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S u p e rv iso r: Dr. Qiang Wang

A B S T R A C T

This dissertation addresses the issue of optim um  system design to achieve reli­

able communication in the presence of various types of interference. M ultiobjective 

formulation is used with noncooperative and cooperative approaches owing to  the 

nature of the problems under consideration.

Since intentional Jamming is one of the  most severe kinds of interference, anti­

jam  techniques are crucial for communications in a hostile environment. The jam  

and anti-jam problem is modeled as a two-person zero-sum game in which the com­

municator and the jam m er have antagonistic objectives and are viewed as the  two 

players. The concept of Nash equilibrium  is introduced and its characterizations 

such cis existence, uniqueness, stability, robustness, and sensitivity are investigated. 

This model is then applied to a frequency-hop spread spectrum  M-ary frequency- 

shift-keying system  where ratio-threshold diversity is used to combat partial-band 

noise and m ultitone jamming. Equilibrium  performance in term s of cutoff ra te  and 

bit error rate is shown to be superior to th a t predicted by worst-case analysis.

When m utual interference caused by sim ultaneous transmissions is the m ajor 

concern in a heterogeneous packet network, a m ultiobjective framework is proposed 

in this dissertation with the objectives and constraints of the individual users taken 

into consideration. Near-far effect and Rayleigh fading may occasion packet cap­

ture and therefore create unfairness in favor of closer users. Thus, multiobjective 

optim ality is introduced, in which criterion of fairness is embedded. O ptim um  

strategies controlling transmission probability an d /o r power are examined to yield 

the Pareto optim al solution in a slotted .4L0H A  network. Then, the same control 

strategies are studied with the channel utilization being the maximization objec­

tive. Optim ization results are obtained in various situations, and effectiveness of 

different strategies is compared.
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A multim edia direct-sequence spread spectrum  system may support m ultiple 

services with different transmission rates and diverse quality-of-service require­

ments. To facilitate m ultim edia applications and maximize the system  capacity, 

average power control, error correction coding, and tim e diversity are incorporated 

into the system. The capacity of such a system  is evaluated in m ultipath  Rayleigh 

fading channels. Average bit error rate, outage probability, and corresponding in­

formation theoretic bounds are discussed. Concatenation of Reed-Solomon codes 
and convolutional codes is considered for error correction to account for different 

quality and delay constraints. It is shown through a numerical exam ple tha t the 

system  capacity can be increased significantly by an appropriate system  design.
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Chapter 1 

Introduction

In wireless communication systems, in addition to background thermal noise, there 

exist other forms of disturbance to the transm itted signals. The disturbance is 

referred to as interference and may be characterized as any combination of the fol­

lowing: intentional or unintentional interference from o ther users: multiple access 

interference due to spectrum  sharing by coordinated and non-coordinated users: 

and m ultipath interference or self-jamming by delayed signal. This dissertation 

is concerned with the  issue of optim um  system design for wireless communica­

tions where suppression of various types of interference is crucial to achieve reli­

able transmissions. M ultiobjective optimization problems arise in these situations 

where several objectives are to be satisfied [1 . 2 ] and gam e theoretic approaches 

are often called for.
Game theory is the  m athem atical study of conflict and cooperation between 

intelligent rational decision-makers [3]-[5]. Although it was originated in economics 

and behavior science, nowadays we can find its spectacular applications in many 

o ther branches of social science as well as in engineering areas. Basically, game 

theory is the study of equilibrium, which provides the evaluation of an optimal 

situation where there are a number of individual objectives and independent and /o r 

dependent constraints. In a typical game, there are a number of players with 

individual strategy sets and payoffs. Depending on w hether the players are able 

to make binding agreements, games are divided into two classes: noncooperative 

games and cooperative games, and this categorizes the problems under study.
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1.1 N oncoop erative  A pproaches

In noncooperative situations, each player acts individually to optim ize his objec­

tive w ithout concern for the others’ objectives. The outcome obtained in this way 

is the Nash equilibrium [6 ]. The main application of the noncooperative approach 

in wireless communications is in anti-jam communications. It is known tha t inten­

tional jam m ing may degrade the system performance significantly if no protective 

measures are taken by the communicator. Thus, various kinds of anti-jam  tech­

niques have been studied [7, S] where an intelligent jam m er is often assumed and 

the worst case performance is considered. In reality, however, the com m unicator 

may also adopt intelligent countermeasures in order to obtain a  performance bet­

ter than  that predicted by the worst case analysis. Since the com m unicator and 

the jam m er are in antagonistic positions and can be viewed as two players in a 

game. Blachman [9] and Dobrushin [1 0 ] modeled the jam  and anti-jam  problem 

as a two-person zero-sum game. In recent years, there have been many a ttem pts 

to apply this model to anti-jam  communications [11]-[16] where an exact m ath ­

em atical model is implicitly assumed. In practice, approximation in modeling 

and perturbation due to noise are inevitable, and characterizations of equilibrium  

require further investigation, to which Chapter 2 is devoted.

In [12]. Chang analyzed the ratio-threshold (R-T) anti-jam  technic[ue in a 

frequency-hop spread spectrum  (FH/SS) binary frec[uency-shift-keying (BFSK) 

system  from the information theoretic point of view. She used game theory ap­

proach in the analysis and showed the performance improvement of a ternary 

ou tpu t channel generated by the R-T technique over a binary sym m etric channel 

(BSC) resulted from hard decision reception. By using a R-T test, an estim a­

tion of the channel condition can be obtained. This estim ation can then be used 
to form a soft decision decoding metric. By applying the game theoretic model 

studied in C hapter 2. we extend Chang's work to an .V/-ary FSK scheme in Chap­

ter 3 where the R-T test technique is used in diversity combining with quaternary
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output. We assume tha t the jam m er knows everything about the system  except 

the pseudonoise (PN) code which controls the carrier frequency-hop sequence. We 

also assume tha t the to tal jam m ing power of the jam m er is finite and fixed. Two 

types of intelligent jam m ing are considered, partial-band noise (PBN) and mul­

ti tone (MT) jam m ing. PBN jam m ing concentrates the total jam m ing power in 

a fraction of the spread spectrum  signal bandwidth and injects jam m ing power 

into a receiver in the form of additive Gaussian noise. MT jam m ing injects the 

total jam m ing power into a finite num ber of tones, which coincide with some of 

the FSK signal tones used by the communicator. .According to the d istribution of 

the jam m ing tones. MT jam m ing can be divided into two classes: band m ultitone 

jam m ing and independent m ultitone jam m ing. It is shown that the worst case MT 

jam m ing usually occurs when there is only one tone in a jam m ed hopping channel.

1.2 C oop erative A pproaches

In cooperative situations where binding agreements are possible, each player tends 

to choose a cooperative equilibrium strategy, which is applicable to m ultiple ac­

cess networks where users are coordinated in a distributed way or are compliant 

to central control. In fact, the cooperative approach has already been applied to 

admission control, flow control, routing, and resource sharing in wireline networks 

[17]-[20]. In wireless networks, the emerging personal communication services 

(PCS) will support a variety of services, e.g., voice, video, image, and data , with 

different rates and diverse quality-of-service (QOS) requirements. Therefore, max­

imizing the spectrum  efficiency while meeting the QOS requirements, which is a 

multiobjective problem in nature, remains a challenge in the design of a PCS sys­

tem . To address this problem, we present a m athem atical framework in C hapter 4 

using cooperative approaches.

