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Abstract— We study the impact of network load in the neigh-
boring sectors on the inter-cell interference in a cellular data net-
work. The signal received by a user over the forward link in such
a system contains interference from the neighboring base stations.
We note that the strength of this interference is a function of the
network load in the neighboring cells. We obtain an expression
for the received SINR (Signal to Interference and Noise Ratio)
as a function of the traffic load in the interfering cells. Using
this result, we propose an improvement to the conservative pilot-
based SINR estimation scheme that is implemented in the current
cellular data networks. The proposed scheme provides a more
accurate estimate of the user SINR by taking better account
of the contribution of inter-cell interference. It builds on top of
the current SINR measurement scheme by using a combination
of pilot measurement and traffic load measurement. With the
proposed scheme, a terminal reports a less conservative data
rate, and hence it receives a higher throughput. The scheme
especially benefits the “poor” users, i.e., the users that receive
low throughput because they are located far from the base station.
For example, when the network load in the neighboring sectors
is 0.5, with the proposed scheme, the throughput received by
a single vehicular user located about three-fourth of the way
between the serving base station and the cell boundary, is about
35% higher than the throughput obtained using the scheme that
is used in current practice.
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I. INTRODUCTION

ELLULAR data networks allow mobile terminals to ac-
C cess the Internet for data communication. Some examples
of such cellular data networks are the CDMA-HDR (High Data
Rate) networks [13], and the 1XEVDV (1x Evolution Data
and Voice) networks [7]. While our work is applicable to both
these systems, as well as other systems that use pilot based
channel estimation, henceforth we use CDMA-HDR as our
case study. In such networks, the forward link (the link from
the base station to the terminals') is time domain multiplexed
to serve one or more users with the available bandwidth and
power. The rate at which a user is served over the forward
link is governed by the current channel conditions, i.e., the
SINR (Signal to Interference and Noise Ratio) of the user.
The user SINR is a function of several factors such as path
loss, shadowing, fading, noise, and inter-cell interference. The
latter is the focus of this work. Inter-cell interference refers to
the interference received by a terminal over the forward link
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'Henceforth, we use the terms ‘user’ and ‘terminal’ interchangeably.

because of the co-channel forward link transmissions of the
base stations in the neighboring cells.

We note that the extent of inter-cell interference experienced
by a terminal is a function of the network load on the
forward link of the neighboring cells. Hence the interference
is higher (and the data rate is lower) when the network loads
on the interfering forward links are higher, and vice versa.
The goal of this work is to study the cross-layer impact on
the physical layer of a terminal in the given cell due to the
loads at the network layer of the neighboring cells. Our study
pertains only to the forward link. The SINR measurement in
the current implementations [13], [7] is performed on pilot
signals transmitted in a synchronous fashion by all the base
stations. In this scheme, the SINR is estimated in a way
equivalent to assuming that the forward links of the interfering
cells are always busy. However, the forward link of a cell
does not carry traffic 100 % of the time, and this results in
overestimation of the inter-cell interference with this scheme.
Although the scheme additionally uses Hybrid-ARQ for early
packet termination, user throughput still suffers due to over-
estimation of interference. We propose a scheme that takes
into account the dependence of SINR on the current network
loads in the neighboring cells. We illustrate through simulation
results that, using our scheme, it is possible to improve the user
throughput, especially for the “poor” users, i.e., the users that
receive low throughput because they are located far from the
base station.

The paper is organized as follows. We first discuss some
related work in section II. In section III, we provide an
overview of the system model that we study, and the analytical
results on the characterization of inter-cell interference. In
section IV, we propose an improved scheme for a more
accurate estimation of user SINR. We then present an overview
of the simulator, and simulation results in section V. Finally,
we conclude in section VI.

II. RELATED WORK

In [16], Yoon et al. consider the multi-access uplink of a
CDMA voice network. Due to the lack of perfect orthogo-
nality between the uplink CDMA channels, each user causes
interference to other users. The authors find an expression for
the characteristic function of the interference component in
the received signal. While this work can be extended to the
context of inter-cell interference, the method of determining
SINR involves several computations, and does not provide
insightful results about the exact dependence of user SNR
on the network load in the interfering sectors.



In [3], Haas et al. consider the problem of characterizing the
inter-cell interference in CDMA voice networks. The authors
consider the problem of characterizing inter-cell interference
at the base station of a sector due to a single user transmission
in the neighboring sector. In [9], Romero-Jerez et al. consider
the problem of characterizing intra-cell as well as inter-
cell interference for the uplink of a CDMA voice networks.
However, as in the case of [16], both these works ([3], [9])
assume continuous transmission of the interfering signal; a
characteristic of voice traffic, but not of data traffic. Besides,
all these works result in fairly complicated expressions for
symbol error probability, and hence cannot be used directly in
the SINR estimation procedure implemented at the terminal.
Other works such as [15] have studied the effect of inter-cell
interference over the forward link, and the benefits of Hybrid-
ARQ in countering the interference.

