by limiting the spreading. Different data
rates and QOS for diverse user classes are managed
through variable spreading gain and coding. For the
duration of the higher data-rate transmission, in addition
to the fundamental code channel, the mobile is assigned
supplemental code channel(s).

3) Efficient use of the spectrum with diverse user classes is
handled in a distributed manner through the management
of aggregate interference (over time). This problem has
greatly reduced dimensionality compared to dynamic
slotted time division access, which requires resource
management in the time, frequency, and reuse dimen-
sions.

A. Design Approach: Load and Interference-Based
Demand Assignment (LIDA) [15], [16]

We focus on packet data services over interference-limited
cellular wireless systems. We assume that the forward (BS
to mobile) and reverse (mobile to BS) links are on different
frequency bands as is the case with virtually all cellular
systems today.

The CDMA packet access schemes considered in this paper
are asymmetric, that is, the instantaneous bandwidth require-
ment for the forward and reverse links can be unequal. Burst
allocation on either the forward or the reverse link is handled
by examining power and interference constraints and through
the use of interference measurements and path loss information
gathered from the distributed mobiles and neighbor BS’s.

Simplified schemes that limit the amount of communication
required for burst allocation are also described. For exam-
ple, on the forward link the interference constraint can be
translated into a transmit power constraint and the network
can implement a centralized scheduled power allocation to
multiple users that guarantees efficient bandwidth utilization.
Bandwidth coordination between distributed users is more
challenging on the multiple access reverse link. We have
designed distributed burst allocation schemes for both the
forward and reverse links.

Consider a system in which distributed high data-rate users
in a cellular environment share the cellular CDMA band
with conventional mobile cellular voice and circuit-mode

data users. To control the interference variation in cellular
CDMA systems serving mixed traffic, we design a network
control that accounts for channel loading and interference. It
dynamically assigns higher data rates to requesting users while
simultaneously adjusting the QOS for each user according to
service requirements. Higher data rates are assigned to users
on either the forward or the reverse channel, independently,
by permitting users to transmit on multiple code channels
simultaneously or by reducing the spreading. QOS is adjusted
by changing the coding rate or through power control with
a target frame error rate (FER) or target on the
channel. The network uses a control strategy that accounts
for channel loading, interference, and soft handoff in making
rate assignment and QOS decisions. It ensures priority for
voice users or circuit-mode data users, if so desired. Thus,
dynamic, packet-like demand-assigned access enables users
with different services to access the channel at desired rates
and QOS requirements. With best-effort-type QOS guarantees,
the high data-rate service is well suited for typical internet and
web applications [including services based on cellular digital
packet data (CDPD) and mobile IP].

Based on computation of the in-cell and out-of-cell interfer-
ence caused by a high-rate data user, LIDA algorithms have
been designed to allow burst access at rates up totimes
the full rate, based on the following:

1) the load information in the cell and its neighbors;
2) the pilot strength measurements provided by the mobile;
3) coordination of the burst rate, burst length, and burst

starting time between neighbor cells.

B. Focus of this Paper

This paper reports on the extensive protocol design and
performance analysis work done to study high data-rate packet
services. We begin with a static capacity analysis for the
reverse link, based on the computation of interference con-
straints at a cell and its neighbors (Section II). We use this as
motivation for proposing a burst-mode packet access scheme
in which high data rates are assigned to mobiles for short
burst durations, based on load and interference measurements.
The solution proposed using the approach is described in
Section III. A number of features that permit efficient as-
signment of resources are also discussed. Optimal resource
allocation algorithms can be written using the following in-
formation (Section IV).

1) Pilot strength information reported by the mobile: used
to estimate path loss for the reverse link and the
on the forward link.

2) Forward and reverse link load at each cell and its
neighbors.

These schemes are studied using a combination of static
and dynamic simulations. The performance analysis method-
ology that we follow is described in Section V. Monte Carlo
simulation and analysis is used to study “static” coverage and
capacity. However, achievable performance depends on the
dynamics of mobility, pilot strength measurements, soft hand-
offs, and message-processing delays in the system. The dynam-
ics determine the burst admission probability, burst length, and
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performance during bursts. In Section V-B–V-C we describe
our hybrid simulation and analysis approach for performance
analysis that addresses the dynamics of the problem.

Forward and reverse link coverage and capacity are affected
differently by users with higher data rates. On the forward link,
a small fraction of the users are assigned a large fraction of
the transmit power budget. Hence, coverage and capacity are
limited if the higher data-rate user is closer to the boundary.
This analysis is presented in Section VI. Soft handoff provides
seamless service and significant performance gains for voice–
and circuit-mode services. But for packet-mode services that
involve high-rate data burst transmission for short durations,
it may be beneficial to transmit supplemental channels on
the forward link from only a subset of the soft handoff legs.
While there is performance degradation without soft handoff,
acceptable performance may be achieved for low- to medium-
speed mobiles, especially when the burst durations are short.
The tradeoffs between the performance degradation and the
overall system capacity gains are quantified in Section VI-C.

On the reverse link, the higher data-rate user in soft handoff
uses up capacity in multiple cells. Reverse link capacity
results and burst performance are discussed in Section VII.
The mobile’s power budget may further limit reverse link
coverage. We discuss this issue in Section VII-C. CDMA
systems rely on a tight reverse link power control. Each mobile
runs its own independent power control to combat the path
loss variations and the aggregate interference. With higher
data-rate operation, the statistics of aggregate interference are
different. We discuss the impact on reverse link performance
and capacity in Section VIII.

We conclude that the proposed burst-mode packet data
service is viable for CDMA cellular systems (Section IX). As
the international third-generation cellular standards converge
toward wideband CDMA, our approach and results can be
applied to those systems.

C. Standards Activity

New messages and procedures have been standardized in
Revision B of the IS-95 CDMA cellular standard [22] that
accommodate such burst-mode operation. The procedures are
general, and we expect that several emerging third-generation
cellular technologies based on CDMA will incorporate these
schemes as well. We believe these interference-management
methods are quite powerful and may provide the best en-
gineering solution to providing high data-rate access in an
interference constrained outdoor cellular environment. In par-
ticular, the developing U.S. third-generation CDMA standard
provides for a similar access method, where higher data rates
on the forward link are handled through a combination of
variable Walsh spreading and multiple code channels, while on
the reverse link, higher data rates are handled through variable
spreading gain. We refer the reader to [11] for a high-level
presentation of these proposals and a comparison of IS-95
Rev B and cdma2000.

II. M OTIVATION FOR BURST-MODE APPROACH

We first extend the CDMA reverse link interference cal-
culations to the case when there is a single high data-rate

user multiplexed with voice users. We find that adjacent-cell
interference is critical in determining permitted data rate.

A. Cellular Interference Calculations

In a voice-only CDMA cellular system, each in-cell inter-
ferer causes identical interference at the BS, while the average
out-of-cell interferer aggregated from all cells in a regular
hexagonal grid cellular system appears to be equivalent to

in-cell users. Assuming a path loss exponent of
has been computed to be around 0.55 [8]. In a system with

voice users per cell, the total nominal interference at
each BS is

(1)

where is the speech activity factor. We will use as the
reference load in the subsequent discussion.

Now let us assume there is one active high data-rate user
in the host cell transmitting at times full rate of the voice
user. The total interference in the host cell and in the closest
neighboring cell is computed as where is the
distance from the active high data-rate mobile to its host cell
site. for the host cell since it is power controlled by
that cell and for the neighboring cell,
where is the cell radius. The access control mechanism for
high data-rate users must satisfy the constraint

(2)

in all the cells, where is the total interference with the
data user in the system.

In the presence of shadow fading, the average interference
at the cell site for the basic voice-only system is modified as in
[8]. Let us denote it as where super-
script indicates the presence of shadow fading. Similarly, in
an integrated voice and data system, the interference factor for
a data user in a neighboring cell is where

and are the path loss (radio distance) of the mobile to the
host cell and to the neighboring cell, respectively. Practically,
the ratio for the reverse link may be approximated
by the ratio of time-averaged (forward link) pilot strength
measurements from the two cells.