In multiple access networks, slotted .ALOH.A is a simple random access tech­

nique [21] and is often a component of more complex protocols [22. 23]. In such
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a network, the overall performance suffers severely from the collision between two 

or more packets tha t arrive at a base station simultaneously. Classically, all the 

packets involved in a collision are assumed to be destroyed, which plagues the 

system with a low throughput and a high average delay. In a wireless scenario, 

however, the near-far effect and the channel fading result in significantly different 

power levels among received packets, and the strongest packet may capture the 

base station in the presence of a num ber of colliding packets. This is known as 

the packet cap ture  [24, 25]. .A.lthough the capture effect increases the network 

throughput considerably [26], it may also create unfairness among rem ote users 

in a heterogeneous network where they have different requirements and /o r loca­

tions. For instance, if the transmission power level is identical for every user in a 

network, a user closer to the base station may have a higher probability of cap­

turing the bcise station and therefore receive a  better service in term s of higher 

throughput, lower average delay, and lower packet loss probability. The unfairness 

is highly undesirable and may even make the whole network drift to an unstable 

state under a high load. To rectify this problem, certain control strategies have 

to be employed to ensure that each user has an optim al and fair access to the 

base station. This is usually done through a network controller at the base sta­

tion by adjusting each user's transmission power, transmission (or retransmission) 

probability, error correction capability, or other controllable param eters. Though 

capture effect in mobile radio channels has been widely studied, few contributions 

have addressed the optimization problem especially for a heterogeneous network, 

which is the focus of Chapters 4 and 5 where strategies of controlling transmission 

probability and power are considered.

Direct sequence (DS) spread spectrum  is another technique for m ultiple ac­

cess in PCS and has drawn much atten tion  due to its inherent advantages such as 

statistical multiplexing gain, anti-m ultipath  and anti-jam  capability, and privacy 

[27]-[30]. In C hapter 6 . user numbers of different services are used as the optim iza­

tion objectives, and the effect of error correction in m ultipath Rayleigh fading is
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studied in conjunction with average power control and time diversity in the form

of RAKE reception.

1.3 C ontributions o f  th e  D issertation

The main contributions of this dissertation are as follows:

• Study of the characterizations of equilibrium for a two-person zero-sum game 

that is used to model an anti-jam  communication system.

• Game theoretic study of ratio-threshold diversity for a fast frequency-hopped 

iV/FSK system in the presence of partial-band or multitone jam m ing.

• Construction of a multiobjective framework for cooperative heterogeneous 

networks with optim ality and fairness addressed.

• Optim um  strategies by controlling transmission probability and power to 

maximize the channel utilization in a slotted ALOHA heterogeneous network.

• Evaluation of the system capacity for a m ultim edia CDMA network in mul­

tipath Rayleigh fading channels with multiple services having different rates 

and quality requirements.
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A  Gam e Theoretic M odel for 
A nti-Jam  Com m unications

2.1 In troduction

In a hostile communication environm ent, the communicator and the jam m er are in 

antagonistic positions and each tries to use his best strategies to defeat the other's 

purpose. For instance, the jam m er can select different types of jam m ing, such as 

partial band jam m ing, single or multi-tone jam m ing, follower jam m ing, repeater 

jam m ing, and predictive jam m ing, and adjust corresponding jam m ing param eters 

to achieve the best jam m ing effect. On the other hand, in order to combat jam ­

ming, the communicator may choose from various system considerations, including 

m odulation schemes, channel codes, diversity combining, interleaving, and signal 

energy. Since jam m ing may degrade the system performance considerably, it has 

to be effectively counteracted by the communicator using certain kinds of anti-jam  

techniques [7]. The jam  and anti-jam  problem is often formulated as a two-person 

zero-sum game with the communicator and the jam m er being the two players. The 

payoff of the game may be one of the figures of merit, such as channel capacity, 

cut-off rate, bit error rate, and throughput.

2.2 G am e-T heoretic M odel

.Assume complete information for both sides and consider the single-period situa­

tion in which the communicator and the jam m er determ ine their optim al strategics
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simultaneously and continue to use them  thereafter. Let a A:-dimensional vector 

ÛC € .4c be the com m unicator’s strategy and an /-dimensional vector Uj 6  A j  be 

the jam m er’s strategy, where .4c and A j  are their respective strategy sets. The 

Cartesian product .4 =  .4c x A j  is the strategy set of the game. Assume tha t .4c. 

A j , and .4 are appropriate metric spaces. A strategy combination a =  {ac, a_,) G .4 

is known as a pure strategy. Denote the com m unicator’s payoff as u(a), which is a 

function defined from .4 to the real set R . Then the payoff of the jam m er is —u(a) 

in this zero-sum game. Therefore, the gam e can be represented by a strategic form  

(.4. u). In game theory, the most im portant concept is Nash equilibrium, a vector 

of strategies tha t neither player would deviate from given the o ther’s strategy.

D e fin itio n  2.1 For a game (.4, u), a Nash equilibrium  is a strategy combination 

a~ =  (a“.a “) € .4 such that u(a') > u(ac,aj) for  all Uc G .4c and u{a“) < u{a~.aj) 

for all Uj G A j .

u(a‘ ) is known as the value of the gam e with a‘ and a" being the respective 

optimal strategies for the two players. The value of a game and the optim al 

strategies are regarded as the solution of the game.

If the jam m er knows the com m unicator’s strategy, he can choose a strategy 

to achieve the best jam m ing effect, or minimize the communicator’s payoff, yield­

ing the worst case jam m ing. The com m unicator may then choose a strategy to 

minimize the worst case jam m ing effect, resulting in a payoff of u,n,n,

U j n i n  =  max  min u(a),  (2.1)
dcSA-c

which is the com m unicator's value or security level. If is chosen in this way. the 

communicator's payoff can be guaranteed to be no lower than Umin against any 

jammer.

On the other hand, if the communicator knows the jam m er's strategy, he may 

choose a strategy to maximize his payoff, which corresponds to the best anti-jam
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system. The jam m er may then choose an appropriate aj to maximize his jam m ing 

effect for the best anti-jam  system , resulting in a payoff of Umax>

Umax =  min max u(a), (2 .2 )

which is the jam m er's value or security level. If aj is chosen in this way. the 

com m unicator's payoff cannot be higher than Umax-

It is easy to see tha t Umm <  Umax- If there exists a° =  (a^,aj)  such that

tl( â ) — Um(71 — Umax? (2 .-I)

this point is a  saddle-point equilibrium . In this case, the two sides tend to use 

the optim um  pure strategies and u^, respectively. If one side does not use the 

optim um  strategy, the opponent may gain advantage. Thus, neither player would 

have incentives to deviate from the saddle-point strategy.

In general. Umm and Umax are unequal; tha t is, equilibrium cannot be achieved 

using pure strategies. In this case, both sides may use randomly varying param eters 

instead of fixed parameters w ith the payoff function replaced by the expected value. 