Our work is different from all the above works in that we
focus on data networks, and exploit the fact that network load
in the interfering sectors strongly influences the interference
levels at a given terminal. This observation can be used by
the terminal to predict its SINR more accurately as we discuss
next.

III. CHARACTERIZING INTER-CELL INTERFERENCE

Our analysis in this section is applicable to any SINR
estimation scheme that uses synchronous pilot transmission
by the base stations. However, as a case study, we consider
a CDMA-HDR system [13]. In such a system, data users are
served over a data-only channel. There are no voice users in
the system. Each hexagonal cell is divided into three sectors
(see Fig. 1). Let R be the radius of the sector. The base station
uses a directional antenna for each of the three sectors, and
hence we assume that there is no interference from the adjacent
sectors of the same cell. However, a user in a given sector
receives inter-cell interference from the neighboring sectors
of the adjacent cells. For example, in Fig. 1 a user in sector 0
of cell C' receives inter-cell interference from sector 1 of cell
C" and sector 2 of cell C”.

Z Base station
@ Sector 0
[ Sectors 1 and 2
(interfering sectors)
— Cell C
Cell C
== Cell C”

Inter-cell interference

Fig. 1.

The users in each sector are served over the forward link in
a TDM fashion using all the available power and bandwidth.
The forward link is time domain multiplexed into time slots.
The forward link waveform can be modeled as an ON-OFF
process. During the ON time, i.e., during a busy time slot,
the base station? sends a sequence of +1 and -1 pulses (chips

2Henceforth, BS stands for base station.

in CDMA terminology). During the OFF time, i.e., during
an idle time slot, there is no signal. Hence the interference
experienced by a user because of the forward link signal of
a neighboring BS consists of this modified ON-OFF process.
The higher the forward link traffic load in the neighboring
sector, the greater the inter-cell interference caused by that
sector to the users in the given sector.

Referring to Fig. 1, consider a terminal located in sector
0, and let the total forward link inter-cell interference at
the terminal as a function of time ¢ be I;. Through simple
geometric arguments, it is easy to show that the ratio of the
distance from the edge of the cell to other interfering base
stations (not the two nearest interfering base stations), is at
least twice the distance from the edge of the cell to the two
nearest base stations. Hence, the interference from farther
base stations is weaker than the interference from the two
nearest base stations by at least a factor of 2", where n is the
propagation loss exponent. For typical values of n (3.8 to 4.0),
this term is at least 12 dB. Hence, the overall interference is
dominated by the contribution of the two nearest base stations.
We therefore only consider inter-cell interference from the two
neighboring sectors, sector 1 in cell C’, and sector 2 in cell
C". However, all our results can be easily generalized to the
case of multiple interfering sectors.

The signal received at the terminal is:

R;=S;+I; +N¢,

where N, is the zero mean Gaussian noise at the receiver, and
S; is the desired signal. We also have

Si =GoA Y ynh(t —nT.) coswot (1)

n—=—oo

where y, € {+1,—1} is the transmitted symbol sequence,
Gy is the forward link channel gain from the base station of
serving sector 0 to the terminal, A is the signal amplitude, and
h(t) is a pulse (chip) of width 7. In (1), fo = wo/27 is the
carrier frequency, and we assume that fo >> 1/7,. Let T be
the duration of a time slot. Referring to Fig. 2, the components
with a bar are the matched filter outputs of the corresponding
input components with a hat. Our objective is to determine the
variance of the inter-cell interference component, I, so as to
evaluate the SINR at the receiver.
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Fig. 2. Block diagram of a simple correlation receiver

We first consider inter-cell interference from a single inter-
fering sector. Since the analysis dealing with the derivation of
the variance of the inter-cell interference is technical in nature,
we refer the reader to Appendix for the detailed derivation.



There, we show in (15) that the variance of the single inter-cell
interference component is given by the following expression.
1
3
where G is the channel gain from the base station of the
interfering sector to the terminal and p; is the traffic load
on the forward link of that sector. Or equivalently, p; is the
probability that a time slot on the forward link of a sector
is busy. Thus, the intensity of the forward link traffic in
the neighboring sector has a role to play in determining the
variance of the inter-cell interference. With multiple inter-cell
interference components, we note that the data streams and
the channel gains of different BSs are independent, and hence
we can simply add the variance of each of the interference
components. The variance due to noise, o2, is simply 2NoT..
The total variance of the output is

0F = -GIA’p T2, )

1
0f = AT (Gip + Gipo) + 2No T, 3)

where p; is the forward link traffic load of the ith interfering
sector. If we assume that the desired signal transmitted by the
BS of sector 0 is z(t) = Ah(t) (i.e., yo = 1 in (1)), then the
mean of the output decision variable, m is:

T,
m = / GoAh(t)h(t)dt
0
= GoAT.
Hence the SINR at the output of the filter is given by:

G2A’T,

SINR =
%A2TC(G%/)1 + G%pz) + 2Ny

“4)

IV. NETWORK LOAD AND SINR

In the previous section we obtained an expression for the
SINR at a terminal in presence of inter-cell interference from
adjacent sectors. In the actual implementation of CDMA-
HDR [13], the terminal measures the pilot signal transmitted
periodically by the base station to determine the current SINR.
This SINR value is then used to predict the supportable
forward link data rate for that terminal for the next time slot.
However, an important point to note in this scheme is that
all the BSs are GPS-synchronized. Hence all the BSs transmit
their pilot signal at the same time. Consequently, the SINR
measured with respect to the pilot signal contains the worst
case inter-cell interference, since the interfering signals are
constantly ON during the measurement phase. Referring to
(4), this amounts to measuring the SINR with p; = py = 1.

To counter the over-estimation of interference (and also to
counter fast fading), the CDMA-HDR system uses Hybrid-
ARQ. In Hybrid-ARQ, packet lengths, and coding and mod-
ulation schemes are chosen intelligently to allow for early
packet termination. Early packet termination refers to a suc-
cessful reception of a packet before the nominal packet du-
ration when the channel condition is good [10]. Hybrid-ARQ
adjusts to network loading in the adjacent sectors, as well
as to fast fading, and thereby results in a higher throughput
in spite of initial conservative SINR estimates [13], [15].
However, we demonstrate that the gains of Hybrid-ARQ can

be improved substantially if it is provided with a more accurate
initial estimate of the SINR. We propose an improved SINR
estimation scheme that achieves this by taking into account
the actual contribution of the inter-cell interference. We then
discuss the benefits of the proposed scheme, and its impact on
forward link scheduling and cell selection policy.

A. An improved scheme for SNR estimation

Referring to Fig. 1, consider a terminal located in sector 0,
and assume that the terminal is being served by base station
0. Assume that in addition to BS 0, the terminal has BSs 1
and 2 are in its active set. The active set of a terminal is
the set of BSs whose pilot signal can be correctly decoded by
the terminal. The terminal receives inter-cell interference from
sectors 1 and 2. Let a; be the forward link SINR of sector
1 as measured by the terminal using the current scheme [13],
[7] (i.e., by assuming 100 % load in the rest of the sectors).
Hence using (4),

G2A>T,
ao TAT (GG 12N,
i G2AT, )
A | T | TAT(GIrGI)+2N,
oo ’ G2A2T,
1A2T (G2+G2)+2Ny

In our proposed scheme, the terminal uses the above values
of a; that are known from pilot measurements. The above set
of equations are then solved to obtain the channel gains G;
as follows:
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Let the actual SINR at the terminal for the forward link of
sector 7 be ;. This SINR takes into account the traffic load
in the interfering sectors. Using (4),

G2A’T.
Bo L AT (G2p1+G2p2)+2Ny
B | = AT (7)
! B 1A2T.(G2po+G3Zp2)+2No
o G2A2T,

L A2T.(G2po+G3p1)+2No

Since G; are already known from (6), the actual SINR, j3;,
for each of the sectors can be obtained by using the above
expressions once p; are known. Thus, we do not propose
altering the current implementation of the pilot measurement
procedure, and this makes our SINR estimation scheme easy
to implement within the current framework.

However, we require that each base station keeps track of
its forward link load p; as follows. Since the derivation of (2)
(see Appendix) only requires the probability that a time slot is
busy, i.e., the value of p, the load measurement scheme is very
simple. Even with multi-slot packets, the load measurement
scheme only needs to know whether a time slot was empty,
or busy. A long term averaging exponential filter can then be
used by each BS i to determine its average load as follows.

ﬁl(n) = 1{time slot n is busy.} T (1 - 04) : ﬁz(n - 1) 8)

In the above, 1y, is the indicator function, and o € (0,1)
is chosen to match with the frequency of load updates. For



example, if we assume that the network load does not vary
too much over an interval of 5 minutes, then the load is
broadcast to the terminals once every 5 minutes (1.8 - 10°
time slots in CDMA-HDR), and the filtering parameter is
tuned appropriately. Neighboring base stations periodically
exchange the information about their current forward link load
(over the high speed wired infrastructure) so that each base
station knows the load in its neighboring interfering sectors.
The base station periodically broadcasts this information to
its users. If we assume that the traffic load over the forward
link changes over the time scale of a few minutes, then the
overheads of periodic load broadcasts are minimal. For bursty
data applications, faster load updates can be used at the cost
of increased control overheads. We understand that inaccuracy
in load estimation can lead to over-estimation of SINR in the
proposed scheme. However, this effect can be countered by
making conservative load estimates. We believe that while this
is an important issue, it is an implementation detail of the
scheme, and hence not the focus of this paper.