B. Capacity Calculations with High Data-Rate User

To quantify our discussion above, we consider three-
sectored cells and focus on the out-of-cell interference
contribution from the two dominant neighboring cells. Let us
consider the interference seen at sectorof cell I in Fig. 15.
Let and denote the average reverse link interference
at cell I, sector generated by a user in sectors and ,
respectively, of cell II. Let denote the average interference
at cell I, sector , due to cell II, when there is one user per
sector in cell II. Then we have These
interference factors are computed in the Appendix. Note that
because of symmetry, the interference factor from cell III is
also the same. Since the total external interference at cell I,
sector is lower bounded by the interference coming from
cells II and III, we have
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Fig. 1. Number of voice users permitted in the sector with high data-rate
user with nominal load in other sectors.

Using the per-sector interference factors from column two
(column three) of Table XI, we obtain the corresponding value
of with (without) shadow fading. A shadow fading standard
deviation of 6.8 dB is used in the example tradeoffs below.

Assume a nominal load in the system of voice
users per sector1 in all sectors except the host sectorof cell
II. In the host sector, assume there arevoice users and one
active (transmitting) high-rate data user at times the basic
data rate. The basic data rate is assumed to be the same as
the full rate for voice (9.6 kb/s for IS-95 Rate Set 1). Below,
we study the tradeoff between and Access control is
used to pick the single data user that is active and transmitting
on the shared high data-rate packet channel at any instant.
Consider the case with shadow fading. The total interference
in the host sector can be expressed as follows:

(3)

In the handoff sector (the closest neighboring sector with
respect to that data user, i.e., sectorof cell I), the total
interference is

(4)

Using with (3) and (4),
we obtain two bounds on the maximum number of voice users
with which the data users will be allowed to transmit at
times the basic rate

(5)

(6)

Fig. 1 shows as a function of the ratio (dB) of path
losses. represents the maximum number of voice users in
the sector when the data user is allowed to transmit the burst
at times the basic data rate of 9.6 kb/s.
The burst request at times the basic rate cannot be allowed

1This number is chosen for illustration purposes. The actual voice CDMA
voice capacity is a function of several system and environment parameters.

Fig. 2. Number of voice users permitted in sector with high data-rate user
and neighbor sector. The high data-rate user has equal path loss to both cells
and transmits at rate 9.6 kb/s,. . . ; 57.6 kb/s.

Fig. 3. Number of voice users permitted in sector with high data-rate user
and neighbor sector. The high data-rate user has 6 dB higher path loss to
neighbor cell and transmits at rate 9.6 kb/s,. . ., 57.6 kb/s.

if the number of voice users exceeds Here we have used
a speech activity factor

In Fig. 1, the flat part corresponds to the region where the
in-cell interference dominates. Here the permitted data rate
depends on the current bandwidth used by voice users. The
drop in the curves corresponds to the region where adjacent
cell interference dominates. We have assumed that there are

voice users at all neighbor sectors. By trading off voice
users in the neighbor cells higher data rates can be carried, as
discussed next. Figs. 2 and 3 show this tradeoff.

A high data-rate user in a position to cause large interference
at a neighbor cell is permitted to transmit at the high rate
only if the number of voice users is small in the cell and its
neighbors. On the other hand, if the high-rate user is in a po-
sition that causes little interference to neighbor cells, then the
number of voice users in the neighbor cell has very little effect
on whether the user can be permitted to transmit at a high rate.
To illustrate this tradeoff consider a particular situation where
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Fig. 4. Message flow for reverse burst access based on IS-95 Rev B messages.

there are ten voice users in a cell and the data user requests
high-rate burst access. The data user is assumed to be at a point

on the line joining the two BS’s. Fig. 2 shows the case when
the path loss to both BS’s is equal. Fig. 3 shows the case when
the path loss to the neighbor BS is 6 dB higher corresponding
to the high data-rate user being “closer” to one cell compared
to the other. With equal path loss, 57.6 kb/s access is only
permitted if the neighbor cell has fewer than 12 voice users.
38.4 kb/s access is permitted if there are fewer than 17 voice
users and 19.2 kb/s access if there are fewer than 22 voice
users. On the other hand, if the data user is away from the
boundary (6-dB higher path loss to the neighbor cell), 57.6 kb/s
access is permitted if the number of voice users at the neighbor
cell is less than 24, otherwise 38.4 kb/s access is permitted.

III. PROPOSEDSOLUTION

From the static interference analysis above, we conclude that
the data rate the high data-rate user is permitted to transmit is a

function of its current path loss and shadow fading conditions
to its connected cell as well as neighbor cells. Since the
interference environment changes dynamically due to user
mobility, it is convenient to define a burst mode for packet
data service. High data-rate users are allocated “short” high
data-rate bursts depending on the current interference and load
conditions. Burst allocation is done through a message flow
scenarios as described below.

A. Quiescent Mode

As shown in Fig. 4, an active high-rate mobile is assigned
a fundamental code channel on origination. Parameters of the
high data-rate service are negotiated at that point. The mobile
then goes into a quiescent mode if it has no data to transmit.
When a user is quiescent, a very low rate (say, eighth rate)
signaling channel is maintained using its fundamental code.
This sub-rate channel helps in maintaining synchronization
and coarse power control. It is maintained whether the user
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is “connected” to one BS or is in soft handoff with multiple
cells. This fundamental code channel also serves as a fast,
dedicated signaling channel for high data-rate service.

B. Burst Access Request

The synchronization and power control are inadequate if the
quiescent period is long. Hence, the first one to two frames
transmitted after a long quiescent period may be lost. This can
be easily fixed by requiring the transmission of one (or more)
idle basic rate frame at the end of a “long” quiescent period.
Following these full rate idle frames that give the receiver
time to synchronize and provide power control feedback, data
transmission can begin. On the reverse channel, the mobile
may signal on the fundamental code channel, requesting a
higher data-rate burst transmission opportunity by indicating
to the BS its data backlog. On the forward link, the BS may
signal the mobile on the fundamental channel to prepare to
receive a higher data-rate burst transmission.

The burst access request from the mobile contains the data
backlog and the maximum data rate requested. The maximum
burst length that may be requested is specified by the system
(and is chosen to best coordinate shared access between users).
In addition, to assist the BS in deciding if this burst request can
be accepted without affecting QOS for other users, the mobile
includes pilot strength information for cells in its neighbor list
within the access request. The pilot strength measurements
received from the mobile indicate to the BS the interference
levels that will be seen at the BS and its neighbors due
to transmissions from the mobile. In particular, the higher
data rate user will be granted a burst request only if this
transmission will not affect the QOS of active users in all
cells.

For forward link burst transmissions as well, the BS may
request the mobile to report pilot strength measurements prior
to burst allocation. The network can use these measurements
for power allocation and to determine the interference seen
at the mobile, when the loading in adjacent cells is unequal.
As discussed below, pilot strength measurements may also be
used by the network to choose the subset of legs to allocate
for higher data-rate burst transmission to the mobile.

C. Access Control Mechanisms

Once the burst request is received at the BS, the network
must coordinate access with other burst requests as well as
with the voice load already offered to the system. Access
control mechanisms may be defined with varying amounts
of complexity. The simplest is implemented autonomously by
each BS. On the forward link, this is done by constraining
the maximum transmitter power at each of the cells/sectors.
On the reverse link, the admission algorithm can be based on
limiting the minimum attenuation from the mobile to the cells
it could potentially interfere with. Coordination across cells is
still necessary in the burst allocation stage to assign resources
at the soft-handoff legs.