.•\ mixed strategy is obtained which is determ ined by a probability distribution over 

pure strategies as follows. T he communicator selects an appropriate probability 

distribution function (PDF) of F(uc) and uses his strategy accordingly, whereas 

the jam m er selects his strategy according to a PDF of G{ aj ) .  The payoff is then 

the expectation of u(u) over Oc and Uj. Let A (.4c) and A (.4 j) denote the sets of 

PDFs on Borel subsets of .4c and A j ,  respectively. A. mixed strategy equilibrium 

results if the following equation holds:

Uq =  max
F(ae)€A(.4c) G{

min /  /  u{ac.a,) dF{ac) dG(a.)
)€^(.4y) JAjJAc

=  min max /  /  uiuc.a,) dF[ac) dG(a,).  (2.4)
G(a,)&MAj)Ftar_)eMAc)J.\jJAc

If a.; and aj have discrete values of and with corresponding probabilities 

of /3(«,-„, ) € A '( .4 c  I and p{a,„)  € A''(.4v) where A"'(D) is defined as the set of
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probability distributions over the discrete set D\ tha t is,

=  {p : D -J- R  I ^ p ( / )  =  1 , and p{l) >  0, V/ 6  D}.  (2.3)
IÇ.D

Then, we have the discrete form of (2.4)

In summary, from the com m unicator’s viewpoint, if there exists a saddle point, 

the optim um  can be obtained by maximizing the worst case u[a). This is opti­

mum in the sense that using any other strategy may result in a worse performance 

if the  jam m er employs his optim um  strategy. If a saddle point does not exist, 

mixed strategies can be employed, and equilibrium perform ance of this system is 

b e tte r than that of a system using pure strategies.

2.3 E x isten ce  and U niqueness o f E quilibrium

The finite two-person zero-sum games have been extensively studied, and the key 

result is the well-known von Neumann Minimax Theorem [3], which guarantees 

the existence of an equilibrium. However, further analysis is needed for the above 

gam e theoretic model, which is usually infinite in practice.

2.3.1 Existence o f Equilibrium

Existence of equilibrium is usually addressed by applying m athem atical fixed point 

theorem s. In the following, we present existence theorems for the game (.4. u) under 

study.

F irst, we assume that the payoff function u(a) is continuous on .4 and only 

pure strategies are used. The first existence theorem is given as follows.
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Theorem  2.1 [f for  any aj Ç A j ,  maXa^^Ac “ (“ ) a unique solution; for  any 

d-c E A c ,  u{a) has a unique solution; u{a) is continuous on .4." and either

4 c  or A j  is a compact convex set, then there exist a* E 4 c  and a’ €  A j  such that

a" =  {a‘ ,(Lj) is an equilibrium, i.e.,

min max u(a) =  max min u(a) =  u (a”). (2.7)
aj6.Aja^€.4c ' a„€.4c

Proof. Suppose first that ,4.j is a com pact convex set. Since maXa.-e.4 c u(w) has 

a unique solution for any Uj E .4j, denote this solution by / ( c j )  : .Aj -4 - .4c,

f i a j )  =  argjna^x u{a),

where /(U j) is the best response of the communicator if the jam m er takes the 

strategy Oj.

Similarly, let g{ac) be the best response of the jam m er if the com m unicator's 

strategy is Oc- i.e., g{ac) : 4 c  -4- .4y.

g{ac) =  arg min u(a).a^6.4j

By assum ption. /  is a function from .4y to .4c, and ^ is a function from .4c to A j .

Since u(a) is continuous on .4. by Maximum Theorem [31] we have tha t /  and 

g are continuous. Now. define h: A j  - 4  A j  as

h{aj) =  g{f{ai)) .

If the jam m er takes strategy aj and the communicator takes his best response 

f {aj) .  then h(aj) =  g{f(aj))  is the best response that the jam m er can make to the 

com m unicator's f{aj) .  Hence, we know tha t if there exists àj such tha t h{cij) =  cij. 

then the jam m er will choose a_,.

Since g and /  are continuous, h is continuous. By the Brouwer Fixed Point 

Theorem [31] and the assumption th a t .4^ is a compact convex set. there exists
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a'j € A j  such th a t h{a’ ) = a'-. Let a “ =  f {a j ) .  Then we have u{a') > u(ac.aj)  

for any Oc € -4c and u(a’ ) < u(a ' ,a j)  for any aj E A j .  Thus, a* =  (a*, a ”) is an 

equilibrium.

We know th a t u(a‘ ) > u(ac-,aj), Voc E Ac- Therefore,

u(a") =  max u(ûc. O;)- 
ac6.4c

and

u (a ') >  min max u(a). 
aj6Ajace.-ic

Similarly. u(a") < max^^e.^^ miria^gAy u(a). Hence,

ti(a“) =  min max u(a) = max min u(a).
( ^ j € A j  a c € A c  f t c € A c  <^ j€Ay

When -4c is a compact convex set instead of .4c, the proof is similar. I

The result of Theorem 2 . 1  is remarkably strong and reveals some im portant

properties. F irst, we do not need to randomize the communicator's and jam m er's  

strategy sets to guarantee the existence of an equilibrium. Second, we do not 

need both .4c and .4y to be compact convex sets in a finite dimensional space. In 

contrast, the proof of the existence of the Nash equilibrium in an n-player game 

requires tha t each player's set of (mixed) strategies be a compact convex set in a 

finite dimensional space.

W ith the conditions of Theorem 2 . 1  changed slightly, the following existence 

theorems result.

Theorem  2.2 / / / o r  any aj E .4y. max̂ ĝ.̂ g. u(a) has a unique solution: /o r  any 

«C 6 .4c .u (a) -̂5 quasi-convex on aj: u(a) is continuous on .4; and .Aj is a compact 

convex set. then there exists an equilibrium.

P ro o f. Define / .  g. and h in the same way as in the proof of Theorem 2.1. We 

know that /  is a continuous function from . \ j  to .4c by .Maximum Theorem, and
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tha t g is a convex-valued upper semi-continuous correspondence from .4c to A j  

by the fact tha t u{a) is quasi-convex on aj. Because A j  is a com pact set and u(a) 

is continuous on .4, g(ac) is a com pact set in A j  for any Oc-

We also know that A is a  convex-valued correspondence from A j  to A j  and 

has a closed graph. Then, by the Kakutani Fixed Point Theorem [31], there exists 

a* G A j  such th a t a* 6  h{a~). Let a~ =  /(a J ) .  Hence, we know th a t ( a '.a j )  is an 

equilibrium . I

T heorem  2.3 I f  for  any Oc G .4c. miuâ g.̂  ̂u{a) has a unique solution: for  any 

cij G A j .  u{a) is quasi-concave on 0^: u{a) is continuous on .4," and A c  is a compact 

convex set, then there exists an equilibrium.

The proof is analogous to th a t of Theorem 2.2.

T heorem  2.4 I f  fo r  any Uc G .4c, u(a) is quasi-convex on aj;  for  any aj G 4y. 

u(a) is quasi-concave on a^; u{a) is continuous on .4," and .4c and .Aj are compact 

convex sets, then there exists an equilibrium.

Proof. Define r: .4 —)■ .4 such tha t

r(â) =  (arg max u (a c ,â j) ,arg min u(âc,aj)  ), (2 .8 )
ac€Ac ajBAj

where â =  (â^ .â j), and r  is the  best response correspondence of the game. By 

assumptions, r is a convex-valued function having a closed graph. By applying the 

Kakutani Fixed Point Theorem, we know th a t there exists a fixed point, i.e.. an 

eciuilibrium exists. H

The above theorems are concerned with the existence of saddle points for a 

continuous payoff function where only pure strategies are used. When a saddle 

point does not exist, we need to  apply mixed strategies and reform ulate the ex­

istence problem as follows. The strategies Oc and Uj are replaced by PDFs F(f/c) 

and C{aj).  and the strategy sets .4c and A j  are replaced by A (.4c) and A (.4 j).
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respectively. The payoff function is then the expected value of u(a), as expressed 

in (2.4) and (2.6) at an equilibrium. If A c  and A j  are nonem pty compact sets, 

then there  exists an equilibrium for the mixed strategy (see Theorem  1.3 in [5]).