Once the terminal has the information about the network
loads in all the sectors that are in its active set, it can
calculate the channel gains G; using (6), and the actual SINR
values [3; using (7). It is easy to see that for low values of
p1 and po, the actual contribution of inter-cell interference
is much less, ie., By > «p. By using oy as the SINR
estimate, the terminal reports a conservative data rate, and
thereby gets lower throughput. Although Hybrid-ARQ can
dynamically cope with SINR under-estimation, we argue that
a more accurate initial estimate of SINR can only improve the
user throughput. The extent of improvement will be illustrated
through simulation results in Section V.

We label scheme A as the scheme that uses the worst case
inter-cell interference estimate, i.e., the scheme that uses «; as
the SINR estimate, and also uses Hybrid-ARQ for early packet
termination. This scheme is used in the current standards ([13],
[7]). We label scheme B as the scheme that we propose above,
i.e., the scheme that uses [3; as the SINR estimate, and also
uses Hybrid-ARQ. In the next two sub-sections, we discuss
the implications of using scheme B instead of scheme A on
forward link scheduling and cell selection policy.

B. Inter-cell Interference and Scheduling

The fact that the terminals see a time-varying wireless
channel over the forward link should be taken into account
when scheduling data over the forward link. A class of
scheduling policies called opportunistic scheduling policies
([13], [1]1, [5], [4]) have been proposed for maximizing the
sector throughput by preferentially serving users with good
channel condition. In all these works, as well as several
other related works, no special consideration is given to the
fact that the inter-cell interference has an important role to
play in determining the SINR of a user. In the previous
section, we saw that SINR estimation using scheme A has the
disadvantage that it does not provide an accurate estimate of
the inter-cell interference contribution in the SINR. Although
this does not have an impact on the forward link opportunistic
scheduling algorithm itself, it does have an impact on the

outcome of the scheduling decisions. This is because under
scheme A, the users located near the cell boundary report a
lower data rate than the actual supportable rate. Opportunistic
scheduling algorithm usually favors users that report higher
supportable rate. Thus, unless the scheduling discipline takes
early termination due to Hybrid-ARQ into account, even the
gains of Hybrid-ARQ could get affected by the scheduling
policy. This is because opportunistic scheduling policies base
their decisions on the reported inaccurate rate estimates. In
section V, we present simulation results to illustrate that when
opportunistic scheduling is used for serving users, scheme
B provides better user throughput to the “poor” users than
scheme A without resulting in any degradation in the overall
sector throughput.

C. Inter-cell Interference and Cell Selection

When a user is about to hand over to a neighboring sector
using cell-selection, it measures the SINR of all the BSs in its
active set to determine the best serving sector. It is possible
that due to geographical nearness, the pilot-aided SINR of the
terminal for BS 0 is higher than that of BS 1, i.e., ag > ay.
However, the actual SINR of the terminal for BS 1 may be
higher than that of BS 0, i.e., 81 > (p. Thus, the user will
continue to stay in sector 0 instead of handing off to sector 1.
We illustrate through simulation results that using «; instead of
(; may result in sub-optimum cell selection, i.e., the resultant
SINR of the terminal in the chosen cell may be lower when
«; are used as cell selection criterion instead of ;.

V. SIMULATION RESULTS
A. Smulation setup

In this sub-section, we present an overview of the simulator
(available for download [17]). A terminal receives forward link
signals of two interfering sectors in its neighborhood. While
it is easy to extend the simulation settings to account for
more than two interfering sectors, we note that the signals
of two neighboring sectors are substantially stronger than
the interfering signal received from other distant sectors, and
hence we simulate only two interfering sectors. Corresponding
to each user, and each base station (serving base station as well
as interfering base stations), a time-varying channel gain G;
is generated in each time slot. The user SINR given by (4), is
a function of G;, and G? are random variables given by:

G? = cd;™105/10.W2 )

In (9), the first term in the product is deterministic (for
a fixed user location), and corresponds to path loss, while
the second term is a random variable corresponding to log-
normal shadowing loss. Here, ; is a Gaussian random variable
with mean 0, and variance og. We use ITU path loss mod-
els for vehicular (120 kmph) and pedestrian (3 kmph) users
[6]. Shadowing is correlated over each time slot depending
on the speed of the user as per Gudmundson model [6].
Shadow correlation distance is the same for both vehicular
and pedestrian models, and depends only on the environment
(urban or suburban). Short term Rayleigh fading is accounted
through W,, a Rayleigh distributed random variable. Time



Carrier frequency, fo 2000 MHz
Log-normal Shadowing 10 dB

variance, og

Shadow correlation distance 20.0 m

Noise spectral density, No -174 dBm/Hz

A, amplitude of transmit waveform 5.48

(base station transmit power of 15W)