More general procedures require access coordination
between neighbor BS’s including sharing load information
among neighbor cells. Unlike autonomous schemes, light

loading in neighbor cells can be exploited in this case to
permit higher rate access while still meeting the interference
constraints. These methods are discussed in Section IV.

D. Number of Legs for Supplemental Channels

When the mobile is in soft handoff on several legs, it
may be desirable to limit the number of legs on which
supplemental channels are transmitted. This scheme has the
following benefits.

1) It saves network resources.
2) It reduces messaging during supplemental channel setup.
3) It saves RF resources on the forward link as fewer

active cells need to expend power in transmitting the
supplementals; there is no such capacity benefit on the
reverse link, where the mobile uses up RF resources at
those cells while not benefiting from the soft handoff
gain.

However, this comes at the cost of the mobile losing the
benefit of soft-handoff on the supplemental channels. For IS-
95B-based systems, the power control on the supplemental
channels is done based on the fundamental which benefits
from soft handoff. Because of this, the supplementals may see
a poorer performance when they do not have the same soft-
handoff benefit as the fundamental channel. For high-mobility
users, the resulting performance without the benefit of soft
handoff may not be acceptable. These tradeoffs are studied in
this paper in Section VI-C.

The situation is worse on the forward link than on the
reverse link. Consider a scenario where the mobile is moving
from BS 1 to BS 2. Also assume that BS 1 is strong at
the time a request for supplemental channels is made and
hence the supplementals use only BS 1. When BS 2 gets
strong, the fundamental, deriving the benefit of soft handoff,
would require smaller power. The reduction in transmit power
from BS 1, together with the increase in interference when
approaching BS 2, would lead to unacceptable performance
on the supplementals. Note that the reverse link does not see
this increased interference.

E. Forced Termination of a Burst

The above mentioned admission control algorithm is based
on the information available at the time of decision. Conditions
may deteriorate during the course of a burst due to user
mobility or change in voice loading. Since packet data can
tolerate variable delays and bandwidth, we can protect voice
users through forced termination of bursts based on some
quality measure, for example, the FER on supplementals.

F. Mobility Metric

User mobility imposes many constraints on the system. For
example, an active user has network resources allocated, even
when not in burst transmission. When this user moves to an
adjacent cell, it is allocated new resources to keep it in the
active state. There is a large infrastructure overhead associated
with signaling and reallocation/deallocation of resources for
such a user. The overhead is larger if bursts are continued
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across handoff events. This overhead is a function of user
mobility.

When a mobile data user in burst transmission mode gen-
erates a new handoff add trigger, that may be an indication
of the mobile approaching a new sector/BS. In addition to
allocating resources at the new cell, the interference caused
by the high-rate mobile also need to be re-evaluated. Because
of these constraints, it may be practical to terminate the burst
or drop down to a lower rate at an add trigger. New burst
assignment could be made based on the resource availability
and interference constraints after the handoff is completed.
The mobility of the user determines the rate of such triggers,
and along with the burst length determines the probability of
forced termination of bursts.

The length of the burst and number of codes assigned
to a packet data user could be made a function of user
mobility. Fixed- or low-mobility users may be assigned higher
number of codes for longer durations than high mobility users.
Low-mobility users may also be assigned supplementals on
fewer legs than the fundamental channel so as to save on
the resources. The mobile’s handoff activity is an excellent
mobility metric that directly relates to the issues discussed
above. A running average of the number of handoff events by a
mobile can be used to optimize the resource usage by assigning
number of codes per burst and burst durations appropriately.

IV. BURST ADMISSION ALGORITHMS

Burst admission algorithms [16] with various levels of
complexity can be defined. We discuss simple algorithms
in this paper. More complex procedures and mapping to
distributed architectures is left to the system designer. For
simplicity, we describe the control procedures with a single
data user.

We start with the assumption that the fundamental channel
for the high-speed data user is already established. We then ex-
plore admission control algorithms for assigning supplemental
channels to users on demand.

A. Forward Link Assignment Algorithm

Consider mobile in cell (sector) could be any of the
active BS’s with which the mobile is in soft handoff. Assume
that this mobile is using power on the fundamental code
channel and that current forward link load in cellis Also
assume that the maximum permitted load in cellis

Under the above assumptions, it is permissible to assign
mobile supplemental code channels if

for all cells with which

the mobile is in soft handoff. (7)

This assumes that all supplemental code channels require
the same transmit power per channel as the fundamental code
channel and that the power of all other users is unchanged
following the addition of the supplemental channels.

Several enhancements are possible.

1) The FER on the supplementals can be traded off by
transmitting the supplementals at a lower power than

the fundamental. For packet data services, the errored
frames can be recovered through retransmissions. We
find that this can have a resultant capacity gain.

2) The threshold can be dynamically adjusted as a
function of the load at neighbor cells to exploit low
neighbor loads. This enhancement requires communica-
tion of forward link loads between BS’s.

3) When the mobile is in soft handoff, for the burst duration
the supplementals are assigned on a subset of legs on
which the fundamentals are active. At burst allocation,
the mobile is requested to reports pilot strengths and
the burst is allocated on a subset of legs that have the
strongest pilots.

Some of these methods emerged in our deliberations in the
standards working group TR 45.5.3.1 of the Telecommuni-
cations Industry Association (TIA). In particular, credit for
proposing that the burst could be assigned on a subset of active
legs should go to Qualcomm.

B. Reverse Link Assignment

Reverse link burst admission algorithm is more complex.
Unlike the forward link, reverse link burst allocation always
requires that interference constraints at neighbor cells be satis-
fied. For the active cells (i.e., cells with which the high-speed
data mobile is in soft handoff), we allocate radio resources
according to the analysis discussed next. For simplicity, the
analysis below assumes equal size cells with equal pilots. The
analysis can be easily extended for unequal cells.

We describe a simple admission algorithm at active cells,
assuming that the following measurements are available:

1) measurement of total received power at BS;
2) reverse link measurements for the fundamental

channel of the th mobile at each of the legs with which
it is in soft handoff.

The total received power can be written as

(8)

where is the received signal power at cellfrom the th
mobile, where is summed over the set of mobiles that have
cell in their active set, and is the other cell interference.

can be written in terms of the received for user
at cell and the processing gain as

(9)

The admission algorithm is to allow supplementals to
mobile if the resulting total power estimate falls below a
threshold, i.e.,

Threshold (10)

at each of the legs with which the mobile is in soft handoff
(active and candidate cells).

It is also necessary to evaluate the interference at the
nonactive cells caused by the admission of a burst. This is
done as follows. Let denote the pilot strength at mobile
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of pilot from cell Define the largest reported pilot strength
that is not in the active or candidate set as

(11)

Then, to avoid causing excessive interference at cell ,
the “nearest” nonactive neighbor, the burst request is denied
if its reported pilot strength is larger than a “burst admission”
threshold

(12)

An alternate criterion that accounts for the difference in path
loss to the active and nonactive BS’s is as follows. Define the
largest reported pilot strength that is in the active or candidate
set as

(13)

Then, to avoid causing excessive interference at cell
the burst request is denied if

(14)

Here is chosen to account for the path loss difference
between the strongest active and strongest nonactive pilots.

V. PERFORMANCE ANALYSIS METHODOLOGY

In order to study the performance of the burst admission al-
gorithms described in Section IV, we have used a combination
of static and dynamic simulation approaches.

Coverage-related issues are addressed through the use of
static modeling as in [8], [9]. In these models, outage (referred
to as static outage in the sequel) is defined as the signal
to interference ratio (SIR) falling below a given threshold.
Coverage and capacity can be determined through analysis,
assuming that mobile densities and fading models are analyt-
ically tractable. Alternately, Monte Carlo simulations can be
used to make outage calculations.

These static models do not capture the time correlations of
the signal due to fading and mobility. In order to study the
performance seen by the high data-rate user, it is important
to understand the impact of variation of the environment on
the performance of the call. Burst admission probabilities and
performance during bursts cannot be captured in static outage
results.