2.3.2 Uniqueness o f Equilibrium

In general, equilibrium is nonunique because there may exist more than one fi.xed 

point in the equation a =  r(a ). .A.n equilibrium may or may not be achieved when 

m ultiple equilibria exist in a noncooperative game, since even if each player selects 

a stra tegy  associated with an equilibrium, the resulting com bination may not be 

an equilibrium . Hence, the issue of uniqueness for equilibrium  arises. Paralleling 

to Theorem s 3.4 and 3.5 in [32]. we present two uniqueness theorem s below for the 

game (.4, u).

.Assume tha t the conditions of Theorem 2.1 are satisfied. Then, equilibria exist 

and the  best response r{a) defined in (2.8) is a single-valued function. The first 

uniqueness theorem requires tha t r(a) be a contraction, which means that there 

exists a  positive scalar F  <  1 such th a t for any x, «/ 6  A,

d(r{x).r{y)) < Fd{x.y).

where d{x .y )  is the distance from x to y on .4.

T h e o re m  2.5 I f  the conditions of  Theorem 2.1 are satisfied and r(a) is a con­

traction, then there exists a unique equilibrium.

P ro o f . From Theorem 2.1, we know that there exists a t least one equilib­

rium. Suppose that Ui €  .4 and a-2 G .4 are equilibria, i.e., ai =  r(a ,) and 

Ü2 =  r (ü 2 ). Then. d(ai,ag) =  d{r(ai) ,r (a 2 )). Since r(a) is a contraction, we have 

chat d ( r ( a i ) . r(ü 2 )) <  F t/lo i.ao) for F  < 1 .  This can only hold for «i = 0 2 - which 

implies th a t the equilibrium is unique. B
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The second uniqueness theorem  does not require r(a) to be a contraction, but 

needs the differentiability of the payoff function.

Let . 4  be the interior of .4 and be the set of aJI the real functions

continuously differentiable to the n th  order on an open set Denote u'{a) as

u'(a) =
dujdac

—dujdüj

which is a function from 4  to and its .Jacobian as J[u).

T h e o re m  2.6 Assume that the conditions of Theorem 2.1 are satisfied and u G
O 0 0

C '( 4 ). I f  negative quasidefinite for  all a G. 4  . and r{a) 6 4  for  any a G .4,

then there exists a unique equilibrium.

O
P ro o f. By assumption, we know that equilibria exist. Since r{a) G.4, there is 

no eciuilibrium on the boundary of .4. Thus, all equilibria satisfy the first-order 

condition:

du/düc  = du /da j  =  0 .

O
.4.n equilibrium a'  corresponds to u'{a') =  0. Since u'{a) is a function from 4  to 

and its .Jacobian is negative quasidefinite, by the Gale-Nikaido Univalence 

Theorem [32], u'{a) is univalent and achieves the value u'(a) = 0 only once. This 

establishes the uniqueness of the equilibrium. B

0

By extending the differentiability and quasidehnitness conditions from 4  to .4 

and applying the Rosen Uniqueness Theorem [33]. we can obtain a stronger global 

uniqueness result and eliminate the restriction in Theorem 2.6 that all ec[uilibria
O

must be in .4 -
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2.4  C haracterizations o f E quilibrium

The above model is assumed to give an exact description of the system ’s behavior. 

However, approximation may occur in constructing the model, and small p e rtu r­

bation caused by system  error or noise is inevitable in practice. For a gam e of 

(.4. u), deviation or perturbation may exist in the optim al strategies and payoff 

function. We thus seek to evaluate the effectiveness of changing param eters at 

an equilibrium  for the following two cases: stability and robustness of eciuilibrium 

with respect to deviations from optim al strategies, and sensitivity of equilibrium  

with respect to param eter perturbation.

2.4.1 Stability and Robustness of Equilibrium

W hen either of the two players deviates his strategy slightly from an equilibrium  

a* =  ( a ',a j )  intentionally or unintentionally, the opponent might adjust his s tra t­

egy by choosing the best response to the deviated strategy. Continuing to ite ra te  

the process results in a dynam ic process. .Assuming simultaneous moves with / .  g, 

and r defined in the same way as before, we have the process as:

=  r ( o '- ')  (2.9)

with =  (a°,a°) 6  .4 being the initial point. If the process converges to a~ for 

any initial point, the equilibrium  is said to be stable. If the  convergence is valid 

only under small initial deviations, the equilibrium is said to be locally stable. 

Otherwise, it is unstable.

From the results of dynamic analysis, we have the following stability theorem

[5]-

T h e o re m  2 .7  .4 fixed point a' o f r is locally stable in the process o f (2.9) i f  all 

the eigenvalues o f have real parts whose absolute vahies are less than 1 .

To obtain a corollary for one-dimensional case, the following lemma is rec|uired.
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L e m m a  2.1 f f  X  and Y  are open, xp{x,y) : .V x V' —>• R  satisfies tp €  C ^{X  x V'). 

and  min^gx (o r  max^gx ) é[x^y) has a unique solution denoted by o(y), i . e . .  

L' iy)  = arg min^gx ( or a rg max^gx ) tp{x,y). then

dv \ d \ ' ]
- 1

dy dx"̂ d xd y
( 2 . 1 0 )

provided that [ | ^ ]  exists.

P ro o f . Since .V and Y  are open and é  € C ^{X  x V'). then if for any y  G V'. x ‘ = 

L'iy)  is the solution of min^gx (or max^gx) Ç {x,y),  by the first-order condition.

d p
=  0. for any y G K

{■r'.y)
( 2 . 11)

which is

dip
^ ( o ( i / ) ,  I/) =  0, for any t / G V',

Differentiating (2.12) with respect to y yields

( 2 . 12 )

d^p dv d^ih 
dx- dy ^  dxdy

(2.13)

Hence, if [ | ÿ
- 1

exists.

dv
dy

- 1 r dH'
d xd y

(2.14)

From Theorem 2.7 and Lemma 2.1. we can obtain the following corollary.

C o ro lla ry  2.1 When both a^ and Oj are one-dimensional, a sufficient condition 

to imply that the eigenvalue condition of Theorem 2.7 is satisfied is the following
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con d it ion  on the s lopes  o f  the best response fu n ctions ,

< 1 (2.15)
df dg

duj doc

o r

d'^u
<

d'^u
\  dücdaj

in an open neighborhood o f the equilibrium.

d^u
(2.16)

Next, we address briefly the issue of robustness of equilibrium with respect 

to the payoff" function perturbation. It is our concern whether an equilibrium  of 

the original game (.4, u) is an approximate equilibrium of the game {A. ù) w ith a 

perturbed payoff ù. An equilibrium of a game is robust if there exists a nearby 

equilibrium  for any nearby game.

D e fin itio n  2.2 .An equilibrium o f the game (A ,u ).  a ',  is robust i f  fo r  any s > 0 

there exists r/ > 0  such that for  any ù satisfying |u — ù| <  q. there exists an 

equilibrium à of the game (.4.Û) such that d(a". ù) <  c. .4 game is robust i f  all its 

equilibria are robust.

For simultaneous-move finite games, we have the following robust theorem [5]. 

T h e o re m  2.8 .Almost all finite strategic form games are robust.