Chip duration, T, (1.25 Mcps) 0.8 us

Radius of the sector, R 1 Km

Rg for 90% cell coverage 0.95R = 0.95 Km
Miscellaneous gains: antenna gains, 15.2 dB

body loss, cable loss

Building penetration loss, 12 dB

(only for pedestrian users)

Pedestrian path loss in dB, 301ogo(fo)+
101og g (cd™) (fo in MHz, d in Km) | 49 + 40log((d)
Vehicular path loss in dB, 211og,o(fo)+
10log;o(cd™) (fo in MHz, d in Km) | 58.83 + 37.6log;4(d)
Fraction of multi-path power captured

by the receiver (vehicular user) 0.784

TABLE I
SIMULATION SETTINGS

correlation of Rayleigh fading is determined by the speed of
the terminal, and is simulated by using the Filtered Gaussian
Noise technique from [11]. Simulation parameters are listed in
Table I, and have been taken from [6], [13]. Each simulation is
run for 20,000 time slots, and 600 independent simulations are
run to gather user throughputs within 90% confidence interval.

We select user locations so that the terminal is equidistant
from the two interfering base stations. For measuring distances
relative to the size of the cell, user locations are selected to be
multiples of Ry, where Ry corresponds to 90% cell coverage
radius, i.e., the area of a sector of radius R is 90% of the area
of a sector of radius R. It is easy to show that Ry = 0.95R.
In our case, the cell radius R is 1 Km, and hence Ry equals
0.95 Km.

Table II shows the SINR to data rate mapping for a
maximum packet error rate of 1% (taken from [10], [13]). If
the average SINR over the duration of the packet transmission
is lower than the required threshold, then the packet is assumed
to be lost as in [2]. Each type of packet corresponds to a
different coding/modulation scheme, and is transmitted over a
certain nominal number of time slots (1, 2, 4, 8, 16). In a real
system [13], multi-slot packet interleaving at the physical layer
is used for better time diversity, wherein a multi-slot packet
is transmitted over inter-spaced slots instead of consecutive
slots. We simulate this multi-slot interleaving of packets in
our simulator. A real system also uses Hybrid-ARQ for early
termination of packets if the channel is better than predicted.
We implement Hybrid-ARQ functionality in our simulator. As
in [10], we assume that a packet of nominal length of IV slots
terminates in m slots (N > m), if the average SINR during
the first m slots of that packet transmission is greater than
the threshold SINR required for early termination within m
slots for that packet type. The required SINR values for early
termination for different packet types are taken from Table 4
in [10].

At each terminal, we also simulate the SINR prediction

scheme as used in the CDMA-HDR system [12]. In this
scheme, the terminal has an averaging filter bank for each
packet type. The filter bank uses the SINR measurements
from the past to predict the future SINR for each packet
type. For a vehicular user, the prediction method essentially
uses long term averaging of the past SINR samples over
the duration of the packet length. For pedestrian users, the
filter bank computes a zero mean short term average of the
SINR that is added to the above long term average. This
short term average tracks the current channel condition. The
pedestrian channel changes a relatively slowly as compared to
the vehicular channel, and hence in addition to the long term
average, short term averaging is also used. In our simulator,
we implement the above SINR prediction scheme. See [12] for
the implementation details of this channel prediction scheme.
In a real CDMA-HDR network, in addition to the above SINR
prediction algorithm, there is a control loop that adjusts the
predicted SINR values based on measured packet error rate.
If the measured packet error rate is high, then the terminal
makes its subsequent SINR predictions more conservative.
However, we do not implement this strategy in our simulator,
since there are several parameters involved in fine tuning
of such a dynamic control loop. However, we fine tune the
parameters of the basic SINR estimation scheme in [12] for
getting acceptable packet error rates. We also simulate the
proportional fair scheduling algorithm from [13] when there
are multiple users in the system.

B. Smulation results

In all our simulations, although the time variations of the
user channel as a function of user speed have been simulated
(time-varying shadowing and fading), we assume that the user
does not change its location during the course of the simula-
tion. In other words, the path loss component of the channel
gain remains unchanged during the course of the simulation.
This is because the objective of our study is to demonstrate
that the users located near the boundary of the cell benefit
from our proposed scheme. Such an approach is often used
by the network designers to study how throughput degrades
as a function of the distance of the user from the serving
base station. This is unlike the simulation results presented
in [13], where the user location actually changes during the
course of the simulation. In all the simulations, we assume for
simplicity that the network loads in both the interfering sectors
are the same, i.e., p; = p2 = p, and we vary p to study the
throughput gains of scheme B over scheme A for different
network loads in the interfering sectors. In the simulations,
the loading p is modeled as an ON/OFF transmission in every
time slot, and the ON event is determined by sampling a
uniformly distributed random variable. In the simulations, we
also assume that the events of receiving interference over
successive slots are independent. However our scheme can
easily take into account time correlated interference process
by estimating p; using (8).