Dynamic simulations are critical to capture performance
at the call level. For example, even if the received signal
level becomes unacceptable for a short duration, it may be
acceptable from the perspective of a call if the duration of
the fade is short enough. That is, the outage that affects call
performance is the SIR falling below a certain threshold for a
given duration Fade and outage durations are a function of
the fading environment and mobile speed. Similarly, handoff
timers and handoff delays also impact the QOS. These effects
can not be captured by the traditional static models, which
are amenable to analysis. Recent work on on analysis of
“minimum duration outage” [19] based on level crossing
theory is of some interest in this regard.

In interference-constrained CDMA systems, to obtain mean-
ingful results it is necessary to simulate a system with several
rings of cells. With wider bandwidths and multiple classes
of users, soon the number of mobiles, and the number of
parameters, explodes. A detailed simulation of such a system,
including the dynamic RF propagation environment, is very
time consuming and does not allow much insight into the
tradeoffs. We propose and use a hybrid analytical/simulation-
based approach [14] to study the system performance with
integrated services as discussed below. This simulation allows
us to study various admission algorithms and their impact on
system capacity.

A. Static Simulations

We use static Monte Carlo simulations to obtain the cov-
erage plots for high-speed data. The simulation environment
consists of a hexagonal grid with BS’s located at the center
of every hexagon. The BS’s are assumed to be sectorized
with three sectors and realistic antenna patterns. A mobile
is introduced at a position that is uniformly distributed over
the coverage area. The signal attenuation seen by the mobile
has two components: distance loss and shadow fading. The
distance loss is taken as where is the propagation
constant. Shadow fading is modeled using the Mawira model
[18], which simulates an urban environment.

Using this path loss we determine the corresponding
to all the pilots. The mobile is assumed to be in soft handoff
with all the BS’s whose pilot strengths exceed the threshold

For studying the forward link performance in soft
handoff, we assume selection diversity. We also assume perfect
power control so that the transmit power is able to completely
compensate for the distance and shadow fading loss to the
“closest” BS in terms of path loss. The number of supplemental
code channels assigned to the mobile on the forward link can
be determined from the required and the neighbor cell
interference.

For the reverse link, a burst is admitted if the burst ad-
mission criteria described in (12) or (14) are satisfied. If the
burst is admitted, the number of supplemental code channels
assigned to the mobile on the reverse link is further limited
by the mobile transmit power constraints.

Over a large number of Monte Carlo trials of this simulation,
the fraction of trials in which a burst is admitted can be
determined, or a given number of supplementals can be
assigned that satisfy the interference and transmit power
constraints. This provides static coverage results.

B. Dynamic Simulation Description

The static simulation described above is enhanced as fol-
lows. The same simulation environment consisting of a hexag-
onal grid with three sectored cells is used. The macro behavior
of one mobile is simulated in detail. Shadow fading is modeled
using the Mawira model [18], which simulates an urban
environment. It is the sum of two independent lognormal com-
ponents and each with an exponential correlation function
as suggested in [17], but with different correlation distance
and variance. The first component,, has large variance and
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short correlation distance, and the second component has a
small variance with large correlation length. In particular, we
have used standard deviations: 5.4 and 4.2 dB and correlation
lengths 100 and 1000 m, respectively. The path loss exponent
is

The mobile chooses a random starting location (Uniform
over the cell) and direction of motion (Uniform over [0,360])
at the beginning of the call. It traverses in a straight line until
the call is completed. Call holding time and the speed of the
mobile are taken to be constant. The position update of the
mobile as well as the handoff evaluation are carried out at
100-ms intervals. Unless specified explicitly, we assume the
mobile speed is fixed at 35 mi/h.

During the length of the call, the mobile monitors the pilot
signal to interference ratio and does handoff evaluation using
the algorithm specified in IS-95 with parameters
and The network delays in effecting a handoff add/drop
are assumed to be constant (1 s). If, after going through the
handoff evaluation sequence, the mobile finds all its active
pilots dropped, the call is assumed dropped due to pilot loss.
The parameter values used for the results in the following
sections are: dB; dB; and

s.
We assume perfect power control for these simulations.

The supplementals and fundamental code channels each use
identical transmit power. The impact of realistic (fast) power
control on the reverse link is studied separately in Section VIII.

In the reverse burst mode, the data mobile makes a reverse
burst request to send a burst every s. This request
includes the pilot strength measurements made by the mobile.
The mobile request is admitted after a delay of s if
the burst admission criterion is satisfied (see Section IV-B).
Otherwise the burst is denied. Burst transmission is interrupted
at a soft handoff add trigger.

In the forward burst mode, a request for a forward burst
arrives every s. The mobile is requested to report its
pilot strength measurements to determine burst admission as
discussed in Section IV. The burst is admitted after a delay
of s. Burst transmission is interrupted at a soft handoff
add trigger. We use s and s in all the
simulations in this paper.

The simulation outputs the following burst performance
metrics: fraction of the burst requests that are admitted; the
average burst length; and the distribution of reverse link
interference caused at each of the adjacent cells/sectors. The
simulation outputs these statistics by averaging over a large
number of calls.

C. Analysis of Reverse Link Interference

From the interference distributions caused by a single voice
or data user at a single cell, we can obtain the distribution
of total interference due to voice users and data users
by convolving the corresponding distributions. Bounding the
probability of interference exceeding a given threshold at a
specified outage value gives us the tradeoffs and capacity
achievable in terms of the number of voice and data users
that can be supported.

Let us denote the probability density function (pdf) by
and corresponding distribution function by The pdf of
the interference generated at each of the 19 cells by this
single mobile is collected from the simulation described in
Section V-B. These pdf’s capture the randomness due to
position of mobile, mobility, shadow fading, and burst activity
and are computed for each of the following scenarios:

1) a full rate circuit-mode data mobile, where
denotes the cell index;

2) a mobile following the burst admission strategy de-
scribed here,

Given that voice activity is independent of user mobility, the
distribution of interference due to a voice user can be obtained
from the corresponding expression for a circuit mode data user
approximately as

(15)

where is the distribution function corresponding to
the pdf for the voice user, andis the voice activity. Similarly,
the distribution corresponding to a circuit (burst) mode data
user with codes is

We now use symmetry to obtain the distribution of total
signal power generated at BS 0 when there is one mobile per
cell. It can be seen that the distribution of interference caused
at cell 0 by a mobile in cell is the same as that caused at cell

by a mobile in cell 0. Using this argument, the distribution
of received power at cell 0 due to one voice mobile in each
of the cells can be calculated as

(16)

where denotes convolution and is the number of adjacent
cells which contribute reverse link interference.

These pdf’s are then further convolved to obtain the distri-
bution of interference due to a given mix of voice and data
users. That is, if there are voice users and packet-mode
data users, then the resulting interference distribution on the
uplink is obtained as

(17)

The expression for outage, defined as the probability of the
total received power (or equivalently, rise above thermal noise)
exceeding a threshold can be computed from (17) as

(18)

is assumed to be the same for both data and voice users and
is computed using the methodology described in [8]. Reverse
link capacity results for high-rate data user using circuit mode
versus burst mode are obtained using this hybrid method and
are reported in Section VII-B.

Note: Our hybrid simulation/analysis approach is to build
on elemental dynamic simulations of individual mobiles of
different classes and captures the impact of these mobiles on
all cells through the pdf of caused interference. The elemental
simulations assume that the mobile power control compensates
for the mean interference at the target cell. At uniform high
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load the normalized variation in aggregate interference is
small, hence the onset of outage, and therefore the capacity,
is captured accurately.

D. Analysis of Supplemental Channel Performance

We can use the hybrid simulation model described here to
study supplemental code channel performance when supple-
mentals are allocated at a subset of the active set of legs on the
fundamental code channel. The subset of legs is chosen based
on the pilot strengths reported by the mobile. One or more
BS’s with the strongest pilot strengths are chosen for each
burst. This ensures that the “best” active leg(s) are chosen at
the time of admission of the burst. The fundamental channel
continues to be assigned at all the active BS’s.