For the game (.4, u), "almost all" means that the set of finite games with two 

players' strategy sets fixed is open and dense in the Euclidean space of dimension 

2 .A*.Aj where the com m unicator and the jam m er have .A* strategies and .4* 

strategies, respectively. Those games that are not robust are said to be exceptional. 

Thus, we can roughly say tha t finite games are robust in general.
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2.4.2 Sensitivity Analysis o f Equilibrium

The measure of the sensitivity of an equilibrium to a param eter is the sensitivity 

function with a form of derivatives of the optim al strategies with respect to that 

param eter. In the proof of the sensitivity theorem , the following lem m a is required 

in addition to Lemma 2.1.

L e m m a  2 . 2  I f  cp : X  x V* -4- X  satisfies 0  G C ^ (X  x V'). and X  is a compact

convex set in R^'. then by the Brouwer Fixed Point Theorem, there exists x '  such

that

0 (x ',y )  =  z ‘ . (2.17)

Furthermore, if  x “ is in the interior o f X ,  and Y' is open, then

( 2 . 18 )
'%/ (...w (/y (T..„

provided that — ij exists where I is the identity matrix.

P ro o f . We know that

o {x '{y ) ,y )  = x '{y) .  for any y 6  V'. (2.19)

Differentiating (2.19) with respect to y. we have

d x ' d é  ,

dy d i ~  .
dy (x’.y)

d é  d x '  d é  à x '
dx  dy dy dy

( 2 .20 )

Thus.

d x '

W

-I dp
dy

provided that — l |  exists.

( 2 . 2 1 )

.\ssum e the conditions of Theorem 2 . 1  are satisfied where . \ j  is a com pact con­

vex set and / .  y. and h are defined in the same way as in the proof of Theorem  2.1.
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We study the sensitivity of an equilibrium with respect to the pertu rbation  of a pa­

ram eter s € (a, 6 ). Denote the payoff as u (a ,s ). We have the following sensitivity 

theorem.

T h e o re m  2.9 I f  fo r  any s  €  (a, 6 ), u (a ,s )  G C^[A  x {a,b)) satisfies all the con­

ditions o f  Theorem 2.1 with an equilibrium a ' =  (a ’ ,a j)  E.4, then

da'
ds (a*.s)

dh
duj

- I
dh
ds

(2 . 22 )

and

where

with

da;
ds daj ds ds

dh _  dg d f
daj da^ daj

dh  _  dg d f  dg
ds dac ds d s '

(2.23)

dg dg -I

dac' ds d(aj,s)^ d{aj,s)dac

\ d f  d f ] '

-I

d a j '  ds d{ac.s)'^ d[ac, s)daj

P ro o f . The proof follows from Lemmas 2.1 and 2.2.

The equilibrium th a t is stable, robust, and insensitive with respect to per­

turbation is of more interest for a practical problem, since otherwise equilibrium 

performance is meaningless due to inevitable approximation and perturbation. 

Com putation algorithms for equilibria can be found in [34. 35].
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2.5 C onclusions

In this chapter, a single-period complete-information game theoretic m odel has 

been presented for the communication-jamming problem. The concept of ec[ui- 

librium has been emphasized, and related fundamental issues, such as existence, 

uniqueness, stability, robustness, and sensitivity, have been discussed w ith corre­

sponding theorems presented. The next chapter considers an application of the 

game theoretic model to the design of a practical anti-jam  communication system .
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Chapter 3

Gam e Theoretic Study for an  
A nti-Jam  F F H /F SK  System  
U sing Ratio-Threshold D iversity

3.1 In trod u ction

In this chapter, we apply the two-person zero-sum model discussed in the previous 

chapter to a fast frequency-hopped (FFH) M-ary frequency shift keying (A/FSK) 

system under partial-band noise (PBN) or band multi-tone (MT) jam m ing. The 

structure of the receiver is shown in Figure 3.1. Ratio-threshold (R-T) diversity 

combining technique [12. 36] with or without error correction coding (ECC) is 

used to com bat jam m ing. The communicator chooses the ratio-threshold and the 

diversity order as his strategies. The jam m er selects the fraction of jam m ed band­

width in the to tal bandwidth in PBN jam m ing or the power ratio of signal to one 

jam m ing tone in MT jam m ing as his strategies. Bit error rate (BER) is used as 

the payoff function when only diversity combining is employed, and cutoff rate is 

considered when ECC is also used.

3.2 R atio -T h resh old  D iversity  C om bining

When a R-T diversity combiner is used in a FFH /FSK  system, we denote the 

diversity order as m and the ratio threshold as 0 . .-Assume that the output of 

the non-coherent matched filter for the ith symbol at the /th hop is .V,/. where
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F ig u re  3 .1. The FFH noncoherent M F S K  spread spectmm receiver.

t =  0 .1  iV/ — 1 . and I =  1 .2 . . . . ,  m. The hop decision is made based on which

non-coherent matched filter output is the largest. Suppose that, for the /th  hop.

(3.1)

where / =  i. 2 , . . . ,  m. and the quality bit q is set according to [36]

_  f 0  (good) if §[[- >  g for all i 7  ̂j .  
1 1 (poor) otherwise.

(3.2)

The outputs of all hops are accumulated with good quality bits and poor quality 

bits, respectively. If there is at least one hop decision with a good cjuality bit and 

there is a m ajority decision without a tie, then the  output of the combiner is the 

m ajority decision with a good output quality bit attached. If there is a tie between 

0  and 1 with good quality bits, or if there is no hop decision with a good quality bit.
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a decision is made based on hop decisions with poor quality bits (if there is a tie, 

flip a coin), and this output of the combiner is attached with a  poor ou tpu t quality 

bit. W hen the logg M  binary information bits associated w ith each transm itted  

M-ary symbol are ideally interleaved, the result is a channel with binary inputs 

and quaternary  outputs for each hop.

The transition probabilities of the channel are known to be [36]

Pc =  Fc{e)  + ( ^ ^ - l ^  Fe{9) .

P cx  = F c ( I ) - F c ( 0 ) +  ( y - i ) [ F £ ( 1 ) - F £ ( 0 )].

M
Pe x  =  — [F e(1 ) -  F£:(0 )], 

M
Pe  =  - F s ( 0 ).

where Pc and Pqx  are the probabilities of correct reception with good and poor 

quality, Pe  and Pe x  are the probabilities of error reception with good and poor 

quality, and

Fc[9) =  Pr{.Vj7 > GXa for all / #  j  | j  sent}.

Fe [9) =  Pr{A'„/ >  OXii for a speciflc n ^  j  and all i ^  n \ j  sent}.

which can be derived from the distributions of M  m atched filter outputs .Vo/. 

. \ ' t / , . . . .  .V(,v/_i)/ using the average com putation model for PBN  jam m ing [37] and 

band MT jam m ing [38], respectively.

.4. P B X  Jamming

\  PBN jam m er is supposed to jam  a fraction p of the transm ission band with 

noise power density X j /p .  We have [37]

/  V/ — I
Fc{9) = ^  ( -1 )^

A: = 0 0 2  f t
pexp

fc log , M  Eb 
0- + k m (:\o +  X j I p )
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+ ( 1  -  p )exp
k log2 M E b' 

9--{-k mNo ^

r  1 \ d^ + k logoMEb \
 ̂  ̂ j 9 ^ - - { - k e ^ - ^ k - \ - l  9 ^ - ^ k - \ - l m { N o  +  N j / p ) J

where Eb is the energy per information bit and No is the power spectral density of

the thermal noise modeled as additive white Gaussian noise (AVVGN).

