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In this project, we consider a novel wireless network that combines spread spectrum/
CDMA communications and directional antenna technology. We have analyzed the system
performance of a wireless network that applies both spread spectrum and directional antenna
technologies. In particular, we have analyzed the performance of the wireless network using
directional antennas with an antenna beam pattern of arbitrary shape under a realistic channel
model which includes the effects of path loss, shadowing, and Rayleigh fading. The performance
of both direct-sequence spread spectrum and frequency-hopped spread spectrum networks has
been analyzed. The performance measure considered is the outage probability. The system
throughput of the wireless network based on the outage probability analysis has also been derived.
After analyzing the performance of the wireless networks, we have proposed a methodology to
optimize the system design of the wireless networks. To show the effectiveness of the
methodology, we have applied it to find the optimal mobile density that achieves the best system
throughput.

Currently there are already commercial products that apply directional antenna technology
to wireless LAN. Directional antenna technology is also adopted by the standardization of the
next generation wireless MAN (WiMAX). The combination of the already widely accepted
spread spectrum communications and the directional antenna technology will be an inevitable
trend in the new generations of wireless networking. The research of this project provides the
theoretical cornerstone as well as the system design optimization guideline for the new
generations of wireless network.

B 4237 : Directional antenna, spread spectrum, CDMA, direct-sequence spread spectrum,
frequency-hopped spread spectrum, performance analysis, path loss, shadowing, Rayleigh
fading, optimization, throughput, mobile density, code rate.
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Performance Analysis of CDMA Wireless Networks with
Directional Antennas

Ping-Cheng Yeh
Department of Electrical Engineering and Graduate Institute of Communication Engineering
National Taiwan University

1 Introduction

The demand for wireless communication has been growing rapidly in the past two decades. As multimedia
technology evolves, more and more users require larger bandwidth to support high data rate services such as
exchanging multimedia files over wireless networks. However, wireless spectrum is limited and thus strictly
regulated for various wireless communication systems. Any wireless network can only operate using a finite
bandwidth. As a result, the number of users that can be accommodated by a wireless network, usually denoted
as the user capacity, is restricted unless some other technology is applied.

Spread Spectrum/Code Division Multiple Access (CDMA) is one technology that can improve the user capac-
ity. The development of CDMA dates from 1940s for US military communications. Later in the 1970s and 1980s,
there are growing commercial interest of the technology. In the late 1980s and 1990s, Qualcomm developed and
proposed a CDMA system. The system was later adopted by the Telecommunications Industry Association as
Interim Standard 95 and began commercial operation in North America in 1996. One major advantage of CDMA
compared to other multiple accessing schemes such as Time Division Multiple Access (TDMA) and Frequency
Division Multiple Access (FDMA) is its great spectrum efficiency which can provide higher user capacity. CDMA
is also robust against time fading due to the large bandwidth resulted from the spreading of the spectrum. As a
result, CDMA technology is widely adopted in 3G systems such as Wideband CDMA (W-CDMA) and cdma2000.

Although CDMA technology can effectively increase the user capacity, it is still limited by the interference
between the users. Ideally the interference between the users should be completely eliminated by the orthog-
onality of the spreading codes used by different users in the same cell. Nevertheless, due to the imperfect
synchronization of the users and multipath fading, the orthogonality among the users can not be guaranteed.
This results in the interference between the users and is called inter-user interference. The user capacity of
a wireless network is greatly affected by the inter-user interference. In a wireless network, when a mobile
transmits signal to another mobile, it also causes interference to the other mobiles in the same network. In
particular, most systems use omnidirectional antennas; while the receiving mobile is located in a particular
direction from the transmitting mobile, the omnidirectional antenna transmits signal to all directions with the
same amount of power. This makes the interference problem even worse. To achieve a certain communication
quality, the interference experienced in each communication link can not be too big. The larger the number
of active mobiles in the network, the larger the interference experienced by each mobile. Therefore inter-user
interference is the major obstacle of achieving high user capacity in a CDMA system. It is desirable to develop
some technology which can reduce the inter-user interference effectively and thus improve the user capacity of
CDMA systems to a even greater extent.

