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Abstract — In this paper we have modeled a slot-
ted packet CDMA network with fixed repeaters to an-
alyze the system throughput. Six repeaters forming
a hexagon have been placed in the standard cellular
network to reduce the total power consumption and
intercell interference. In each slot, a repeater is either
in transmit or receive mode. The effect of different
mode selection timing schedules on throughput has
been modeled. Repeaters and base station selection
regions are defined in a way to limit the maximum in-
terference from terminals. In this model, throughput
is calculated as a function of number of packets trans-
mitted to base station and interference, which is due
to the data transmissions to repeaters, as well as the
background noise. Chernoff bound approach has been
used as a general method of finding the upper limit
for interference in a network partitioned in any shape.
It is shown that for the same cell size and power con-
sumption, the network with repeaters can dramatically
increase the system capacity.

I. INTRODUCTION

In an ideal mobile communication system, the mini-
mum amount of transmit power that can provide sat-
isfactory service will always be used as an efficient
method to overcome the radio path effects. It has
been shown that this can be achieved by breaking
down the distance between two communicating points
into smaller segments [1], [2]. In [2], direct sequence
spread spectrum was assumed and optimum transmis-
sion ranges in a multihop packet radio network was
investigated. The paper is concerned with equal trans-
mit power for all terminals. In [3], for the same struc-
ture, a comparison between different routing protocols
and the effect of power control has been studied. In
all these papers, expected progress per hop has been
used as a performance measure. Although this mea-
sure is valid for comparing different routing schemes,
but the exact performance of the system is of critical

0-7803-5718-3/00/$10.00 ©2000 IEEE.

31

importance.

In this paper, we have located repeaters in the cellular
structure to increase both the system capacity-and ef-
ficiency of radio transmissions towards the boundaries
of the cell. At these regions due to considerable losses
in the channel, only relatively low data rates can nor-
mally be achieved. Layering the cell and covering each
layer with a suitable number of repeaters can highly
extend the coverage region and at the same time re-
duce the intercell interference both on downlink and
uplink. We calculate the lower bound of the through-
put in a cell with one layer of repeaters and compare
the results with the case of not using any repeaters.
The extension to multilayer cells is straightforward.

II. SysTEM MODEL
A. - Network Structure and Assumptions

The network assumed in this paper is a single cell with
hexagon or circular boundary. A base station is lo-
cated at the center of the cell and 6 repeaters, con-
structing a hexagon, are located at distance R, from
base station. Terminals are spatially distributed in the
cell according to a two dimensional Poisson point pro-
cess with the density per unit area, A\;. Therefore, the
probability of finding k terminals in a region R, with
area D, is: )

k
Prlk in R,) = ‘e_AtDa(_’\‘}?!_“)- (1)

In the uplink, terminals are the only sources of data
and base station is the final destination in the cell. We
investigate throughput of this structure in the uplink.
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B. Connectivity and uplink transmission scenario

Two frequency bands are assumed to carry the infor-
mation on the uplink and downlink. Code division
multiple access (CDMA) is used as the access tech-
nique. Terminals and repeaters -are synchronized and
transmit packets as slotted ALOHA. The slot duration
is equal to the transmission time of a packet. In each
frequency band, repeaters receive data in some time
slots and retransmit them in the same frequency band
but in different time slots. Therefore, packets undergo
some delay due to the store-and-forward mechanism
of repeaters. Each terminal sends and receives on one
channel (spreading sequence) but repeaters may send
and receive on several channels, dynamically allocated
by base station. We assume that repeaters can always
be assigned sufficient number of channels to send their
data.

In each slot, when a repeater is in receive mode the
related terminals independently transmit data to that
repeater with probability p;. We assume that trans-
mission of a terminal is independent from slot to slot.
The percentage of slots that repeaters are in trans-
mit mode, is shown by p,. These parameters are fixed
and are not effected when a packet is lost. We as-
sume that base station knows all the traffic informa-
tion of repeaters and terminals and can fully control
and schedule their transmissions.