Supplemental code channel performance may be obtained
using the following analytical model. The transmit power
for each leg is determined by the target required
to achieve the desired (1%) FER on the fundamental code
channel. Since there is no separate power control on the sup-
plementals, transmit power on the supplementals is determined
by the power control on the fundamental. The FER on the
supplementals is determined based on the subset of legs on
which supplementals are allocated and the respective transmit
power level.

In this paper we study a simplified version of the above
analysis. We assume the following “soft handoff” model: the

required to achieve the desired (1%) FER is achieved
on the leg with the highest SIR.2 Since the supplementals are
assigned on a subset of the active legs, the highest SIR among
this subset will be smaller than (or equal to) the SIR achieved
on the fundamental (all active legs). This difference in SIR

is the loss in on the supplementals compared
to the target. The FER on the supplementals is determined at

from a look-up table.
This method of determining FER performance when sup-

plementals are allocated on a subset of active legs is equally
valid for the forward and reverse burst allocation. Gains from
equipment blocking, burst assignment complexity, and delay
reduction are applicable to both links; the capacity advantage
is applicable only to the forward link.

VI. FORWARD LINK CAPACITY AND COVERAGE

A. Forward Link Capacity

Consider the scenario of equal sized (sectorized) cells. All
cells are assumed to have the same maximum transmit power
determined to provide sufficient coverage at capacity for a
voice-only system. A forward link requirement of 7
dB is assumed. The orthogonality factor, which is the fraction
of the total transmitted power on the forward link that is seen
as interference by each of the codes from the same cell, is
assumed to be 10%. Note that if all the codes at the receiver are
orthogonal, the factor should be 0%. Multipath delay spread
results in reduced orthogonality.

2Better models of soft handoff gain will result in more accurate results for
supplemental code channel performance. This work is currently in progress.

Fig. 5. Forward link capacity: number of codes available to the high data-rate
user as a function of distance from the BS.

Fig. 6. Forward link coverage: coverage area versus number of codes.

Fig. 5 shows the capacity (number of codes) available on the
forward link as a function of the distance of the user to the BS.
These results are obtained from the static simulations described
in Section V-A. The plots are parameterized by the load in the
neighbor cells (percentage of maximum transmit power). The
neighbor cell load may come from a mix of voice and data
users. Thus, increasing load in the neighbor cells results in
increasing interference to users at the boundary and reduces the
available capacity. The results show that with the environment
assumed, enough capacity exists in a cell to support multiple
high data-rate users. Even at the edge of the cell, when fading
and interference conditions are favorable, a high number of
codes can be allocated to the data user. However, as we will
see next (Fig. 6), this large capacity cannot be made available
under coverage guarantees.

A lower requirement, as in the case of stationary
mobiles, translates to even higher capacity and coverage,
whereas a higher requirement seen, for instance, during
unfavorable fading conditions leads to a reduction in the
capacity and coverage.
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Fig. 7. Average loss in power with a single supplemental leg.

B. Forward Link Coverage

We use the same model as above: required dB,
orthogonality factor between Walsh code channels within the
same cell 0.1 and a maximum power constraint for the cell.
In Fig. 6, we show the percentage of cell area over which
high data-rate service equivalent to times the basic rate
can be provided. There are no other voice users in the cell and
the plots are parameterized by the load in other cells. Fig. 6
shows that interference constraints permit up to eight times
the basic rate over 90% of the coverage area even when the
adjacent cells are fully loaded. We note that for good coverage,
only a fraction of the available capacity found above can
be exploited. A burst-mode scheme that assigns the resource
(transmit power) based on the user’s requirement, path
loss, and interference condition is required for best utilization
of the available capacity.

C. Supplemental Channel Performance

We use the performance analysis methodology described in
Section V-D to address the question of assignment of supple-
mental code channels on a subset of active legs. Although this
feature is applicable to both the forward and reverse links, this
is primarily a forward link enhancement with potentially large
capacity gains. As discussed in the analysis, our simplified
model assumes that the SIR seen on the fundamental channel is
given by the highest pilot signal to interference ratio received
among all the active legs.3 The SIR seen on the supplemental
code channel is the highest pilot SIR received among the
subset of pilots on which the supplementals are allocated.

1) Supplemental Channels Assigned on Only One Leg:
Assigning supplemental channels at one BS saves network
resources and greatly simplifies handling of bursts. Supple-
mental code channels are assigned at the start of the burst

3This is an approximation. Better models of maximal ratio combining will
give more accurate results.

at the leg with the largest pilot. Bursts are terminated on
handoff triggers as handoff events may deteriorate the quality
of the burst transmission. The average ratio of the SIR of the
fundamental to supplemental is collected at 100-ms intervals
during the burst. As shown in Fig. 7, this ratio increases as
the burst progresses and is higher for higher mobile speeds.
The average loss in SIR over the 4-s duration of the burst is
less than 1.0 dB, even at the high mobile speeds.

The loss in SIR can be translated to an increase in FER
using a look-up table of versus FER. The results here
are for Rate Set 2 and 2 RAKE fingers. From the table look-up
we find that at 65 mi/h, a loss of 0.5 dB in SIR results in an
increase in FER from 1–2%, while a loss in SIR of 1.33 dB
results in an increase to 5%. We may conclude that when the
FER on the fundamental is maintained at 1%, even at 65 mi/h,
on average the FER on the supplementals exceeds 2% after 1.5
s of the burst and does not exceed 5% for the burst duration (of
5 s). Since the average loss in SIR is less than 1 dB, we may
also conclude that by increasing the power of the supplemental
channels by 1 dB we can keep the average FER across bursts
below 1% for all speeds. However, the average loss in SIR
may be misleading, since a fraction of bursts suffer large loss.

We next estimate the probability of a burst transmission ex-
periencing high FER by obtaining the probability distribution
of supplemental channel SIR for all bursts. The distribution
of the difference in SIR is plotted for different speeds and
presented in Fig. 8. The SIR values are taken at intervals of
0.1 s during every burst, and a distribution is obtained from
simulation of 1500 calls. We have also shown the point on the
plots corresponding to FER hitting 5% on the supplementals
for two cases: 1) when the supplementals are transmitted
with the same power as the fundamental and 2) when the
supplementals are transmitted with power 1 dB greater than the
fundamental. From Fig. 8 we see that percentage of instances
when a burst encounters an FER greater than 5% is 2.4% for a
speed of 5 mi/h and increases to 9% for a speed of 65 mi/h. By
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Fig. 8. Probability of the loss in SIR exceeding a given value with a single supplemental leg.

increasing the transmit power on supplementals, these numbers
can be reduced to 1.8 and 8%, respectively.

We conclude that increasing the power on the supplementals
for all bursts provides a small improvement in the percentage
of bursts that see high FER. Although from the average FER
results in Fig. 7 we had concluded that increasing the power of
the supplemental channels by 1 dB can keep the average FER
across bursts below 1% for all speeds, we now see that this
strategy does little to help the bursts that see outage. Additional
procedures must be defined to identify such outage conditions
and to terminate specific bursts that see degraded performance.