Recently, directional antennas have been considered to be a promising technology to reduce inter-user inter-
ference and improve the power efficiency for wireless networks [1,2]. The concept of directional antennas is not
new. It was applied in military radar systems during World War II. However, not until recent years did people
start to consider applying directional antennas in modern wireless communications. There are several reasons
for this. One is that the demand of wireless communications did not grow that rapidly until recent years, hence
people did not worry about the user capacity problem that much. Another reason is that an advanced direc-
tional antenna needs to track the location of the target mobiles and interferers, and adaptively form its beam
to achieve near optimal communication quality. This requires a huge amount of signal processing and compu-
tation complexity. The task was too demanding for the processors in the past, which were either too slow or too
expensive to be applied. Nowadays we have many fast DSP processors and chips that are reasonably priced.
This has led many to reconsider the use of directional antennas in wireless communications during the recent
years [2].

By using directional antennas, both transmitting and receiving nodes have the ability to generate beam pat-
terns with high transmission gain and reception gain in the direction of each other, and low gain elsewhere. The
enhanced power efficiency enables to extend the battery life of a mobile which is crucial for wireless commu-



nication devices. The interference problem is also significantly reduced because now only nodes with receiving
antennas pointing at the main beam of a transmitting node will be significantly interfered by the transmitting
node. With the interference problem lightened, the system can have a higher user capacity than before.

Although it is promising to apply directional antenna technology to wireless communications, there are still
many things that need to be considered to optimize the performance in different applications. For instance, if we
apply directional antennas to a CDMA wireless network, there are system parameters of the network that need
to be optimized to get the best system performance, such as the mobile density of the network or the code rate of
the channel coding used. In order to optimally determine the system parameters, it is necessary for us to know
how a system will perform under different settings of the system parameters. This is the major motivation of
our project. We want to understand exactly how well does a CDMA wireless network with directional antennas
perform and how to optimize the system design for such network.

In the literature, a few papers [3—6] have attempted to analyze the performance of wireless networks with
directional antennas. However, the beam patterns of the antennas used in these papers were either omnidirec-
tional or very simplified. These results can not be applied to analyze the system performance when a realistic
beam pattern is considered. This motivates us to find an approach to analyze the network performance for an ar-
bitrary beam pattern in a wireless channel. The major goal of our project is to analyze the system performance of
a CDMA wireless network with directional antennas for arbitrary beam patterns over realistic channel models,
and we want to apply the performance analysis to develop a methodology for the system design optimization of
the CDMA wireless network. This will enable us to set the system parameter judiciously to optimize the system
performance of the CDMA wireless network.

In this report, we first derive the outage probability of conventional wireless networks using arbitrary beam
pattern under a realistic channel model, which includes the effects of path loss, shadowing, and Rayleigh fading.
Slotted ALOHA [7] is used for the MAC protocol. By combining with performance analysis of bit-interleaved
coded modulation and turbo codes in [8,9], we can evaluate the performance of a wireless network with specific
coding and modulation used in the physical layer. Later the analysis of conventional systems is generalized to
find the outage probability of direct-sequence spread spectrum (DSSS) and frequency-hopped spread spectrum
(FHSS) systems. The outage probability analysis is then applied to find the system throughput and the trans-
port capacity [10] of the wireless networks. Using this as an example, we show that we can find the optimal
system parameters for any system performance that can be characterized by the outage probability. This en-
ables system designers to find the optimal configuration for such wireless networks. By the way, we prove that
the network transport capacity of a wireless network using directional antennas is of order ©(y/\y;), where
Ay stands for the node density of the network. The finding conforms with the well known capacity of wireless
networks derived by Gupta and Kumar in [10].

The remainder of this report is organized as follows. In Section 2, a brief introduction to the system model
and the channel model is given. In Section 3, we derive the outage probability of a conventional wireless network
using a simplified beam pattern. The analysis is then generalized to the case of an arbitrary beam pattern. In
Section 4, we analyze the outage probability of DSSS and FHSS networks. In Section 5, the network throughput
and transport capacity are both derived. In Section 6, numerical examples are given. Finally, we address the
conclusions in Section 6.