C. Interference Model

The model we use here for channel interference is that
of summing the interference powers and treating the
total interference as Gaussian noise. We assume that
the level of interference is constant over the transmis-
sion of a packet. The noise at a detector is due to
constant background thermal noise with power spec-
tral density Np/2 and interference from all channels
which terminals and repeaters transmit data to. If
the received signal from the desired channel has power

P, and the total interference from other channels is

summed up to Y, then SNR (Fy/Nyesy) at the de-

tector in the case of DS/BPSK with rectangular chip

pulse is equal to {7]

. Eb _ ( 2Y
Noejs 3LP,

1.4
© +uo) . 2

where L is the processing gain and pg = Eb/No is the
SNR at the detector in the absence of interferers.

The probability of packet success is dependent on the
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Figure 1 — Interference from terminals in layer 1.

coding scheme. We denote the probability of packet
success conditioned on the SNR p as py(u).

Let g(r) be the power of a given signal at a distance
7 from the transmitter. Usnally the following class of
propagation laws is considered for g(r)

1
g(r):r—a a>2.

D. Routing Scheme

In this part, we determine the repeaters and base sta-
tion selection regions. In the uplink, we assume power
is controlled in a way that at the detector, the re-
ceived signal at base station and repeaters are Py and
Py, respectively. Since the structure has circular sym-
metry, we separate the selection region of neighboring
repeaters as denoted in Figure 1.

Since traffic, interference and error rate are affected
nonlinearly by selection region of repeaters and base
station, it is difficult to find an analytical solution for
defining the boundary between these regions. Different
structures for defining the regions can be considered.
In figure 1 we have used a circle with radius Ry as the
boundary between these two regions. In general, we
denote the interior region including the base station
as layer 0 and the exterior region as layer 1. By pa-
rameter definition according to figure 1 we can write
interference at base station due to a terminal i at layer
1as

_Rﬁ_ _ 2R;c050)a/2
r2 ’

Ili('l‘o,g) = (1 +
0 To

(3)
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Interference at repeaters due to terminals transmitting
in layer 0 and layer 1 can be written as a function of
(r0,8) in the same way.

III. PERFORMANCE ANALYSIS

Our goal is to find the throughput of the system, which
is defined as the expected number of packets success-
fully received at base station in each slot. The method
that we describe in this section is quite general and is
applicable both to repeaters and base station.

A. Throughput

The number of successfully received packets at a re-
ceiver, Vg, is a binomial random variable with param-
eters p, and N, the number of packets transmitted
to that receiver. ps is a function of random variables
N and I, interference due to transmissions to other
receivers. Then the system throughput, v, is given by

v = E(Ns)=E(E(Ns|N,I) (4)

E(Nps(N,I))

TR
e

nE(ps(n,I)) Pr(N = n)
1 4

3
i

where the second expression is obtained by using the
fact that N and I are independent.

For the best very long codes, the function p,; ap-
proaches a dirac delta at some value of u, pr.. There-
fore, we can write p, as

[ 1 N+£&<K(u)
p,,(N,I) —{ 0 N+7’€ > K(u,) (5)
where
3L,1 1
Kp)y=—(—-—-—
=56 -2

and P, is the received fixed power on desired channels.

Substituting (5) into (4) we obtain the throughput as
LK (1)}

y= Y nPr(I/P; < K(u,)—-n)Pr(N=n) (6)

n=1
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B. Data Rate

Since terminals transmit data independently of each
other, the set of transmitting terminals also form a
Poisson process with density per unit area \;p;. Let Sp
and S; denote one sixth of the area of layer 0 and layer
1, respectively. Therefore, in each slot, we can write
the number of packets transmitted from terminals to
base station and to each repeater as Poisson random
variables with parameters Ao and \;, respectively. Mo
and )\; are defined as

X =
A1

6:p:So (7)
AepeSt.

Repeaters are in receive mode for (1 — p,)/p- slots
until they retransmit data to base station in transmit
mode. Therefore for the ideal case of perfect reception
at repeaters, the number of retransmitted packets from
each repeater will be a Poisson random variable with
parameter :

>\2 = (1 - pr))\l/pr- (8)

We assume that in general, this result is valid when
we replace \; with repeater throughput vp.

Now, if we denote the number of repeaters transmit-
ting to base station in one slot by k., probability dis-
tribution for number of packets transmitted to base
station is given by

Pr(N = n| k, repeaters transmit) =

~xotkerg (Mo +hrAg)"

€ n!