1) Single user throughput: For these simulations, we as-
sume that there is a single user in the system (multiple user
scenario is presented later), and the base station has infinite



Data rate (kb/s) | 38.4 76.8 | 153.6 | 307.2 | 614.4 | 921.6 | 1228.8 | 1843.2 | 2457.6
SINR (dB) -11.5 ] -92 | -6.5 -3.5 -0.5 22 3.9 8.0 10.3
TABLE I

SINR TO DATA RATE MAPPING FOR 1% PACKET ERROR RATE.

number of data packets to be sent over the forward link to
this user. We simulate the single user case to compare the user
throughput for schemes A and B for both pedestrian as well
as vehicular models. In Fig. 3, we plot the throughput when
the interfering sectors are fully loaded, i.e., py = pa = 1.0.
We refer to this case as the base case, since we expect
that neither Hybrid-ARQ, nor the knowledge of interfering
network load, can result in any throughput improvements by
countering inter-cell interference. We note from Fig. 3 that
near the cell boundary, the vehicular throughput degrades more
rapidly than the pedestrian throughput. This is because inter-
cell interference is more serious in vehicular model due to a
lower path loss exponent.

2500

T T T
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Single vehicular user ------
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Distance of the user from BS as a multiple of R, (90% coverage radius)

Fig. 3. Data rate with a single user in the system and with fully loaded
interfering sectors, i.e., p1 = p2 = p = 1.0 (base case).

We first study the pedestrian model. In Fig. 4(a), we plot
the percentage throughput improvement of scheme A over
the base case of Fig. 3. The gain in throughput over the
base case is up to about 12%, and is due to Hybrid-ARQ
adjusting to inter-cell interference. In Fig. 4(b), we plot the
percentage throughput improvement when scheme B is used
for SINR estimation. This gain, which is up to about 50%,
is due to Hybrid-ARQ, as well as due to a more accurate
initial estimation of SINR. We can clearly see that although
Hybrid-ARQ results in throughput improvement, the gains are
substantially higher when scheme B is used along with Hybrid-
ARQ. This is because the proposed scheme provides Hybrid-
ARQ a more accurate initial estimate (as a function of the
interfering network load) around which to perform subsequent
fine tuning of the data rate. Due to space constraints, we do not
present results on packet error rates. However, the packet error
rates were below 1% for both the schemes for these settings
(except near the edge of the cell, where the error rates were
slightly higher, but still below 2%).

In Fig. 5, we plot the percentage throughput improvement
of schemes A and B over the base case for vehicular model.
It is well-known that vehicular users are more interference
dominated than noise dominated [13]. As a result, better

estimation of inter-cell interference benefits vehicular users
more than pedestrian users. Comparing Fig. 4(a) and Fig. 5(a),
we note that the gains due to Hybrid-ARQ with scheme A are
higher for vehicular model than pedestrian model. We note
that in Fig. 5(a), Hybrid-ARQ allows scheme A to achieve
a data rate that is up to 40% higher than the base case.
These results agree with the results obtained in [15], [13],
where the authors show that Hybrid-ARQ results in throughput
improvements in presence of inter-cell interference. We also
note from Fig. 5(b), that when scheme B is used along with
Hybrid-ARQ up to 100% throughput improvement is obtained
over the base case. With both the schemes, for almost all
the settings the packet error rates were under 1%, and never
above 2%. We do not present the results on packet error
rates due to space constraints. Thus the proposed scheme
enhances the functioning of Hyrbrid-ARQ by providing more
accurate initial SINR estimates. Finally, we plot the percentage
improvement of scheme B over scheme A in Fig. 6(a) and
Fig. 6(b). We note that the proposed scheme substantially out-
performs the currently implemented scheme, and the gains
are especially higher in the case of vehicular users, and
users near the cell boundary. For example, at a distance of
0.8Ry = 760m, and with an interfering network load of
0.5, the proposed scheme results in 35% improvement in the
throughput of a vehicular user, and 15% improvement in the
throughput of a pedestrian user.

2) Multiple users with opportunistic scheduling: In this
subsection we present simulation results when three users are
served over the forward link. The users are located at distances
0.4Rgy, 0.7Ry and 1.0R( from the serving base station. We
simulate the proportional fairness scheduling discipline from
[13]. We run two sets of simulations. In the first set, all the
three users have pedestrian channel model, while in the second
set, all the users have vehicular channel model.