2 Model Description

Consider a wireless network as shown in Fig. 1. We are interested in the performance of the communication
link between two reference nodes Tx (transmitting node) and Rx (receiving node). We first assume all nodes
use directional antennas for transmission and omnidirectional antennas for reception. Later we will generalize
the analysis to the case where directional antennas are used for both transmission and reception. We assume
all nodes use the same transmitting beam pattern. A typical beam pattern ¢(f) is shown in Fig. 2, where ¢(9)
denotes the power gain of the transmitting antenna relative to an omnidirectional antenna in the direction of ¢
. For an omnidirectional antenna, g(f) = 1 for any §. We make no assumption on how the directional antennas
are formed, they can be either mechanically steered or electronically formed. The antennas are assumed to be
devoid of any mutual correlation. Finally it is assumed that all nodes have the perfect knowledge of their own
channels.

We use the same channel model as in [3], shown in Fig. 3. Assume that the distance between Tx and Rx
is 79, and Rx is in the direction of 6y from Tx. When Tx transmits power Pr, the received power at Rx is then
Py = Prg(0o) (o &2, where (y accounts for path loss and shadowing effect which is constant for at least a packet
duration 7. It is log-normal distributed with conditional probability density function (pdf)

(108 co—1os(Kry ™)

1 1
f(Co | 7o) = \/Z_T'Co e 2 o2 , (@8]

where Kr," denotes the average attenuation level due to path loss. The constant K denotes the average atten-
uation level measured at a reference distance from the transmitting node, and 7 is called path loss exponent
which ranges from 2.0 to 6.0 depending on the type of channel [11]. In an urban area, 7 is around 2.7 to 3.5. In



an obstructed environment or in buildings, where signal suffers more path loss, 7 is around 4.0 to 6.0. Also note
that o is usually denoted in dB. Typical values for o are 5 to 10 dB.
The fading level &, is a random variable that accounts for the Rayleigh fading. If £, is Rayleigh distributed,
then &2 is exponentially distributed [12]. Hence, the conditional pdf of P, given (; is
1 P,

fO(PO | CO) = m E_PTTSO)CO7 )

and the conditional cumulative density function (CDF) is

.
Fo(Py | Co) =1 — ¢ Pratonss, o

The channel between any interfering node and Rx follows the same model described above, except that
the distance can be different. Also the signal from each interfering node to Rx is independently shadowed and
independently Rayleigh faded. We also assume the signal power from an interfering node is constant throughout
the packet duration.

The nodes are assumed to be randomly distributed on the two dimensional plane as a Poisson point process.
Let )\, denote the average node density within a circle of radius 1. For any disc of radius r on the plane,

2

the number of nodes N, in the disc has a Poisson distribution POI(\y7?), i.e., Pr{N, = k} = M
We assume slotted ALOHA is used for the MAC protocol. All nodes are synchronized and every packet is
transmitted at the beginning of the time slot right after the packet is generated. Each time slot is of duration
T which is the same as the packet duration. Each node generates data packets which is modeled by a Bernoulli
process of rate p, i.e., packets are generated with probability p in each slot. Hence, given that there are N,
nodes in the network (excluding Tx and Rx), the number of nodes that actually interfere with Rx is randomly
distributed as BIN(V,., p).

3 Outage Probability Analysis of Conventional Wireless Networks

In this section, we consider a conventional wireless network without using CDMA. We analyze the performance
of the link between Tx and Rx by deriving the outage probability of the link under slow fading. By slow fading we
mean that the fading level of the targeted link between Tx and Rx is constant for at least one packet duration.
This is usually the case when Tx, Rx, and the environment are all of low mobility. We first derive the outage
probability for a simplified beam pattern of Tx as shown in Fig. 4 in Section 3.1. Then the analysis is generalized
for any arbitrary shape of beam patterns used by Tx and Rx in Section 3.2. In this part of analysis, we assume
that Tx is always perfectly aligned to Rx, i.e., § = 0 always points to the direction of Rx. The outage probability
analysis is later generalized to CDMA cases in Section 4.

