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Abstract—This paper studies the impact of using multihop wireless adhoc network in conjunction with cellular
networks under a probabilistic routing strategy. Our objective is to obtain the outage probability of the two-
dimensional hybrid CDMA network under path loss. In the proposed network the base stations are placed on a
regular grid and users are distributed randomly according to a homogeneous Poisson point process. To obtain the
outage probability of the proposed hybrid network, we study the outage probability of a cellular CDMA wireless
network on both uplink and downlink as well as the outage probability of a multihop ad hoc CDMA network. We
validate our analytical expressions via Monte Carlo simulations. Our results demonstrate that in order to improve the
performance of a hybrid wireless network with a large density of users, it is beneficial to use multihop ad hoc

communication.

Keywords-hybrid networks; stochastic geometry;point process.

L INTRODUCTION

Performance of cellular wireless networks has
been mostly studied. In a two dimensional hexagonal
cellular network, base stations are located at the center
of a hexagonal cell and connected to a backbone wired
network. Users communicate with each other via base
stations and there is no direct or multihop
communication between them. In comparison with
cellular networks, ad hoc networks have no
infrastructure. In these networks users communicate
with each other directly or in a multihop fashion.

There have been many studies on the performance
of ad hoc networks. Gupta and Kumar [1] analyzed the
capacity of a wireless ad hoc network. n nodes are
randomly distributed in the network and each node
chooses its destination randomly. It is shown that the

aggregate throughput capacity of all nodes for a
random ad hoc network is ©( / "_yand for an
logn

arbitrary ad hoc network is ©(v/n) . The throughput
capacity of a three-dimensional random ad hoc
network is also studied by these authors in [2]. It is
shown that the aggregate throughput capacity is

n
o logn
throughput capacity of an ad hoc network where n
nodes communicate with random source-destination
pairs is studied. Using one hop relaying mechanism,
an aggregate throughput capacity of ®@(n) is obtained.

2
)3) . In [3], the effect of mobility on

In [4], nodes are distributed according to a
homogeneous Poisson point process and the closed
form probability distribution function for the aggregate
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interference at a receiver is obtained just for path loss
exponent 4. In [5], the total capacity of a DS-CDMA
random ad hoc network by using MMSE and MF
receivers is investigated. It is shown that when MMSE
detector is used, the ergodic capacity is higher than
when MF is used. In [6], a new metric for ad hoc
network capacity termed Transmission Capacity is
defined. Stochastic geometry is used to show that FH-
CDMA obtains a higher Transmission Capacity than
2

DS-CDMA on the order of M "a , where M and «
are the spreading factor and path loss exponent,
respectively. It is also used to show the effect of
channel variation [7], interference cancellation [8] and
scheduling [9] on the Transmission Capacity of ad hoc
networks. In [10], the authors consider an interference-
limited environment and free space path loss channel
model as [6], and they derive a closed form expression
for the outage capacity of an ad hoc wireless network.
They show that an optimum threshold value exists that
maximize the outage capacity.

In order to improve the spatial reuse and
performance of cellular networks, multihop wireless
ad hoc networks are used in conjunction with cellular
networks. These kinds of networks are called cellular-
ad hoc or hybrid networks. Limited numbers of studies
have been done on different kinds of these networks.
Most of these studies are focused on the two
dimensional disk model proposed in [1]. In [11] a
sparse network of base stations which are connected
by a high-bandwidth wired network is placed in an ad
hoc network. The results show that with » nodes and
m base stations, the use of base station as relays is

beneficial if m grows asymptotically faster than (v/n)

In [12], the authors consider a hybrid network with
just one active source and destination pair. The other

(n—2) nodes act as relays. Nodes are located

uniformly in a disk of unit area. It is shown that the
throughput capacity between source and destination
scale as ®(logn) . The capacity of three classes of

wireless networks is studied in [13]. It is shown that
for a hybrid wireless network with n nodes and n?

access points throughput gains on the order of n? is

achievable for %< d <1. In [14], it is shown that by

employing power control the ®(n) per node

throughput capacity can be achieved. [15] studied the
benefits of using a hybrid network above the pure ad
hoc network in terms of per node throughput capacity.
It is shown that by adding an infrastructure the

®(y/n/logn) fold better performance than the pure
ad hoc network can be obtained.