In Fig. 7, we plot the throughput received by each user as
a function of the interfering network load under schemes A
and B for pedestrian model. We note that as the interfering
network load decreases, both the schemes result in higher
throughput for users 2 and 3. With scheme A, even the
throughput of user 1 increases with decreasing network load.
However, with scheme B, the throughput of user 1 decreases
marginally with decreasing network load. We observe this
behavior because both the schemes are designed to improve
the throughput of a user when the inter-cell interference is
lower. However this benefit is especially more pronounced for
users located near the cell boundary (users 2 and 3). Note that
the SINR estimation scheme and Hybrid-ARQ interact with
the opportunistic scheduling discipline in a non-trivial way.
In presence of opportunistic scheduling discipline, scheme B
benefits users 2 and 3 while penalizing user 1 marginally.
However note from Fig. 9(a) that scheme B always results in
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Fig. 7.

a higher overall sector throughput than scheme A. We observe
similar results for the vehicular model in Fig. 8 and Fig. 9(b),
but the throughput improvement of users 2 and 3 is even
higher in the vehicular case than the pedestrian case. Thus, the
proposed scheme benefits the “poor” users, i.e., users located
far from the serving base station (users 2 and 3), without
degrading the overall sector throughput.

3) Proposed scheme and cell selection policy: In these set
of simulations we illustrate that using scheme A for SINR
estimation (i.e., using «;; as SINR estimates) instead of scheme
B (i.e., using 3; as SINR estimates) may result in sub-optimum
cell selection. We simulate a scenario in which a vehicular user
is located at a distance of 1.0R from BS 0, and is equidistant
from BS 1 and BS 2. The network loads in the three sectors
are pg = 0.3, p1 = 1.0, p2 = 0.3. These load values have been
specifically chosen to illustrate that although the terminal is
geographically closest to BS 0 (and hence oy > g, as), the
effect of network loading results in actual SINRs 3; such that
(1 > Bo, B2. This can be seen from Fig. 10 where we plot «,
a1, Po and (3 after time averaging them over over the past
0.5 seconds. Typically, instantaneous SINR estimates are time
averaged over a few seconds in handoff policies (see [14]). If
B; is used for making cell selection decisions, then the terminal
would handoff to sector 1 instead of staying in sector 0, and
would thereby have a higher SINR (f;). Thus the proposed
scheme can prove beneficial to users during cell selection.

VI. CONCLUSIONS

We study the problem of characterizing inter-cell inter-
ference in cellular data networks. We note that the inter-
cell interference experienced by a terminal in a given sector
is a function of the network load on the forward link of
the neighboring sectors. We propose an improved scheme to
estimate the SINR at a terminal, so that the measurements
take into account the actual (and not the worst case) inter-cell
interference. Our proposed scheme requires the base stations to
use traffic measurement (forward link network load), and send
this information to the terminals. The terminals then use this
information along with an improved SINR estimation scheme,
to obtain an accurate estimate of their current channel state.
Through simulations, we show that the proposed scheme out-
performs the current SINR estimation scheme by providing
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Fig. 10. Predicted SINR for cells 0 and 1 under schemes A and B.

higher throughput to users, especially the users located farther
from the serving base station. We also observe that the gains of
the proposed scheme are more pronounced for vehicular users
than pedestrian users. The proposed scheme also benefits users
in making cell selection choices during handoffs.

APPENDIX I
PROOFS OF MISCELLANEOUS RESULTS

In this Appendix, we determine the variance of the inter-cell
interference component, I in Fig. 2. Consider a single inter-
cell interference component, i.e., I; = I}. Note that I} is the
stochastic process corresponding to the forward link signal
in the interfering sector as seen by a terminal in the given
sector. However, we know that the terminal synchronizes itself
with its serving base station, and hence there is a location
dependent random time and the phase delay between the
received signals of the serving BS and the interfering BS. Let
0 be this random time delay, and let ¢ be the random phase
delay. We also know that all the BSs are GPS synchronized,
and hence the time and phase delays observed by the terminal
between the received signals from two BSs are entirely due to
the different propagation path lengths from different BSs. Let
Z. be the baseband portion of the actual signal transmitted
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by the interfering BS. The signal I} received by the terminal
is I} = G1Z;_g cos (wot + ¢), where G is the channel gain
from BS 1 to the terminal. After frequency down-conversion,
and low pass filtering, the resultant signal I, is:

I, = G1Z,_gcos (10)
Note that 6 and ¢ are random variables independent of each
other as well as Z,. We also assume that ¢ is uniformly dis-
tributed over (0, 27|, and (¢ mod T,) is uniformly distributed
over the chip interval (0, T,].

The latter assumption is justified because typical CDMA
settings [13] have a sector radius of the order of 1 Km. As a
result, path difference is of the order of few hundred meters,
and so the random delay 6 is of the order of a few ps, while T
is 0.8 us. Note that we are only concerned with (6 mod T.),
since the stream of symbols transmitted by the interfering BS
appears like a random sequence of symbols to the terminal,
and hence only delay modulo T, matters. Henceforth we drop
‘mod T,.’.