(9)
For uniform traffic in each slot, k. = 6p,.
C. Interference

To evaluate equation (6), we need to obtain Pr{I > t}
where t is an arbitrary threshold. For base station,
interference is only due to terminals transmitting in
the layer 1 and have Poisson distribution. For re-
peaters, interference is due to terminals in layer 0 and
layer 1 and also from other repeaters. Distribution
for interference from other repeaters can easily be ob-
tained from the distribution of number of transmitted
packets. For calculating the interference due to ter-
minals, using the exact method as in [2] would some-
times be very difficult to calculate numerically. There-
fore we use Chernoff bound to find the upper limit
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for Pr{I > t}. By this method, the lower bound for
throughput will be obtained.

By Chernoff bound we know

Pr{I >t} = E{u(I ~ t)} < E{exp[p(I —t)]}

forall p >0 (10)

If D; denotes the region containing the interferer ter-
minals and S denotes the area of this region, we can
write -

o 3
Pr{I>t}=Y ™ /\k" Pr{I >t|kin D;} (11)
k=0 ’

which ”k in Dj” is the event that there are k trans-
mitting terminals in region Dy and A is the average
number of transmitting terminals in this region. Let
I; be the received power from the ith interferer termi-
nal. Now, given that there are k terminals in region
Dy, and using the fact that the distribution of their
locations is that of k independent and identically dis-
tributed points with uniform distribution, we can write

Pr{I >tk in Sy} < E{e?TV|k in Sy}
= e (Bl D

(12)

Substituting (12) in (11) and summing up the series
results

Vv

Pr{7 t}

< rr;ig{exp(-pt + )\IE{BPIi} - A1)} (13)
P

— s pliy
= exp(lgg{ pt+ ArE{e?:} = Ar}).

The value p_,;, that minimizes the right side of equa-
tion (77), is the solution of

M E{Liefminli} = ¢ (14)

which has nonzero answer when A\ E{I;} < t.

Now by using (14), we find the lower bound for inter-
ference in equation (6)

Pr(I <1t) >

n>T

n<T
(15)

0 .
{ 1 — exp(—ppint + )\IE{e”minI‘} — A1)
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Figure 2 — Cumulative density function for interference
at BS due to transmission of all terminals in.layer 1.
At =95,Ry = 2/3,R; = 2,p; = .05,.1,.2,.5,1 which
curves to right are related to higher p;.

where

t
T

Bo (K (k) —n)
I((ﬂc) - A[E{I,;}/Pm.

I

T shows the effect of interference on the maximum
number of packets that can be transmitted to base

~ station simultaneously.

IV. NUMERICAL RESULTS

For numerical calculations, we consider a circular cell
with repeaters located at distance R, = 1 from base
station. We also consider the propagation law with
a = 4. In Figure 2 cumulative density function for in-
terference at base station has been shown. For design-
ing optimum selection region, different values of Ry
with different shape for boundaries need to be consid-
ered and the resulting interference both on repeaters
and base station should be compared. In Figures
3, 4 and 5, throughput of each repeater, total system
throughput and average of total transmitted power as
a function of probability of transmission p; have been
shown. The effect of adding repeaters to the structure
is a minor reduction in throughput while achieving a
significant reduction in power consumption for the to-
tal system.

V. CONCLUSIONS

Multihop packet radio models published so far, have
used the concept of expected progress to analyze sys-
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Figure 3 — Throughput of each repeater in comparison
with the ideal case of K, = co. System parameters are
K. =30,\;=5Ry=1/2,R; =2.
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Figure 4 — Throughput of the new structure in com-
.parison to the standard case of not using repeaters in
the structure. System parameters are K, = 30,\; =
5 Ry=1/2,R; =2.
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Figure 5 — Power consumption in-the new structure in
comparison to the standard case of not using repeaters
in the structure. System parameters are K, = 30, \; =
5 Ro=1/2,R; = 2.
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tem performance. This method although is very useful
and helps in finding a metric for comparing different
structures and routing protocols, fails to show the real
performance of the system. In this paper, we have
modeled the simple case of multihop network in a cel-
lular structure. Unlike previous works, the number of
repeater’s channels is not the fixed value one. Instead
we have considered multichannel output for repeaters
and have modeled the number of active channels for
a repeater by a Poisson random process. The method
described here can be applied to any multihop' net-
work structures when the repeaters are fixed. The re-
sults show that the simple case of including 6 repeaters
in the standard structure can highly improve system
throughput when system power consumption is kept
the same.
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