The capacity of both one and two dimensional
hybrid networks with regular placement of base station
and nodes is computed analytically in [16]. In the
proposed hybrid network the coverage area of each
base station is reduced and traffic is relayed by the
users within the area to the users outside the area. It is
shown that unlike the hexagonal hybrid network,
linear hybrid network does not provide significant
capacity improvement. In [17] and [18] a hybrid

network similar to [16] is considered with the small
number of hops and relays. In [17], a centralized
downlink scheduling scheme in a cellular network is
proposed and the throughput gain of the proposed
hybrid network is evaluated with four relays. The
upper bounds to throughput gains by considering
geographical routing for uniform placement of relays
are derived in [18]. In [19], the impact of the network
dimensionality and geometry on the capacity of hybrid
networks is investigated. They have shown that the
dimensions of network lead to different capacity
scaling laws. It is shown that for a one-dimensional
network of n nodes and m base stations, the gain in
capacity increases with the number of base stations.
But for a two dimensional square network a large
number of base stations is required.

Most of the above studies consider hybrid
networks with deterministic placement of users. In this
paper we consider a two dimensional hexagonal
cellular CDMA network in which mobile users are
distributed according to a homogeneous Poisson point
process (PPP) with intensity A . Since CDMA systems
are interference limited, the interference generated by
the users is a significant factor in determining the
performance of these systems. We utilize the
stochastic geometry approach to characterize the
statistics of interference and evaluate the outage
probability of the proposed hybrid network.

The organization of this paper can be summarized
as follows: In Section II, we describe the components
of our proposed hybrid network and determine the
outage probability at a typical receiver. Section III,
includes the simulations results and the comparison
between analytical and simulation results. We
conclude the paper in Section IV.

II.  HYBRID NETWORK MODEL

The Hybrid network utilizes a combination of two
topologies: 1) The ad hoc topology and 2) The
infrastructure topology. In the infrastructure topology,
users communicate with each other via base stations
and in the ad hoc topology they exploit intermediate
nodes as relays and data forwarded in a multihop
fashion. We consider a hexagonal cellular CDMA
network in which base stations are located at the
center of hexagonal cells in fixed locations. They use
omnidirectional antennas and are connected by a wired
network. Mobile users are distributed according to a
homogeneous PPP with intensity A . Our proposed
hybrid network employs a probabilistic routing
strategy. In this model the transmitter selects one of
the topologies according to some given probability.

We consider simple path loss channel model with

(24

the power law function /(x)=x"%, where a>2 is

the path loss exponent. Therefore, the received power
from a transmitter at distance d is given by

P = BK(L] ,
dref

where d,r is a reference distance, and K depends on

the antenna characteristics. This model only valid at
transmission distances d > d..; .
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We have three types of traffic in this network:
uplink, downlink and ad hoc. In order to refuse the
interference between traffics, we separate them in the
frequency domain. Our goal is to determine the outage
probability at a typical receiver.

According to our proposed hybrid network, the
outage probability at a typical receiver is a conditional
probability which is defined as:

Pr{outage} = Pr{outage| /}Pr{/}+ Pr{outage| A}Pr{4},
(D

where Pr{/} is the probability of selecting
infrastructure topology for transmission and Pr{4} is

the probability of selecting ad hoc topology.

The outage probability due to selecting the
infrastructure topology is the combination of two
events:

Pr{outage |/} = Pr{D} U Pr{U}, 2)

where Pr{D} is the downlink outage probability of
infrastructure topology, and Pr{U} is the uplink outage
probability of this topology.

In the following, we will analytically compute the
outage probabilities for ad hoc, uplink and downlink
modes.

A. The outage probability in infrastructure topology

As we saw in (2), the outage probability of
infrastructure topology is the combination of two
outage probabilities 1) downlink outage probability
and 2) uplink outage probability. We continue to
calculate these probabilities separately.