2) Supplemental Channels Assigned on a Subset of the Active
Set: We now study the performance when the supplemental
code channels are assigned to a subset of legs in the active
set. Our proposed algorithm is to choose the subset such that
the pilot strength of the chosen BS’s is within of the
best leg (with the highest pilot strength). The SIR seen by the
supplementals will be the maximum of the SIR’s among the
subset. As the burst progresses, the probability that the best leg
on the fundamental is active on the supplementals is higher for
this case than the case where the supplementals are allocated
on exactly one leg. Moreover, the probability of receiving high
SIR on the supplementals increases with the cardinality of the
subset, which increases with increasing

We collect statistics on the instances that the supplementals
encounter FER exceeding 5 and 10%. We also collect statistics
on the percentage of bursts that encounter FER exceeding
2, 5, and 10% FER at least once during the burst duration.
These statistics are presented in Tables I and II, respectively.
Note that dB corresponds to supplementals being
allocated on exactly one leg. We see that at 5 mi/h, 6.1%
of the bursts encounter an FER of 5% or more when a
single leg is used for the supplementals. From Table I we
find that across all bursts, an FER of 5% is exceeded in
2.4% of the instances. By increasing the percentage

TABLE I
PERCENTAGE OFINSTANCES WITH LARGE FER FOR A 4-s BURST

TABLE II
PERCENTAGE OFBURSTS EXCEEDING REQUIRED FER FOR A 4-s BURST

of bursts that see FER exceeding 5% can be reduced to 3.9%
( dB) and 0.1% dB). At 20 mi/h and

varying from 1–6 dB, the probability of encountering
an FER above 5% decreases from 4.5–0.75%; the percentage
of bursts encountering 5% FER decreases from 10.61–2.35%.
By increasing , the signal quality during bursts can be
improved significantly at the cost of increasing the number
of legs on which supplementals are assigned. Thus there is a
tradeoff with capacity as discussed next.

3) Forward Link Capacity Gain:As increases, the
average number of legs on which supplementals are allocated
increases, and consequently the supplemental SIR improves.
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TABLE III
COMPARISON OF CAPACITY GAIN

The total transmit power increases with the number of legs
allocated for the supplementals. By using a smaller and
fewer legs on the supplementals, the reduction in transmit
power can be translated into a capacity gain at the cost of
worse FER performance on the supplementals. Table III shows
the percentage capacity gain for different values of .4 At 5
mi/h with dB, the average number of supplemental
legs is 1.1. Hence the capacity gain is 42% compared to the
system with an average number of supplemental legs equal to
1.91, the same number of legs as the fundamental channel. At
65 mi/h, with dB, the gain is 49%. The capacity gain
is with respect to the case when the supplementals are allocated
on all active legs and achieve 1% FER. The degradation in
FER performance was discussed above.

The capacity gain is the largest when a single supplemental
leg is used. As discussed earlier, to improve the quality of the
signal, the supplementals may be transmitted with increased
power. At 5 mi/h, an increase in power of 1 dB (26%) reduces
the percentage of instances when a bursts encounters 5% FER
from 2.4–1.3. The same improvement in burst performance
can be achieved with additional legs with dB
(Table I). The average number of legs in this case is 1.10
(Table III). With equal transmit power on all the legs, the
additional power expended is thus 10%. Thus, if additional
power is to be expended to improve supplemental channel
performance, it is better to allocate supplementals on additional
active legs rather than just increase the power. Soft handoff
on supplementals provides additional power only to bursts that
require it, rather than across the board to all supplementals, and
thus it provides more efficient use of power and consequently
higher capacity.

4) Observations on Supplemental Code Channel Assign-
ment: We have studied the assignment of supplementals on
one or a subset of the active legs. The following conclusions
are drawn.

1) Performance with a single supplemental leg is acceptable
at low speeds. If 5% FER is considered acceptable for
packet data service, 83% of bursts do not need multiple
legs at a speed of 65 mi/h, while 94% of bursts do not
need multiple legs at 5 mi/h.

4For a fair comparison, the gains must be discounted by the increase in
the average FER across all bursts. Thus the capacity gains in Table III are
somewhat optimistic.

2) Increasing the number of legs on which supplementals
are assigned, through a choice of 1 or 2 dB,
still gives a substantial capacity gain with a significant
decrease in percentage of bursts that exceed 5% FER.
However, at higher speeds (65 mi/h), this percentage is
still quite large and for good performance, and supple-
mentals must be assigned on all legs.

Note: These results are based on a simple model of diver-
sity where the performance is determined by the total received
power from all legs. In reality, this diversity gain is a function
of the relative attenuation of different legs in soft handoff
and the multipath environment. In hostile environments, for
example, when the mobile sees single path Raleigh fading,
the soft handoff diversity gains are significant and it may be
better to have the supplemental channels in soft handoff. Better
models to capture the diversity gain under fading conditions
and their impact on supplemental channel assignment are the
focus of current simulations.

VII. REVERSE LINK COVERAGE AND CAPACITY

A. Reverse Link Coverage

The reverse link coverage depends on the burst admission
algorithm and the mobile transmit power limitations. In this
section, we capture the coverage assuming no mobile transmit
power limit. The impact of mobile transmit power limitations
is addressed in Section VII-C.

The algorithm described in (14) is used to decide on burst
acceptance. The mobile provides neighbor pilot strength
measurement results to the network as part of its burst
request. The infrastructure denies the burst request if the
expected interference caused at neighboring cells is too
high. We assume that there are enough resources available
at the target cell sites to allocate the burst if the interference
conditions are satisfied. The admission algorithm provides
tradeoffs between coverage and capacity through parameter

The capacity results and the corresponding tradeoffs
are discussed in Section VII-B.

A plot of coverage as a function of distance from the
BS, obtained from static simulations (Section V-A), is plotted
in Fig. 9. These static simulation results accurately capture
the burst admission trends as a function of distance and

The true admission probabilities also depend on sys-
tem dynamics, including handoff events, and are captured in
the dynamic simulation results in Section VII-B. The curves
show that burst acceptance is high close to the BS, de-
creasing as the mobile approaches the edge of the cell.
The admission probability also reduces as increases,
decreasing to around 0.85 at the edge of the cell for 6
dB. By reducing the admission algorithm is relaxed.
However, this would result in larger out-of-cell interference
and penalty on the capacity available to the voice users
(Section VII-B).

B. Reverse Link Capacity

In this section, we present reverse link capacity and outage
results obtained from the dynamic simulation methodology
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Fig. 9. Reverse link admission probabilities.

Fig. 10. Outage of the system with only voice users.

described in Section V-C. Fig. 10 shows the outage of the
system as a function of the number of voice users. It can be
seen from this plot that the capacity of the system is 22 voice
users per sector at 5% outage and 18.5 voice users at 1%
outage.

In Fig. 11, we plot the outage experienced when there
is one data user per sector operating in either circuit or
burst mode at 57.6 kb/s (for example, thorugh six codes
aggregated, each at 9.6 kb/s). The circuit mode data user
is active with activity factor 1. Alternately, there is one
burst-mode data user active at any given time. No time is
assumed to be lost in switching between bursts to different
burst-mode data users, so that the shared high-rate burst-
mode channel also has an aggregate activity factor1. This
(100% efficiency) corresponds to the worst-case interference
and highest throughput for the burst mode channel. The
burst-mode data user follows the burst access scheme, with
admission delay 1 s, and burst length of 4 s. Fig. 11
is parameterized with the burst threshold (14). Table IV
shows the corresponding probability of burst admission for
high data rate service as a function of

Fig. 11. Outage with one high data-rate channel at 57.6 kb/s (one high-rate
data user is assumed to be active at any given time): impact of threshold
�burst on voice capacity.

TABLE IV
ADMISSION PROBABILITIES FOR DIFFERENT VALUES OF�burst

Observations:

1) From Fig. 11, we observe that when the data user
is operating in circuit mode, the system can support
6.8 voice users at 5% outage. Since the six codes
corresponding to the data user are active all the time, the
data throughput on each of those codes is approximately
1/voice_activity 2.2 times higher than that of a voice
user, on the average. This gives an equivalent total
throughput of 6.8 2.2 6 20 voice users when there
is one circuit mode data user active. It translates to a
loss of 9% in throughput, compared with the voice-only
system.

2) In burst mode, the burst admission control strategy en-
sures that the data users that cause excessive interference
at the neighbors are not admitted. This results in higher
capacities than is the case with circuit mode data. For the
range of parameters considered in Fig. 11, we see that
the capacity penalty can be almost completely eliminated
(that is, throughput is 8.4 2.2 6 21.6 voice users
for 6 dB).