B. M T  Jamming

When band M T jam m ing is assumed where the jam m er has a single jam m ing 

tone per jam m ed band with equal power, Fc{9)  and Fe{9)  can be com puted as 

[38]

E c ( 0 )  =  [ i - -  g ) Eco ( 9 )  + / j .Fci {9) .

Fe{&)  =  -  f ) F e q { 9 ) +  i-lF e\.[9 ),

where p. is the probability of one M-ary band being jam m ed

F =
aruM

logo M E b / N j

with Q being the ratio of signal power to the power of one jam m ing tone. The 

expressions for Fco{9),  Fc i {9) ,  Feo{9),  and Fei {9)  can be found in [38].

Let o be the ou tpu t of the diversity combiner before tie-breaking. There are 

five possible values for o,

0 0  decision is 0 , good quality.

0 1  decision is 0 , poor quality, 
o =  < I  tie.

II decision is 1, poor quality.

1 0  decision is 1 . good quality.
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The conditional distribution of o given tha t “0” is sent is

Pr{o =  0 0 |0 sen t}  =  ^
n.ki >k2

Pr{o =  0 1 |0 sen t}  =  ^
n , t ‘ i = t 2 , A : 3 > f c |

P r { o = l l |O s e n t}  =  ^
n.ki =k2,kî<k4

Pv{o =  10 I 0 sent} =  g  pk, pk,^ pk ,^ ,
n.ki <k2

Pr{o =  z | O s e n t } =  ^
n . i ' l  = ^ 2  , ^ 3 = ^ 4

where

Q. =  {/l'i, A'2 , /l3. A:4 I 0 <  k 1 . k 2 .kz ,  k^ < m . k i  + k2 + kj  +  A.4 =  m }

and jg multinomial coefficient.

W hen ECC is not used, the outputs of diversity combiner are also the outputs of

the receiver. Suppose the two binary symbols before interleaving are equiprobable. 

The BER at the diversity combiner output is

Pb =  Pr{o =  II I 0 sent} +  Pr{o =  10 | 0 sent} +  ^  Pr {o =  x | 0 sent}. (3.3)

W hen ECC is used and the cutoff rate of the coding channel is considered, the

entire  diversity combining channel can be viewed as an equivalent binary inputs 

quaternary  outputs channel with the corresponding transition probabilities being

Pc = Pr{o =  0 0  I 0  sent},

P c x  = Pr{o =  0 1 1 0  sent} +  ^ P r  (o =  X 10  sent},

P e x  = Pr{o =  1 1 10  sent} + - P r  {o =  X 10  sent}.

P e =  Pr{o =  10 I Osent}.
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The normalized cutoff rate Rq of this channel is related to the transition probabil­

ities by

/?o =  1 -  log-2 (̂ 1 +  ' l \JP e Pc +  2 \ /P e x P c x ^ (b its/b inary  symbol). (3.4)

In the game theoretic model for the system under study, the  communicator 

can adjust 9 and m  to minimize the BER or maximize the cutoff rate, while the 

jam m er can adjust p or q  under different types of jam m ing to maximize the BER 

or minimize the cutoff rate. Then, =  [O^m] is the com m unicator’s strategy, 

and aj, which is p under PBN jamming or q  under MT jam m ing, is the jam m er's 

strategy. The payoff function a is Pb as in (3.3) or Rq as in (3.4).

Then, we have the strategy set for the communicator

OC-
,4c =  {(0 ,p )| 1 <  0  <  oo; p =  ( p i , . . . , p , , . . . ) .  Pi >  0 . =  1 }

»= 1

=  {é>| 1 <  ^ <  oo} X { p |p  =  (p i ,  P i ,. . .) ,  Pi >  0. Y^pi =  1}
1 =  1

=  Ac{9)  X .4c(p). 

where pi =  Pr{m  =  The strategy set for the jam m er is

-4j(p) =  { p | 0 < p <  1} (3.5)

under PBN jam m ing, or

-4y(o) — {n I OCjjxtTi ^  ^  Ô mar} (3-6)

under MT jam m ing where a-min is the lower bound small enough to include the

lowest point of the worst o, and oimax is such an a  that causes p =  1. It is obvious

that A j  is a compact convex set.
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3.3 N u m erica l R esu lts

In this section, vve apply the game-theoretic model to the anti-jam  problem and 

study the system  performance through numerical method where Eb/No is fixed at 

13 dB which corresponds to a BER of 2.3 x 10“  ̂ for a system  with m =  1 , M  = 2 . 

and no jam m ing.

3.3.1 B E R  Performance o f U ncoded System s

When R-T diversity is used without ECC, we evaluate the BER as given in (3.3). 

.4. PBIV Jamming

We assume first tha t the communicator adjust 0 at a fixed m. In this case, 

we can verify th a t the conditions of Theorem 2.1 are satisfied; thus, the saddle 

point performance can be achieved. In Figure 3.2, BER versus 6  with various p 

at {.\[.m. Ebf Nj )  =  (2,3, 16 dB) is shown. The value of 9 a t which the minimum 

BER is achieved can then be selected by the communicator to obtain the best 

anti-jam  result a t different p. Similarly, the value of p at which the maximum 

BER is achieved can be adopted by the jam m er to obtain the worst case result 

at different 9. Figure 3.3 shows the worst case BER versus E b/N j  with various 

0 at .\I = 2 and m = 3. It is observed that the optim um  9 is alm ost the same 

at different Eb/I^'j; tha t is, there is almost no need to adjust 9 when an optimum 

value of 9 is found at a fixed m. The communicator’s value can be obtained by 

selecting the m inim um  point at each Eb/N j  which corresponds to the saddle point 

performance. In Figure 3.4, the saddle point performances are shown for various 

m with .\I = 2 .4 .8 . and 16. from which it can be concluded tha t if the diversity 

order is greater than  a value of rn (e.g., m =  3 at M  — 2 and 4. and rn = h 

at M  =  S and 16). then noncoherent combining loss becomes dom inant and the 

system equilibrium  performance is uniformly worse than th a t with a smaller ni.

It is obvious th a t the communicator can gain more if it changes m  as well as 9. 

In this case, a saddle point equilibrium does not exist. The com m unicator's value
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can be obtained by choosing m  and 6  associated with the sm allest BER. This 

corresponds to the lower envelopes of the BER curves in Figure 3.4 at different 

A/. It is evident tha t the communicator tends to use the  largest M  to achieve the 

uniformly best BER performance. A mixed strategy can then be used to obtain the 

(mixed) equilibrium  performance. For example, suppose m  € {1.3}. M  = 2. and 

a saddle point equilibrium is achieved a t {6 i ,pi )  for m =  1 or {6 2 , P2 ) for m  =  3. 

The com m unicator can select m =  1 and a corresponding 8 1  w ith a probability 

of pc and select m =  3 and a corresponding 8 2  with a  probability of 1 — pc- On 

the o ther hand, the jam m er can choose pi with a probability of pj and choose p 2 

with a probability of i — pj. Then we get a game m atrix  which can be solved 

to obtain a  mixed strategy equilibrium. For instance, when E b /N j  =  10 dB and 

\ [  = 2. the  game m atrix  is shown in Table 3.1, where the value is the BER when 

corresponding param eters in that row or column are adopted.