3.1 Simplified Beam Pattern

First consider the simplified beam pattern shown in Fig. 4. The beam pattern has L beams. Beam i, i =
1,2,--+, L, has angular beam width ¢; (rad) and gain g; with respect to the omnidirectional antenna of the same
transmitting power. Without loss of generality, beam 1 is always the beam with the largest gain and is always
pointing to Rx. The outage probability of the link between Tx and Rx is defined by

R P
é1.,(b) = P{Outage} 2 P { 5 J‘r) ~ < b} , (4)

where P, is the received power, P; the interference power, and N the noise power at Rx. If we denote the energy
per symbol received at Rx (from Tx) by E; and symbol duration by T, it is easy to see that Py = E;/T, and
N = Ny/Ts, where Ny denotes the noise power density. It is assumed that the outage occurs whenever the
signal-to-interference-and-noise ratio (SINR) at Rx is less than a certain threshold b which causes the failure
of the channel coding and modulation to maintain the small packet error rate (PER) required by the data
transmission. Hence, the SINR threshold b depends on the coding and modulation used by Tx. In a slow faded
channel, the SINR should remain constant during the whole packet duration. When we determine the value of
b for a specific coding and modulation scheme, we should refer to the performance of the coding and modulation
scheme in an AWGN channel. The analyses in [8,9] enable us to plot the PER versus signal-to-noise ratio (SNR)
for various coded modulation schemes and turbo codes in AWGN and different fading channels. If we model the
interference as noise, we can determine the value of b easily from the PER analysis.

The key concept of computing ¢, ,,(b) is to compute ¢, ,,(b,a) = P {Pl(fﬁ < b} first, where P;(a) only
includes the interference power from those interferers located within a distance a from Rx. After taking the
limit as a goes to infinity, we can obtain the outage probability ¢, ,,(b) = lim, e ¢ r, (b, a). Consider the nodes

in the disc of radius a centered at Rx (Tx excluded). We classify them into L groups. The nodes in the i*" group
all point at Rx with their beam i. Let K, £ (K1, K»,---, K1) denote the number of nodes in each group. The



number of nodes in a disc of radius a has a Poisson distribution POI(\sa?). If we assume the direction of any
node to its receiving node is uniformly distributed between 0 and 27, then the probability of a node pointing
at Rx with beam i is 2—1, which is proportional to the angular beam width §;. This implies K; has a Poisson
distribution POI( ’\MQ‘; %), Since K;s’ are independent,

M(,\Maa)

Le
=11 S —— (5)

i=1

Among the K, nodes in the i?"* group, the number of nodes that actually transmit packets and thus interfere
with Rx, I, is of distribution BIN(K, p). Define I, = (I, I,--- ,Iz). Then

P(L, | K.) ]:[( ) gyt ©)

To analyze the outage probability, number those I; interferers in the i*"* group from 1 to I;,. The distance

from interferer j in group i to Rx is denoted by r; ;. The pdf of r; ; given the interferer is in the disc of radius a
centered at Rx is of the form

2mr; 2r; §

5] 2,7

falr; )= —=L = —L, @)
a( %J) 7Ta,2 ag

For later use, we define vector rq = [r1,72, -+ ,rr], where r; = (11,752, -+ ,7i1,), i = 1,2,---, L.

The path loss and shadowing at Rx experienced by the interference from interferer j in group 7 is denoted by
Gi,j- From (1), we have

(108 ¢; j—tos(xr!)?

1
e 2 = . (8)

A 2’/TO'<Z'7]'

Define vector ¢, = [¢1,C2, -+ ,CL], where ¢; = (Gix,Ciny oo, Giny)s i = 1,2, , L.
The received interference power at Rx from interferer j in group ¢ is denoted by P, ;. The conditional distri-
bution of P, ; given (; ; is exponentially distributed as described in Section 2. The conditional pdf'is

(G lmij)=

1 Pij

e Proilij . 9)
Prgii,;

Define vector P, 2 [Py, Ps,--- , Pr], where P; = (Pi1,Pia,---,Pir),i=1,2,--- L.
Finally recall that r(, {y, Py are the distance, path loss, and received power at Rx from Tx respectively. Since
Tx is pointing at Rx with beam 1 which has a gain of g;, the CDF of P, given (; in (3) becomes

fPij|Gig)=

P
E)(]D() | C()) =1—-e PT901<0_ (10)

Before deriving the outage probability, we first give a high-level description about our derivation process. The
probability P {Pl(fﬁ < b} is determined by b, a, and the realization of a random vector x = (K, I, 7a,a, Pa, 70,

Co, Po). If we denote the pdf of « by f(x), then ¢r, . (b,a) = P {Pl(fﬁ < b} is simply