3) Increasing reduces the outage experienced by
the voice users. But this also limits the region over
which high data rate service is available. For instance,
if 0 dB, the burst request is never denied. As

is increased from 2–6 dB, the coverage for 57.6
kb/s service shrinks from 88–77%.

The simulation results indicate that high data rate service
can be provided over 75% of the area through a simple scheme
that only looks at the local measurements made by the mobile.
Better coverage over area can be achieved through using lower
values for and taking a hit on the voice capacity.
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Fig. 12. Reverse link coverage probability for type I mobile: 200-mW transmit power.

C. Mobile Transmit Power Budget

Let us examine the impact of higher data-rate transmissions
on reverse link budget. In this section, we present coverage
results for mobiles with various power limits. The reverse link
budget is determined as follows. Given the maximum transmit
power of the mobile, we add to it all the gains
(e.g., transmit and receive amplifier gains, transmit and receive
antenna gains, spreading gain, and soft handoff gain), then we
subtract all losses (e.g., connector and cable losses, fade
margin, receiver noise figure, and the path loss to the edge of
the cell). The result should be such that its ratio to the total
noise plus interference power meets the required

(19)

For a high data-rate mobile transmitting on code chan-
nels, the transmit power per code channel is reduced
by 10 log dB. There is an additional backoff due to the
higher peak-to-average ratio of the total signal consisting of
multiple code channels. This additional backoff is determined
to vary from 2.0 and 4.0 dB as the number of code channels is
increased from 2–8 [27]. Hence the coverage area over which
the same is obtained reduces with increasing number
of code channels. We assume that all the gain and loss factors
including cell size in (19) are the same for voice and data
mobiles, except for the transmit power per code channel. Then
we can tradeoff the coverage area for number of code channels.
We use a path loss exponent of four, shadow fading standard
deviation of 8 dB, fade margin of 6 dB for voice, and a soft
handoff gain of 3 dB [28].

Mobile Type I (200 mW) is data capable and has the same
power amplifier and mobile form factor as today’s voice-only
mobiles, e.g., a personal digital assistant (PDA) with CDMA

high data-rate capability. Type I mobiles at their power limit
will be unable to burst at the highest rate until their fading and
path loss condition improve. If the mobile is allocated a burst
and receives many consecutive power-up commands when it
is at its power limit, it can autonomously limit the number of
codes on which to transmit. Thus it effectively reduces its data
rate according to available power. Fig. 12 shows the coverage
probability for a 200 mW mobile, transmitting at one to six
times the basic rate, as a function of normalized distance from
the BS.

Type II mobiles are special data mobiles that can attach to
laptops and can use power amplifiers that are driven from the
laptop battery. This effectively permits higher data rates to
be achieved, using higher maximum transmit power. Fig. 13
shows the same results for a Type II mobile with 800 mW
transmit power. Also, these mobiles may be able to exploit
additional gain through the use of directional antennas, but
that is not considered here.

Fig. 14 shows the mean number of codes that can be
allocated as a function of distance for a 6high data-rate
mobile. We see that on average three codes can be provided
even at the edge of the cell. Since bursts are allocated for short
durations, this average is meaningful under user mobility.5

Such averaging is not meaningful for circuit-mode data at
high rate. Burst-mode coverage is provided over the entire
coverage area. These curves show the available rate based on
the mobile’s power limit.

VIII. R EVERSE LINK POWER CONTROL

The static and dynamic capacity and coverage studies above
assume perfect power control. It is well known that tight power

5This mean is over shadow fading. Individual locations within the coverage
area may experience unacceptable coverage. A stationary mobile does not
observe this averaging over shadow fading.
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Fig. 13. Reverse link coverage probability for type II mobile: 800-mW transmit power.

Fig. 14. Average number of codes permitted.

control is critical to CDMA capacity and performance. In
this section we study reverse link closed-loop power control
performance when the CDMA channel is shared between high
data-rate users and voice. We report on several factors that
permit reduction in the average requirement for high
data-rate users. The smaller requirement translates to
increased capacity (in terms of kb/s/cell/CDMA carrier).

The closed-loop power control is run on the the fundamental
code channel since it is full duplex. The supplemental code

channels are transmitted with the same power as the power-
controlled fundamental.

A. Simulation Description

The simulation models the reverse link of a single cell
or sector of an IS-95–based CDMA system. For simplicity,
the out-of-cell interference is ignored. Therefore, the capacity
results reported here must be scaled down by a factor
corresponding to a CDMA reuse factor [8]. In the cell under
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consideration, we simulate a number of voice users that can
be varied between one and a number of circuit-mode data
users that can be varied between one and and one high
data-rate user who simultaneously transmits on a number of
code channels between one and The voice users follow
a 16-state Markov voice activity model with a mean activity
factor of 0.4. The circuit-mode data users are assumed to have
an activity factor of one. The high data-rate user transmitting
on multiple codes is assumed to also have an activity factor
of one, as would be the case during a burst transmission. For
simplicity, all users are assumed to be at the same velocity
and have the same channel conditions. It is easy to extend the
simulation to allow each user to have its own set of mobility
and channel parameters, but it would be hard to obtain any
great insight from this generalization while making the number
of parameters to be managed prohibitive.

The simulation runs on a time step of 1.25 ms, the same
as the power control inner loop step. In other work on power
control performance, we have proposed and validated methods
to model the physical layer performance while running the
simulation at the coarser time scale. For details of this ap-
proach, the reader is referred to [29]. Based on this approach,
the reverse link closed-loop power control is modeled in detail.
An inner loop power control feedback bit is provided every
1.25 ms. As in IS-95 there is a two power control group delay
in the feedback loop. The power control feedback bit error
rate of 5% is fixed. The inner loop feedback is generated by
comparing an estimate of the received with a set point
determined by the outer loop power control that is designed
to achieve a desired frame error rate target.

The channel is modeled as a Rayleigh fading, dispersive
channel. The received signal at the BS consists of two or more
multipath components received at the two receive antennas at
the cell site. It is assumed that these multipath components can
be resolved by the BS receiver which combines these signals
weighted by the received energy in each path.

The results obtained from the simulation are in terms of
the average defined as the the mean received signal
level required to obtain a desired frame error rate, divided
by the mean interference plus noise level at the receiver. The
required depends not only on the signal variations,
as determined by the user velocity and fading, number of
multipaths, etc., but also the interference variations determined
by the mix of voice, data, and high data-rate users sharing
the channel within the cell. Independent power control loops
are run for each voice, circuit-mode data, or high data-rate
user. For the high data-rate user, all code channels undergo
the same fading and follow the same power control. We find
that correlated variation of the received power level of each
supplemental code channel and the remaining code channels
of the high data-rate user results in a reduction of the required

We also report the achieved FER and the mean rise over
noise calculated as the ratio of the interference plus noise
density at the given load to (no-load) noise density for a
single cell. A smaller noise rise corresponds to the potential
for higher capacity. The simulation results are for a carrier
frequency of 900 MHz and a (default) power control step size

TABLE V
MULTIPLEXING OF Nv VOICE AND Nd CIRCUIT-MODE

DATA USERS (ALL USERSARE AT 10 mi/h)

of 1 dB (unless otherwise stated). Simulations were run for
3000–10 000 frames.

B. Requirements

We find that data users with aggregated codes require a
lower than data users with one code each. The
requirement decreases with increase in code aggregation, i.e.,
the higher the number of codes per user, the lower
the requirement. Tables VI and VIII show that the

is reduced as increases. At higher speeds, the
required for 1% FER is larger, and correspondingly,
the reduction in required due to code aggregation is
also larger.