We now prove that Z; is a wide sense cyclostationary
stochastic process (WSCS), and I, is a wide sense stationary
process. Since Z; is the actual forward link traffic of the
interfering sector (synchronized to the system GPS clock), we

have

oo

Z; = Z znAh(t — nT),

n=—oo

Y

where h(.) is the symbol waveform (a pulse of width T.),
and z,, are random variables taking values in the set {1,
0}. The case of z, = 0 corresponds to the chip of an idle
time slot of the forward link during which no data is sent,
while z, = {1,—1} corresponds to the chip of a busy time
slot of the forward link of the interfering sector. Let p; be the
network load on the forward link of the interfering sector, i.e.,
p1 is the probability that a time slot on the forward link of
the interfering sector is busy.

Proposition 1: For the sequence z, in (11),
E[anm} =pP1- 6m,na

where 6, ,, is 1 if m = n, and 0 otherwise.

Proof: It is possible to think of Z; as a product
of two independent stochastic processes: Process U; which
corresponds to the actual traffic in each time slot, and V.
which corresponds to an i.i.d. random bit sequence taking



values {1,—1}. We can write:

Z, = AU, V4,
U= Y wg(t—kT), Vi= >  wvph(t—nT,)
k=—00 n=—oo

In the above equations, U, is a stochastic process that is
either O or 1 in each time slot (of length 7T") depending on
whether a packet is transmitted over the forward link, i.e., ug
are random variables (not necessarily i.i.d.) taking values in
{0,1}. Each time slot represented by g(t), is a pulse of width
T. The actual bit-stream of the packet which corresponds to
the chip sequence within a busy time slot is represented by
V. Each chip represented by h(t), is a pulse of width T..
Also note that v,, are i.i.d. random variables taking values in
{1,—1}. Let T/T. = M be the number of chips per time
slot. When the time slot is idle, Z; = 0 thanks to U; = 0, and
hence V; does not matter. Also note that z,, = ug, vy, and
kn = | {7]. where [.] is the floor function. Since the actual
busy period of the forward link is independent of the value of
the chip sequence, we can safely assume that U; and V, are
independent. Since z, = u, v,, W€ can write

E[znzm] = E[(ug,, vn) (ug,, vm)]
= E[uin] : 5m,n7

since u; and v; are independent, and v; are i.i.d. on {-1,1}.
Thus,

E[anm] =p1- 5m,n,

since E[uj, ] = P{uy, =1} = p1. We have used the fact that
P{uy, = 1} is the probability that the time slot is busy, which
is equal to pp, the network load on the forward link. ]

Proposition 2: The stochastic process Z; in (11) is wide
sense cyclostationary (WSCS), and

Rzz(t+7,t) = A%py Z h(t+71—nT)h(t —nT.). (12)

n=—oo

Proof: Using the approach of Proposition 1, it is easy to
see that E|[z,] = 0, and hence E[Z;] = 0. The autocorrelation
function of Z; is given by:

Rzz(t +7,t) =E[Ziy+Z4]

=A? i i Elznzm)h(t + 7 — nT,)x

n=—o0 m=—0oQ

h(t — mT.)

=A?p, Z h(t + 1 —nT)h(t — nT.),

(13)

where p; is the traffic intensity in the interfering sector, and
we used Proposition 1 in the last step.

From (13), we note that Rz (t + 7,t) is periodic with a
period T,. We also have E[Z;] = 0. Thus Z; is a wide sense
cyclostationary process since its mean and autocorrelation are
periodic with period 7, (see [8], pp. 373). ]

Proposition 3: The stochastic process I, in (10), ie., I, =
G1Z;_gcos ¢, is wide sense stationary with mean zero and
auto-correlation function given by:

o G%AQpl (

-
Ri(1) = — - |T|> Yrgrey (9
where 1y is the indicator function.

Proof: We know that it is a delayed version of Z;, and
the delay is randomly and uniformly distributed over (0, 7).
Note that multiplication by an independent random variable
cos ¢ which is not time-varying, does not impact the wide
sense stationary nature of I,. Hence using Theorem 2 in [8],
pp- 374, we conclude that I, is a wide sense stationary process,
and the mean and the autocorrelation function of I, are given

by:

Te
E[L] =G, {Ti/o E[Z,] dt} E[cos ¢],
Te
Ri(1) = G {Ti /O Rzz(t+7,t) dt} E[cos? ¢]

Since ¢ is uniform over (0, 27], I, is zero mean. Substituting
Rzz(t+ 7,t) from (12) and integrating,

G2A2%p, 7]
R“ - —L 1- 1 T
i#(7) 5 ( Tc> {Ir1<Te)
where 1y is the indicator function. |

Having obtained R;;(7), we can now determine the vari-
ance of the inter-cell interference component, I, at the output
of the filter. From Proposition 3 we know that I, is zero mean.
Hence the corresponding matched filter output I is also zero
mean. Since the impulse response of the matched filter is h(¢),
using (14) we obtain the variance of I as follows:

o0 o0
o?— = / / h(m1)h(m2)R;; (11 — 72) ATy dmo
— 00 — 00

T. (T
:/ / Rff(Tl—TQ)dTldTg
0 0

1
= §G%A2p1T3 (15)
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