1)  Downlink outage probability: Let
I[I={X,,i>1} be a homogeneous PPP on the plane
12 with intensity A . Therefore the mean number of
users per cell is N = 14, where 4 is the cell site area.
We assume that the probability of being a node in
downlink mode is p; . Thus from the independent
thinning property of PPP, the set of users in this mode
forms a thinned Poisson point process with intensity
paA which we denoted by Iy [20]. We consider user
X, at cell sitek . The distance between user X* and
it's serving base station bsy is denoted by Dik . The
Signal to Interference-plus-Noise Ratio (SINR) for this
user is given by

k _k
bi 8i
k k _k k 4
n(lintracell,i —Pi 8 ) + [intercel/,i + NO

}/ik =

where N, is the power of noise, g = (D) *and pf
are the path gain and transmit power from base station
xt,

bs, to the user X

respectively. 7 is the

orthogonality factor, which quantifies the loss of
orthogonality between CDMA codes and varies from 0
to 1. 7=1means that the codes are perfectly non-

orthogonal and 77 =0 means that interferences are

neglected. Assuming N, =0, p,-k is given by:
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k
k Vi k k k k
pi = 1+;77/k (Iintracell,i /gz )(77+Iintercell,i /Iintracell,i)'

i

: k
Inter-cell interference (1,e,cor i

) is caused by the
downlink transmitted powers of all base stations

k

around cell & . Intra-cell interference (o,

) is due
to the signals that base station bs; transmits to the
other users of this cell, if we denote total power of

base station & by P* then 1* = g{‘ Pr.

intracell i
Because of the homogeneity of network, we
assume that the total power of all base stations is the
same. We define the ratio f = Iff,temll,[ /1 ,-l;,mcell’,- as

the interference factor. Therefore, the transmitted
power for user X ik is given by:

k (3)
Pl =T+ fHP.
1+ny;

The total power transmitted by base station k is

PE=P 43" pf,
i

where P° represents the transmit power of all
downlink common channels which is a fraction of

maximal power of base station P° = &P, . Assuming
perfect power control, all users have the same SINR
71»]‘ =y . According to (3)

. 0

—_ PC
V4 Ky
1—72 +f
Loy 2 m+£)

Outage occurs at cell site & if the total power of
base station P* exceeds the maximal transmitting

power, thus we deduce from (4):
Pr{outage | D} = Pr{P* > P, }

_p by, 1=¢, (5)
r{Z(mf,» 50

where f = —r

l+ny

We define random variable Y as Y* =z_(77+ fik)
. In order to calculate the outage probability, first we
assume constant f as [21], [22], and then we

consider f/ as a function of the distance to the base
station DY [23].

a) Analysis I: Assuming constant fik , Y isa
Poisson process with parameter N, and the outage
probability is given by:

© Ny N
Pr{outage| D} = Zu, (©6)

il
=9 J:
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where N, =Adp, is the mean number of users per
cell in down link mode and

. { l-¢ —‘
n+NB |
where (z—| is the smallest integer greater than or equal

to the z.

b) Analysis 1I: Let us mark the points of II,
with their related
HZ ={X,, f;} is a marked Poisson point process with

interference factor f. Thus,

intensity p,A [18]. We define the interference factor
fik of user X¥ as follows

27pps (D} )”
(@-2)(2R. -D)**’

k

fitt
which is obtained in [23] as a function of the distance
to the base station for a large network. R.is the radius

of cell sites, ppg=——

c

is the density of base stations

per m?.
Thus, Y* can be separated into two terms
k_ vk vk
=Z¢7+Zfi =Y, +Yf,
i i

where Yak is a Poisson random variable with mean
77N d-

cell site £ is given by

Therefore, the downlink outage probability of

Pr{outage | D} = Pr{Yk >0 Yk >0}
e M.

- Z( 10 bty > 0 (-1}
].

1 e M

where v = 1_8.