¢L77‘0(baa) = /Sf(m)d$

where S = {z : Pz(fﬁ < b}. The order of integration (with respect to the elements of ) that we take is: P,
P,, ra, Ca, 1a, Kq, and finally (. By first taking the integration with respect to Py and P, = {P, ;}, we can
obtain the conditional outage probability given K, I, 74, {a, 70, and (. It can be easily done by first applying
the CDF of P, in (10) and then integrating with respect to the exponential pdf of the independently distributed
P; ; in (9). This results in

¢L,T‘o(b7a | Ka7Ia7Ta;Ca7CO) P{PO < bPI(a) bN | Ka;Ia;Ta;Ca;CO}

L I
: 1
= l—e¢e PTJAiCo HH T‘| . (11)
iCig
== LT T

Next we take the expectation with respect to 7, and (4, and substitute y for (log¢;; —log (Kr,')), « for
(log¢o — log (K7 ")). We can thus obtain

L I;
Grro(boa| Ka Ia,Co) =1 — ¢ 7o [ | [Ia(x, %] , (12)

=1



where

1 o v? @ 2rdr
I (x, é7/ e 202d / — . (13)
(z%) V2oroa? J_s 4 o l+vbey= (770) ])
Next by taking the expectation of (12) with respect to the log-normal pdf of (y in (1), we have
boa| Ka. I L™ et e 9] (14)
T ,a a)da =1- e e 207 - a\ly — xZ,
r(bia KaiTa) =1- [ I1 |t 2]
where 7, = PTT”)Q— N—iifgﬁ is the average received signal-to-noise ratio (SNR) at Rx from Tx, and recall that x is
again used to substitute for (log(y — log (K7, ")). Now take the expectation with respect to K, and I, we get
1 o0 L A a2 8 p [ Ji } be™® x?
ro(bya) =1— ex -\ I(x, 2 -1 — — —— s dx. (15)
br.10(b,0) —/ p{g a @ %) o

To get the outage probability, we need to take the limit of (15) as a goes to co. The limit of a?(I,(z,) — 1) as
a goes to oo is derived in [3] as

22 2 P .
lim a®(I,(z,¢) — 1) =3 e % csc ( T:r) b7 7 e o (16)

a— 00

After some simplifications from (15), we can obtain the final form of the outage probability

0 L —x 2
¢L,ro(b)1¢21—m/ exp{ [Zg—<g—> ] bj‘ %Q}dx, 17

where

2 2 —2z
A(b, ) & Ayrp e % csc (%) b e (18)

Though ¢;, »,(b) is not in close-form, the integral can be easily computed through numerical integration.

3.2 Arbitrary Beam Pattern and Array Interference Factor

Now consider a more realistic beam pattern such as the one in Fig. 2. Note that Fig. 4 will converge to Fig. 2 as
L goes to oo and ¢; goes to 0. Taking the limit of (17), we have the outage probability ¢.,(b) of the realistic beam
pattern

bry (b) = lim ¢r, To( )

L— o0
§;—0

1 o s |1 [*(g(0) g be ™  a?
! \/ﬁa/_ooexp{ Ab.2) o l%/o (9(90) 0 Ve 202 -

Notice that ¢,,(b) depends on the beam pattern only through % 02 T ( gg((go))) df. Hence we propose a new

(19)

parameter, the array interference factor (AIF), for any beam pattern

N 2 9(9) )%
= — do 20
A 2”/0 (9(90) ’ @0)

which fully characterizes the performance of the beam pattern in random networks. For an omnidirectional
antenna, A = 1. It easy to see that when A becomes large, the integrand of (19) becomes small, and thus ¢, (b)
becomes large. Hence, ¢,,(b) is an monotonic increasing function of AIF A. This is due to the fact that any
beam pattern with smaller AIF value will create (receive) less interference to (from) the system and thus have
a better performance. With the introduction of AIF, now we can compare the performance of different beam
patterns simply by comparing the AIF of each beam pattern.

For systems that use directional antennas for both transmission and reception, the outage probability is
derived to be

2

/OO exp{A(b,:r) A AL }da: @1)

—o0 Ve 20'2

d)To(b) =1-

1
V2o

where A; and A, are the AIF values of the transmitting and receiving beam patterns respectively.