T a b le  3.1. B E R  with E b / N j  = 10 dB and M  =  2

Pi =  0.26 /?2 =  1 - 0

m =  1 , 0 1  =  1 . 0 0.0412 0.0231

^  =  3, 0 3  =  1.7 0.0179 0.0590

Using the  Shapely-Snow procedure for games [39]. we can find tha t the solution 

for this gam e m atrix is 0.0341 with p^ =  0.6943 and Pj = 0.6064. In general, we 

can obtain a mixed equilibrium by solving a game with an m x n game m atrix T 

formed by making p into n discrete points as

T =  [cq]mxn (3.7)

where £,j =  Pb{{8 i. m ,).p^), 1 < / <  m and I < j  < n.

B. M T  Jamming

Similarly, we can apply the above analysis to MT jam m ing. The worst case 

a  is found through searching in the interval [omm.Qmax] numerically. When the
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com m unicator's strategy set is Ac{9) with a fixed m , the conditions of Theorem 2 . 1  

are also satisfied and the saddle point performance can be achieved. The corre­

sponding results are shown in Figure 3.5 at various m  with M  =  2 ,4 ,8 . and 16. 

It is observed again that there is no need to have a  diversity order greater than a 

value of m (e.g., m =  4 at M  =  2 and 4, and m =  3 at M  =  8  and 16). When 

the communicator further changes m together w ith 9 as his strategies with the 

strategy set enlarged to .\c{9)  x .4c(p), a saddle point does not exist and mixed 

strategies may be used. The performances at the com m unicator’s value correspond 

to the lower envelopes in Figure 3.5 for different M .

By comparing corresponding lower envelopes of the curves with the same M  in 

Figure 3.4 and Figure 3.5, it is clear tha t the jam m er will almost always use MT 

jam m ing (except for a small region of Eb/Nj  when M  — 2 ) to achieve a better 

jam m ing effect, while M  =  8  is most desirable for the  communicator.

3.3.2 Cutoff Rate Performance o f C oded System s

Next, we discuss the equilibrium performance in the presence of ECC. The pay­

off function is now the cutoff rate as given in (3.4). The results are interpreted 

through the minimum value of E b / N j  tha t is needed for practical and reliable 

communications. It is determined from the cutoff rate  in the following manner. 

Suppose tha t the cutoff rate is a function of the symbol signal-to-jamming noise 

ratio: R  =  Ro{Es/Nj) .  If we use codes of the rate /?, then E(,/Ay is given by

E , / N j =
R  log? M  

If /? <  R o iE ,/N j) ,  then we have

In the following figures, we plot the lower bound in (3.8) versus R.
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.4. PBN Jamming

In this case, the result with ECC is analogous to tha t without ECC. The 

conditions of Theorem 2.1 are satisfied when the communicator changes 0 as his 

strategy at a fixed m. The saddle point cutoff rate performances at various m  w ith 

.V/ =  2 .4 ,8 , and 16 are shown in Figure 3.6. The curve of m =  I is the  lowest 

one when code rate  R  is less than a value (e.g., 0.74 for M  =  2, 0.81 for M  =  4 

and M  =  8 , and 0.79 for M  =  16), and its minimum lies below the m inim a of 

all the other curves in each figure, which means tha t no diversity is necessary if a 

powerful code is used. However, in the higher code rate region, diversity m ay be 

concatenated with the ECC to achieve a be tte r performance. It also holds th a t m 

need not be greater than rn (e.g.. rn = 2 for .\I =  2. and m =  3 for M  =  4 .8  and 

16 ).

The lower envelopes of the curves in Figure 3.6 correspond to the com m unica­

tor's value. We can reach the same conclusion tha t the communicator tends to use 

a larger M.

B. M T  Jamming

The saddle point cutoff rate performance at a fi.xed m with M  = 2  is shown in 

the upper left figure in Figure 3.7 when the communicator varies 6  as his strategy. 

In the low code rate region, irregular curves are observed indicating th a t the  cutoff 

rate does not necessarily decrease with the increase of the jam m ing power due to the 

random cancellation of jam m ing and therm al noise. This means that jam m ing may 

even help the communication when it is strong. A similar cancellation phenomenon 

was also previously observed for a slow frequency-hopped DPSK system [40]. In 

Figure 3.7. we also present the results for M  =  4 ,8 . and 16 with only the regular 

regions shown, which are of more interest. Here, m is 2 at M  = 2. and 4 a t M  =  4. 

S. and 16. The lower envelopes of the curves in Figure 3.7 again correspond to 

the performances at the communicator's value. It is clear tha t the perform ance at 

,\I =  4 is the best for the communicator.
■Again, by comparing the corresponding lower envelopes of the curves with the
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same M  ia  Figure 3.6 and Figure 3.7, vve conclude th a t in the presence of ECC, 

the jam m er tends to select PBN jam m ing when M  =  2, or MT jam m ing when M  

is greater than 2, which is slightly different from the conclusion when ECC is not 

used.

3.4  C onclusions

In this chapter, the game-theoretic model has been applied to a  FFH /FSK  system  

where ratio-threshold diversity is used to combat PBN jam m ing or MT jam m ing. 

.\s  for the performance measure, either the cutoff ra te  or the BER is employed 

depending on whether ECC is used. System performance in various situations has 

been evaluated through numerical analysis. It has been shown tha t the jam m er 

tends to use MT jam m ing and choose a proper q , and then the communicator has 

to choose a corresponding {6 ,m )  at M  = S or M  =  4 in the absence or presence 

of coding to achieve a be tter result.
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Chapter 4

A M ultiobjective A nalytic  
Framework for W ireless
H eterogeneous Networks

4.1 In troduction

In a random access network, users com pete with one another for the lim ited re­

source of a communication channel. Normally, a single global objective such as 

network throughput is examined to consider the optim ality of the entire network. 

This approach, however, is only applicable to a network where every user has a 

common performance objective. When individual users have distinct objectives, 

the use of a single objective may occasion ignorance of individual objectives, thus 

sacrificing the performance of some users for the good of the entire network. There­

fore, to  take individual objectives into consideration, a m ultiobjective formulation 

is needed.

In noncooperative situations as studied in the previous chapters, each user acts 

individually to  optimize his objective without concern for o thers' objectives, re­

sulting in the Nash equilibrium. However, this is appropriate only in a totally 

individualistic environment. In a cooperative situation where binding agreements 

are possible, each user tends to act at a cooperative equilibrium  which is Pareto 

optim al in the  sense that no user can improve his objective w ithout degrading any 

other user’s objective. The capability of cooperation among users in a network 

leads naturally  to the Pareto optimal approach in terms of performance improve-
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ment.

4.2 M u ltio b jectiv e  O p tim ality  and Fairness

Here, we extend the notations in Chapter 2 to the Â -person nonzero-sum case. 

Suppose tha t there are K  decision makers, z =  1 , . . . .  K .  Denote j / , ’s  strategy 

as a, and the strategy of the network as the combination: a =  (gi, 0 2 , .  . ga:)- Let

the strategy set (or admissible set) of £/,• be .4,, which is an appropriate m etric space. 

The strategy set (or admissible set) of the network, .4, is the Cartesian product: 

.4i X . 4 2  X • • • X .4A'. Denote the individual objective function of i/, as u,(a) : .4 

O, C R  where Oi is the admissible objective space of y,. The admissible objective 

space of the network, O, is the Cartesian product: Oj x O2 x • • • x Ofc- The global 

objective function of the network is defined as g{a) : .4 —> R. If a is in .4. the

corresponding u{a) = (ui{a),  U2 {a).___ua'(g)) and g{a) are called admissible.