In order to calculate the outage probability, we
consider a Gaussian approximation for Y ;‘ according

to the central limit theorem. Therefore, the downlink
outage probability is given by

j
Pr{outage|D}— = 2 = nNd)
d
Jj=1

\/:5 ’ (N

where Q is the “QO-function” for the standard normal
distribution, 4, and 0'3 are the mean and variance of
Y ;‘ , respectively. According to the homogeneous
distribution of mobile users the probability density of
D is given by:

1

2d
fod)="7 d=<R.

—*—analysis |
0.9| —©— simulation
—P—analysis Il

outage probability
o
o

0 o P v L L L L
15 20 25 30 35 40 45 50
mean number of users per cell(downlink)

Fig 1. Downlink outage probability vs. the mean number of users
per cell

Therefore, by using Campbell's theorem [20] the
mean and variance of Y fk are obtained as follows:

27pps x* 2x
(@=2) 2R, —x)*" R

E(Yf) .[ pd/127rrdrj

4p ATR?
- Ra-2a+d.a+3l)
2 (a-2)a+2) 2

R 270 X 2x
Var(YF) = /12717"er. BS —
U)=pi 0 (@-2) 2R, —x)** R?

_ 2zp R
22 (a=2)a+1)
where , Fj(a,b,c,t) is the hypergeometric function

1
2Fl'(20(—4,20{+2,20:+3,E) s

and its integral form is given by:

I'(c) LxP (1= x)e bt
CO)I(b-c)do  (1-xt)°

,Fi(a,b,c,t)=

and T'(.) is the gamma function.

In Fig.l we validate our numerical results by
Monte Carlo simulation for path-loss exponenta =4 .
This figure shows the downlink outage probability
versus the mean number of users per cell for both
analyses and simulation. In the first analysis the
interference factor is constant and assumed to be
f=04.

2) Uplink outage probability: In this section, we
evaluate the outage probability in uplink mode under
the same path-loss model. We assume that each node
transmits in uplink mode with probability p, .
Therefore, the set of transmitters in this mode is a
thinned version of the Poisson point process I1 with
intensity p,A . We denote this process by IT, .

We investigate the uplink outage probability of the
center cell site. We use non-orthogonal CDMA codes
due to difficulty of users synchronization, thus the
orthogonality factor equals to 1. According to our
channel model each transmitter is power controlled by
the nearest base station. We employ the perfect power
control (all users require the same SINR level) to
compensate the near-far effect. By assuming perfect
power control, the transmitted signals from the mobile
users of the same cell site are received at the same
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power level at the base station. With these
assumptions, outage occurs for all uplink transmitters
of center cell simultaneously if the total interference
received at the base station exceeds a given threshold.

The total interference received at the base station is
the combination of intra-cell interference and inter-cell

I tlj)tal =1 'l:nmcell +1, z?':zlercell Intra-cell
interference is created by the uplink transmitters in the
center cell site and inter-cell interference is imposed
by the uplink transmitters in other cell sites. For the

transmitters in the center cell site the transmitted

interference

signals are received in unit power, thus the I}, 18
a Poisson random variable with parameter N, .
N, =p,AAis the mean number of users per cell in
uplink mode. The outage probability at the center cell
site is given by

Pr{outage |U} = Pr{/,,,, > I | Il-‘;,mje,, >0}

o0
e (N )J
= N, z ;' PI'{[ illtctercell > V}’

where v=90—-j+1.

To obtain the outage probability of uplink mode,
we need to characterize the statistics of inter-cell
interference. We mark every point {X,}in I, by its

distance {D;} to the nearest base station. Therefore,

I, = {X,,D,} is a homogeneous marked PPP with
intensity p, 4 .

Consequently, the inter-cell interference created by
users located in other cell sites is obtained as

u f—
I intercell — Z

(X;.D)ell,

a
D, -
T 1 1(X[ € b(09 Rc))s
[I X; Ij
where | X; |denotes the distance between node i and
the origin and

1 forxed
0 otherwise’

l(xeA)z{

is the indicator function.