4 QOutage Probability of CDMA Wireless Networks

Consider a DSSS network using directional antenna. Due to the imperfect synchronization, the spreading codes
are not orthorgonal. While it is difficult to analyze such system, we can still have an approximate analysis
of the outage probability if we assume |p| the magnitude of the cross correlation coefficient between any two
distinct spreading codes is almost the same for any choice of the spreading codes. Under such assumption, the
approximate outage probability can be obtained as

b —x 2
bry(b) = 1——/ exp{ Ab,z) 12 [Ap - A] — j —%}dm. (22)

For a FHSS network using directional antenna, the exact outage probability analysis is tractable. Assume
the FHSS uses M frequency slots (subchannels) for frequency hopping. The probability for an active node to
actually interfere the target link is then ﬁ The outage probability of a FHSS system can be derived as

2

1 e} 1 be ®
¢'ro(b):1_ \/%0_/_ Xp{ M A(b,l‘) T() ['At A] ’j _%}dﬁ (23)

5 Analysis of Network Throughput and Transport Capacity

Network throughput and transport capacity are commonly used to measure the performance of wireless net-
works. Both are analyzed in this section for wireless networks with directional antennas.

5.1 Network Throughput

The network throughput of a wireless network is defined as the average number of successfully transmitted
information bits per unit area per second per Hz. It can be approximated by

Sy~ P g / " ro) (1= 6r0(8) dro ( _ bits ) 24)

™ 0 unit area - sec - Hz

where ’\“” accounts for the average number of simultaneous transmissions per unit area (1/unit area), R is the
rate of the coded modulation used (bits/sec/Hz), and the integral [;™** f(ro) (1 — ¢y, (b)) dro is the probability
of successful transmission. We said (24) is an approximation because it assumes the successful transmissions
of different nodes are independent events which is not true in reality since transmitting nodes interfere with
each other. Also recall that f(ry) denotes the pdf of the distance ry between Tx and Rx which is determined by
the MAC protocol and the network protocol. Since the values of rj of different Tx-Rx pairs in a network are not
necessarily the same, we need to take the expectation of ¢,,(b) with respect to o when computing the system
throughput.

The system throughput of a wireless network is affected by the node density of the network. When the
density is high, the interference problem becomes more serious and thus the outage probability increases. This
will affect the system throughput in (24). On the other hand, the outage probability is smaller if the density
is low, but since not many nodes are transmitting, this might cause the network resources (bandwidth) to be
wasted without producing much system throughput. Our outage probability analysis can be used to find the
optimal node density for a wireless network. We consider two different f(r¢). The first case is that the network
is controlled where all Tx-Rx pairs in the network have the same distance between the two nodes (similar to
the case of mesh network). Hence, f(rg) = 6(rop — ¢) where c is a constant. From (24), the system throughput is

approximately \
S1(b) ~ 222 (1 - 9o(b) - R, (25)

™

where ¢.(b) can be computed through (21).
On the other hand, if the network allows a node to transmit signals to any node within a distance of 7,,..,
then f(rg) = —#. Substitute ¢,,(b) in (24) by (21). After some manipulations, we can obtain the system

max

throughput approximation as

~ )\MP R < 1- eXp {7A(b7 l‘) mcw ' [At A ]} be™® Z_2
S>(b) ~ o o2 [ N N o) [ A e vl e dz. (26)

5.2 Transport Capacity

The transport capacity of a network characterizes the capability of the network to transport information toward
the destination [10]. It can also be regarded as the accumulated sum of the link progress of the links taken place



in a network area, where the link progress is defined as the product of hop distance and the local throughput of
the link between a Tx-Rx node pair [3,4]. The network transport capacity can be expressed as

Ty~ 222 g [

a 0

F(r0) 70+ (1= dry (b)) dro ( bits ) , @7)

unit area - sec - Hz

Compared to (24), it is easy to see the major difference that distinguish the transport capacity from the through-
put is the weighting of the hop distance r in the integral. It is mentioned by Gupta and Kumar [10] that to
achieve a high transport capacity, a node should communicate only with nearby nodes within a distance of order
©(1/v/An ). In our notations, this translates to 7,4, = O(1/v/Ar). If we simply just let 7,0, = 1/v/ Ay, we have
f(ro) = 2ro/72,,. = 2Am70. Then from (21) and (27), we have