The reverse closed-loop power control adjusts according to
the variations in interference seen from other users. In high-
rate transmission, a significant part of the interference comes
from other code channels transmitted by the user itself. That
is, the interference seen from other codes channels of the
high data-rate user is being powered controlled along with
the desired signal. The variations in the interference correlate
to the variations in the desired signal; therefore there is an

advantage.
The increased variability of the interference seen by the

voice users, when the bandwidth is shared with a high data-
rate user, is reflected in the higher requirement for
voice users.

C. Capacity Impacts

We next examine the capacity impact as a variable number
of voice and data users are multiplexed on one CDMA carrier.
For the same load (in terms of kb/s/sector/CDMA carrier),
because of the advantage described above, the total
noise rise is smaller when data users are present than when
only voice users are present. The lower noise rise translates
to an increase in capacity.

At both 1 and 10 mi/h, the total noise rise is smaller for the
case of a single high data-rate user withcodes multiplexed
with voice users (Tables VI and VIII), compared to the case
of circuit-mode data users multiplexed with voice users
(Tables V and VII).

D. Smaller Power Control Step Size for
Fixed Wireless Applications

The capacity for fixed wireless applications can be further
increased through the use of a smaller power control step size.
Table IX shows that the requirement can be decreased



KUMAR AND NANDA: HIGH DATA-RATE PACKET COMMUNICATIONS 489

TABLE VI
MULTIPLEXING OF Nv VOICE AND ONE HIGH DATA RATE

USER WITHM CODES (ALL USERS ARE AT 10 mi/h)

TABLE VII
MULTIPLEXING OF Nv VOICE AND Nd CIRCUIT-MODE

DATA USERS (ALL USERSARE AT 1 mi/h)

TABLE VIII
MULTIPLEXING OF Nv VOICE AND ONE HIGH DATA-RATE

USER WITHM CODES (ALL USERSARE AT 1 mi/h)

TABLE IX
MULTIPLEXING OF Nv VOICE AND ONE HIGH DATA-RATE USER WITHM

CODES (ALL USERSARE AT 1 mi/h; POWER CONTROL STEP SIZE IS 0.5 dB)

through the use of a step size of 0.5 dB instead of the current
(default) value of 1.0 dB. The large step size is required for
tracking performance in a rapidly fading mobile environment
but is unnecessarily large for fixed wireless applications.

E. FER Target for Data Users

Unlike voice, the delay requirements for data permit the use
of retransmissions over the noisy wireless link. This permits
setting a higher FER target. In Table X we show the energy
(capacity) gain from increasing the FER target to 4% from the
current default value of 1% that is used for voice. The
gain from increasing the FER target to 4% must be scaled

TABLE X
GAINS OBTAINED FROM INCREASING THE FER TARGET FOR DATA FROM 1–4%

back by 0.13 dB to account for the increase in the number of
retransmitted frames. The real gain in is shown in the
last column of Table X. The gains are over 1.5 dB at speeds
higher than 10 mi/h.

F. Summary

We have found several factors that permit reduction in
the average requirement for high data-rate users. In
particular, items 1) and 2) below apply to the case of high
data-rate user using multiple code channels on the reverse link.
Items 3)–5) are equally applicable to the case of multiple code
channels or variable spreading gain, as in the third-generation
proposals. The smaller requirement translates to in-
creased capacity (in terms of kb/s/cell/CDMA carrier). Our
findings are as follows.

1) High data-rate users have a lower requirement
compared to voice users or circuit-mode data users.

2) Voice users see a small increase in requirement
when sharing a CDMA carrier with high data-rate users.
However, there is an overall capacity gain as reflected
in a smaller noise rise.

3) The requirements are smaller by almost 2 dB
at 1 mi/h compared to 30 mi/h. This implies a larger
capacity if high data-rate mobiles are stationary or fixed
wireless users.

4) There is a further decrease in requirement (al-
most 1 dB) and gain in capacity by decreasing the power
control step size to 0.5 dB.

5) Finally, there is a further gain of over 0.6 dB in
requirement by setting a higher FER target for delay-
tolerant data services allowing for recovery through
retransmissions.

As a result of all these factors, we conclude that there
is actually a large increase in the reverse link capacity (in
terms of kb/s/cell/CDMA carrier) when high data-rate users are
introduced. The simulations also dispel the predicted adverse
performance impacts of code aggregation.

IX. CONCLUSIONS

We have proposed a solution to provide packet services over
cellular systems based on CDMA. Wideband CDMA systems
are being proposed and standardized for third-generation cel-
lular systems around the world. Our proposed LIDA resource
allocation scheme is applicable to both current and future
systems. New messages and procedures that permit such burst-
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mode operation have already been standardized in Revision B
of the IS-95 CDMA cellular standard [22].

We studied capacity and coverage performance of our
scheme. Simple static analysis and Monte Carlo simulations
were used to determine the feasibility of the scheme. Having
established that the scheme is worth pursuing, we proposed
a dynamic simulation to study the performance of the burst-
allocation schemes.

Using the dynamic simulation approach and analytic cal-
culation of interference through superposition, we determined
results for reverse link capacity when the CDMA carrier is
shared between voice and burst-mode high-speed packet data
users. For the forward link, we used the dynamic simulation to
study the performance of forward burst allocation on a subset
of legs in soft handoff. The capacity advantage of this burst
allocation on fewer legs is traded off with FER performance
on the supplementals.

We also examined the impact of nonideal power control on
reverse link capacity. We found several factors that result in
higher capacity than in the voice-only system.

Observations related to the performance analysis are in-
cluded in the related section. Our studies demonstrate the
feasibility of packet services over CDMA and wideband
CDMA. In this paper we have addressed several important
issues in some depth. However, we expect that this is just
the beginning, and much additional performance work will
become available as higher data-rate services over cellular and
third-generation wideband CDMA system become widespread
around the world.

APPENDIX

OUT-OF-CELL INTERFERENCECALCULATIONS

Consider the three cells I, II, and III, shown in Fig. 15.
Each is sectorized into three sectors, and We assume
that mobiles are uniformly distributed, per sector. Here
we do not consider the speech activity factor. The reduction
in interference because of the speech activity factor of the
interfering mobiles is accounted for separately. We compute
the average interference seen at the cell site I sectordue
to the mobiles in cells II and III. Since cells II and III are
identical, we need only consider one of them.

To compute the interference from sectorof cell II, we
further subdivide the sector into two equilateral triangles
denoted and in the figure. As in Gilhousenet al. [8],
for a random mobile in at at a distance from cell
site I, assuming that the mobile is perfectly power controlled
to compensate for the distance loss and shadow fading to cell
site II, the interference to signal ratio at cell site I sector
may be written as

(20)

Fig. 15. Two neighbor cells used for out-of-cell interference calculation.

where and are the exponents of the shadow fading in
cells I and II, i.e., normal with variance is normal with
standard deviation We make the following “soft handoff”
assumption: the mobile is an interferer at cell site I
only if it is connected to the other cell site, that is, its path loss
(distance loss and shadow fading) to cell site II is smaller.

We compute the mean from mobiles uniformly dis-
tributed in the Since the representative mobile position
is uniformly distributed in sector of cell site II. The pdf is

where is the area of the sector

(21)

The expectation, in the integrand, overwith a normal
kernel with variance 2 can be computed as a function of

and the parameters of the indicator function
in (21). In the Appendix of [8] this expectation is shown to be

(22)

Note that by setting identically to one, the com-
putation reduces to one without shadow fading. We denote
the interference factor from as which
is the interference per uniformly distributed user in
The integrals for have been computed using numerical
integration in Mathematica. We have used a shadow fading
standard deviation of 6.8 dB. The results are tabulated in
Table XI.
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TABLE XI
FER TARGET FOR DATA USERS

The interference factors for the three sectors are computed
as follows:

Again, note that these interference factors are for cell site II.
The interference factors from cell site III are identical. Also,
the interference reduction due to speech activity is not included
in these interference factors.
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