According to the Central Limit Theorem we apply
a Gaussian approximation to the inter-cell interference
s [24], [25], [26] and [27]. We use the mean and

variance of I

miercenn @S the mean and variance of the

Gaussian ~ approximation.  Considering  these
assumptions
V—H,
Pr{[illztercell >vi=0 ik 9)
o

u

2 .
where g, and o) are the mean and variance of
Iu

intercell »

respectively. Using Campbell's Theorem [20]

u,and o are obtained as follows:
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o0 ¢ 2
E[Y,...]= ZﬁpuﬂJR r‘“rdi’J'OR R_)zcxadx
4zp AR )
(a - 2) (0{ + 2) ’
. © g R, 2x 2a
Var[linterce//] = zﬂp”ﬂjk r rer‘O Fx dx
___APAR: C
(a-D(a+1)’

Substituting (8) in (7), we obtain the following
approximation to the uplink outage probability at the
center cell site:

-N, © N J _
Pr{outage |U} = ¢ — Z( f‘) 0 Y= Ay
I—e™ = J!

\/; - (10)

We plot the analytical and Monte Carlo simulation
results of uplink outage probability for & =4 in Fig. 2.

B.  The outage probability in ad hoc topology

In this section, we calculate the outage probability
of ad hoc topology. We assume that transmitters select
this topology with probability p, under the same

channel model. Thus from the (independent) thinning
property of PPP, the set of transmitters in this mode
forms a PPP of intensity p A [20], which denoted by

IT, . We also consider that the receiver is capable to

cancel the interference of interfering nodes located at
distance 7 <1. We apply the power control mechanism
proposed in [6], which is called as pairwise power
control. In this mechanism the transmitter chooses its
transmission power such that the received power at its
intended receiver will be some fixed level p. Thus
according to our channel model the transmission

power will be pd“ for d>1 and the path-loss
exponenta > 2.

We utilize the furthest neighbor routing proposed
in [28] and represented in Fig. 3 to balance the energy
consumption and decrease delay. We consider that
each transmitter chooses its furthest neighbor within
the given distance d as receiver.

analysis
—%— - simulation

outage probability
\Y

" L L
8 10 12 14 16
mean number of users per cell in uplink mode

Fig 2. Uplink outage probability vs. the mean number of users per
cell.
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@ Transmitter O Relay @ Receiver

Fig 3. Furthest neighbor routing scheme.

The probability distribution function of the
distance to the furthest neighbor within distance d for
a two dimensional network is given by

2/1¢re/1””Z

[ =55 reqLd],
o

z
2
between the vector to the next hop and source-
destination vector must be smaller than ¢ .

where 0<@¢<= . For efficient routing the angle

We mark the transmitters in IT, with the distance
to their furthest neighbors. With these assumptions
IT, ={X,,R} is a marked homogeneous PPP, where
X, is the location of transmitter i in ad hoc mode and
R. is the distance between the transmitter and its
intended receiver.

In order to obtain the outage probability, we
condition on a typical receiver at the origin which we
are interested in calculating the outage probability. It
results from the Slyvniak's theorem [20] that the
distribution of the point process is not change by
adding a receiver at the origin. The outage probability
for the receiver at the origin is

Pr{outage | A} = Pr{ P <B.}

R
N, + )"
‘ (X‘,R,Z):EHZ |Xi |

where N, is the power of the thermal noise, f,is the
SINR required for successful reception and |JX |
indicates the distance from node i € IT; to the origin.

We define the random variable I, as the aggregate

interference at the receiver. Thus, the outage occurs at
the receiver if

L= Y [Lj >0,
(Xi,R )elTy, |Xi |

1 _No
B p

To calculate the outage probability, we need to
characterize the statistics of 7, . We approximate the
distribution of random variable 7, with a log-normal
random variable as [27]. The mean and variance of the
log-normal random variable are the mean and variance
of I, .

where 6 =

—&— numerical-lognormal approximation
— % — simulation
—4
_a-
- 3
- *
o =
s I
- ’
£ e
3 3
8 107 A P
S b=
. F -
o 4
-] o b
-] /
o ’
Fﬂ/ *
e
@/
s
|
10°e . . . . . . .
0 10 20 30 40 50 60 70 80

mean number of users per cell in ad hoc mode

Fig 4. Outage probability of ad hoc CDMA network vs. the mean
number of users in ad hoc mode.