max

2)\2 o e T 22 / . ]_ 1=l 2
T(b) ~ m . / e e 35T dg - i ot | — = e Mb2) AeArrg g (28)
/20 —oo 0 VAM
Now apply the integration formula
“ n -1 —1
/ vl (u—l‘)ﬂil B d$:B(M,V)uH+V_17LF,L(K,...7V+n ;M+V7”.7M+V+’I’L ;ﬁun) (29)
0 n n n n
to the inner integral of (28), where B(-, ) denotes the beta function and , F,(--- ;- - ;-) denotes the generalized

hypergeometric series [13]. We thus have

V2AupR [ . 3 5 202 2 —2s
T(b) ~ 7Mp-/ e TH T [3(173) 2 by (571;2,—'—196"2 % cse (%) bre AtA,-)} dx (30)

w3/2g 2’

We can observe that there exists no A, in the integral of (30). Therefore the transport capacity of the network is
of the same order as /A;. This matches the well known network transport capacity ©(v/Ays) derived by Gupta
and Kumar in [10].

6 Numerical Experiments

In this section, several numerical examples are shown. Due to the limited space, we only show the FHSS
cases here. The outage probability of FHSS systems with different numbers of frequency slots using BICM
and beam pattern of Fig. 2 is plotted in Fig. 5. It is obvious from the figure that the system performance is
significantly improved by the utilization of directional antenna and FHSS. We can also see that the performance
gain increases as the number of FHSS frequency slots M increases since the interference is reduced as M grows.

In Fig. 6 we plot the network throughput of a FHSS system compared to a conventional system (M = 1).
We can see for each setup, there indeed exists an optimal mobile density that can achieve the highest network
throughput. This shows that we can apply our analysis work to find the optimal system design for the wireless
networks. We can also see that with FHSS (M = 64), both the network throughput and the optimal node density
are significantly improved.

7 Conclusions

In this project, the performance of CDMA networks with directional antennas of arbitrary beam pattern has
been analyzed. By combining with the performance analysis of BICM and turbo codes, we have analyzed the
performance of wireless networks with directional antennas for various coding and modulation schemes used.
The characteristic value that determines the performance of a beam pattern has been found, which is useful for
the performance comparison of different beam patterns in random networks. Finally our analysis is applied to
find the throughput and the transport capacity of the wireless networks. It is shown in the numerical experi-
ments that significant performance gain can be obtained by using directional antennas and spreading spectrum
techniques. The performance analysis in this work provides system designers a way to characterize the system
performance under different combinations of beam patterns and coding/modulation setups, as long as the per-
formance can be expressed in terms of outage probability (for instance, the throughput). This is useful for the
system designers to optimize the network performance.



Figure 1: Wireless network using directional antennas.

Figure 2: Beam pattern g(6) (generated by 10 antenna elements, AIF: 0.5511 at n = 4 and 0.4545 at n = 2.7).
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Figure 3: Channel between Tx and Rx.
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Figure 4: Simplified beam pattern.



10 T T T T T
Conventional Sytem (M=1)

Outage Probability

—©6— Omnidirectional
—%— Directional
10 ‘ ‘ ‘ ‘ FHS$ Sytem (M=256) ‘
20 25 30 35 40 45 50 55 60
Y, (dB)

Figure 5: Outage probability vs. average received SNR . of FHSS systems using (1, 5/7) convolutional coded 64-QAM in
an urban area, number of frequency slots M = 1, 64,256, Ays = 20.0 nodes/km?, b = 13.5 dB, 0 = 6 dB, = 2.7, ro = 0.1 km.
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Figure 6: System throughput Si(b) vs. Ay of FHSS systems using (1, 5/7) convolutional coded 64-QAM in an urban area,
number of frequency slots M = 1,64, ro =c=0.1km, v, =25dB,oc =6dB,n =2.7,p =0.9.
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1. Outage probability analysis for wireless networks using directiona antennas of arbitrary
beam pattern.

2. Outage probability analysis for direct-sequence spread spectrum networks using directional
antennas of arbitrary beam pattern.

3. Outage probability analysis for frequency-hopped spread spectrum networks using directional
antennas of arbitrary beam pattern.

4. System throughput analysis for spread spectrum networks using directional antennas of
arbitrary beam pattern.

5. Link throughput analysis for spread spectrum networks using directiona antennas of arbitrary
beam pattern.

6. System design optimization for spread spectrum networks using directional antennas of
arbitrary beam pattern.
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