Using this approximation the outage probability is
given by:
Pr{outage | 4} = Pr{l, > 6} (11)
_ | In(0)+5In(o + pz) —21n 4,
JIn(o? +12) -2 g,

where g, and o2 are the mean and variance of [, ,
respectively.

Applying Campbell's Theorem [20] the mean and
variance of /, are given by:
_ - d 2ﬂ¢xa+lei¢x2
E(I,l)—2p,17r/1j‘l r rer.] ]
_ 2ﬂ.pall—a/2¢—a/2(_l)a/2
(a=2)(eM" -1)
<[y (452, -9) - y(EE2 ~agd?)],

o d 2A¢x2a+lel¢x?
— 2a
Var(l,) 2paﬁ/1_[l r rdrj1 —dewdz _1 X
_ purAtage(=1)"
(o =)™ ~1)

x[7(a+1,-2¢) - y(a+1,-2¢d?)],

where y(s,x) is the lower incomplete gamma
function, whose integral form is given by:

y(s,x)= Jj e dt.

Fig. 4 presents the analytical results as well as
Monte Carlo simulation for the outage probability in

ad hoc topology for @ =4 and ¢ = % .

III.  SIMULATION AND NUMERICAL RESULTS

In this section the simulation results are compared
to the obtained analytical derivations for the outage
probability of proposed hybrid network. We consider a
cellular CDMA network which contains 37 hexagonal
cells. Base stations are located at the center of cells
with omnidirectional antennas. We set the radius of
each cell to 1 Km. Mobile users are distributed
according to a homogeneous Poisson point process
over space. The voice activity is about v =0.4 and the
path loss exponent is assumed to be =4 . Fig. 5
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shows the simulation and numerical results for the
outage probability of the hybrid network at a typical
receiver. The probability that a mobile user transmits
in ad hoc mode is set to p, =0.75.

Fig. 6 shows the analytical and simulation results
for the outage probability of hybrid network versus the
probability of transmitting in ad hoc topology p, for

N =100. It can be observed from this figure that the
outage probability of the hybrid network is minimized
for large values of p,. Fig. 7 shows the numerical

results versus mean number of users for various values
of p,. Based on these figures it can be concluded that

for dense hybrid networks, since adjacent users are
close to each other, it is beneficial to employ ad hoc
topology for transmission. Fig. 7 shows that
employing the infrastructure topology does not
improve considerably the outage probability of hybrid
network for low density of users.

IV. CONCLUTION

The outage probability of a hybrid cellular-ad hoc
CDMA network under a probabilistic routing strategy
is studied. In the proposed network the transmitter
selects one of the infrastructure or ad hoc modes with
some probability. In our hexagonal hybrid network the
base stations are positioned at the center of cell sites
and are connected to each other. Users are distributed
according to a homogeneous Poisson point process
with intensity 4. By using stochastic geometry tools,
closed form expressions for the outage probability of a
CDMA cellular network (in both uplink and downlink
modes) and the outage probability of a CDMA ad hoc
network are obtained. These results are validated via
Monte Carlo simulation separately, and are used to
obtain the outage probability of hybrid network. We
showed that considerable improvement in outage
probability is not achieved by using infrastructure
topology in low user density environment. But it can
be observed that for the large density of users, it is
beneficial to use ad hoc mode for transmission.

T T
—— numerical
— + — simulation

Outage probability

107 L L L " " i A
40 60 80 100 120 140 180 180 200
mean number of users per cell

Fig 5. Outage probability of hybrid CDMA network vs. the mean
number of users.
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> \Y
e} 102 \Y
\
\)
\
»
~
~
~
¢
10'3 1 L L L 1 1
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

probability of ad hoc mode Py

Fig 6. Outage probability of hybrid network versus the probability
of transmitting in ad hoc topology.

pa=.75
— - —p,=65
c—-—.p,=55

Qutage probability
-
=

10"‘ I L L L L L 1
40 60 80 100 120 140 160 180 200
mean number of users per cell

Fig 7. Outage probability of hybrid network versus the mean
number of users per cell for various values of p, .
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