Basically, there are two approaches to the network optimization problem: single­

objective overall optim ization and m ultiobjective individual optim ization. For the 

overall network optim ization, we maximize a global objective function,

max g { a ) . (4.1)a€.4

This approach is often used to obtain the optim al performance for the entire net­

work where all users have a common objective and the meaning of optim ality  is 

straightforward.

To consider the individual performance objectives, we resort to the m ultiob­

jective approach [1 ]. Since individual objectives depend on the strategies of all

users, the optim al strategy of each "user depends on the strategies of other users. 

Consequently, a multiobjective optimization problem is formulated as

max Ui(a) , i =  1 ,----- A', (4.2)ag.4

where we assume that each user attem pts to maximize his own objective. We 

need to find an optim al strategy by considering all individual objectives in .4.
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As individual objectives usually conflict with one another, sim ultaneous optim iza­

tion of all objectives is normally impossible. Therefore, the concept of optim ality  

calls for new formulation. In the following, we will introduce noncooperative and 

cooperative gam e theoretic approaches.

In a noncooperative network, the rational users tend to act a t the Nash equi­

librium [3], which is redefined in the following for a /v-person nonzero-sum game.

D efinition 4.1 (N ash Equilibrium) A strategy à G .4. is a Nash equilibrium  i f  

fo r  every a, G .4,-,

u,(à) >  u ,(à i , . . . ,à ._ i ,a i ,à i+ i , . . . ,à A .- ) ,  1 =  1 -----   A'. (4.3)

Nash equilibrium  actually provides a  fault tolerant optim ality concept, which is 

applicable to a totally  individualistic environm ent where individual users com pete 

with one another so th a t each of them  reaches his own optim um  [44]. However, it 

is Pareto inefficient under certain conditions [45].

related concept is the max-min strategy which is used to obtain  the security

level in a noncooperative A'-person game [3]. Let a~' =  ( o i ,  a ,_ i, a ,+ i , . . . .  a/ -̂) G

.4“ '. where .4“ ‘ is the Cartesian product of the individual admissible sets excluding 

the 1 th one.

D efinition 4.2 (Métx-Min Solution) .4 strategy d, G -4, is the m ax-m in solu­

tion fo r  the i-th objective if

u ,( a i ,  a ,_ i.à,-.a,-+i......... a/̂ -) =  max min u ,( a ) . (4.4)
a,€.4. a —€-4—

For the m ultiobjective problem (4.2), a similar idea can be applied to yield 

the best possible compromise solution when all objectives are observed w ith equal 

priority (see Appendix .A). W ith the max-min approach, one may assure a kind of 

fairness by. e.g., maximizing the minimum objective in the network [43].

In a network where cooperation is possible, a cooperative equilibrium  can be 

obtained by the use of the following Pareto optim ality [3].
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D e fin itio n  4 .3  (P a re to  O p tim a lity )  A strategy à € .4 is Pareto  optim al i f  

there exists no a E .4 such that

Ui(a) >  u,(à), i =  1 , . . . ,  (4.5)

with strict inequalities satisfied for at least one i.

It is optim al in the sense tha t no objective can be improved w ithout worsening 

at least one other objective. In general, the Pareto optimal solution is superior to 

the Ncish equilibrium solution. Unfortunately, the Pareto optim ality  almost always 

gives a set of solutions. There are many techniques to find a Pareto  optim al solu­

tion or a set of such solutions. One basic idea is to transform the  m ultiobjective 

optim ization problem into a single objective one, by using m ethods of objective 

weighting, distance functions, trade-off, and min-max form ulation etc. (see .Ap­

pendix A). .An im portant characteristic of the cooperative equilibrium  is tha t,

unlike the Nash equilibrium, it is unstable with respect to unilateral cheating.

Each user can improve his objective individually, provided others do not. Thus, 

an a rb itra to r or regulator is needed to enforce the cooperative strategy.

In a cooperative game, users may have to bargain between each other in order to 

pursue the individual optimality. One bargaining approach is the  Nash arb itra tion  

scheme [3]. For a convex multiobjective problem , the Nash arb itra tion  scheme can 

be applied to obtain a unique Pareto optim al solution when the so-called fairness 

axioms are satisfied [18]. However, the application of this scheme is lim ited due to 

the fact th a t the convexity of a practical problem  is difficult to be verified. .Another 

approach involves a bargaining process. In a realistic network, for instance, each

user may have a minimum admissible requirem ent, ÿ,-, i =  1..........A’, which is

referred to as the pre-game agreement point in bargaining theory. This pre-game 

agreement point may also be taken as a possible known decision u{a' )  such as the 

value at the Nash equilibrium. In this case, a point is Pareto optim al in the sense

that it is admissible, at least as good as ÿ = (ÿ i  ÿ^')- &nd cannot be bettered

by any other admissible point. The set of these Pareto optimal points is known as
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the  bargaining set.

As for the criterion of fairness, if each user has the  same QOS requirement and 

priority, fairness means equal performance, e.g., equal throughput, equal average 

delay, or equal packet drop probability, which is term ed as individual balancing 

fairness. However, when users have various QOS requirem ents an d /o r different 

priorities, the notion of fairness can be quite complicated because each definition 

of optim ality implies a fairness criterion, such as Nash equilibrium  fairness, max- 

min fairness, and Pareto fairness. From this standpoint, a fairness criterion is 

achieved when the corresponding optim al strategy is adopted.

4.3 N etw ork D escrip tion

.Assume that there are N  users transm itting packets to a base station with control­

lable power levels and probabilities using slotted ALOHA protocol. These N  users 

are divided into K  groups, the ith  of which is denoted as Ui  and consists of iV, 

users having the same characteristics and requirem ents. The users in m aintain 

the same mean arrival power level Pi by adaptive power control. To avoid the 

complex Markov chain assumption whereby the num ber of states increases expo­

nentially with the number of users, we do not distinguish between newly-arrived 

packets and retransm itted packets. New arrivals may be regarded as being back- 

logged immediately on arrival, and the stability of this protocol is discussed in 

[43]. Then, all the users in are assumed to have the same transmission prob­

ability Pi, which may represent transmission rate, permission probability [2 2 ]. or 

duty  cycle in various protocols. Denote a representative user in Ui as the player

i/i. The capture probability of a packet from Ui in the presence of m i  m{^

packets from respective user groups U \ , . . . , U k  in a particular slot is denoted as 

C :(m i  mfc).  which is discussed in .Appendix B.

In a heterogeneous network, one needs to evaluate the individual user's perfor­

mance as well as overall network performance. The basic performance measure for
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Ui is his individual throughput, 5,-, defined as the average num ber of successfully 

received transmissions per slot

Si =Pi - Ps . i  (4.6)

with Pj., being the packet success probability

;Vi iV, Nk /'iVi'
Ps.i =  X ]  ■ ■ ■  H  ■ ■ ■  H  J p ” ‘ ( I - P i )

m i = 0  m ,  =  l m /j-=0

N l  — 771,

• • •  ( 4. 7 )
\ m i  -  I J  y m ^ J

Thus, Si is the throughput that Ui can a tta in  by transmission a t a certain power 

level and probability given other users’ choices.

The average delay of i/,, r;. is closely related to the retransmission protocol. 

We assume a p,-persistent transmission policy which means th a t a packet of z/, is 

transm itted persistently with a probability of p, after it reaches the head of the 

transmission buffer. The number of times th a t a packet must be transm itted  until 

it is successfully received is geometrically distributed with a composite success 

probability of p, . p,,,. We further assume th a t a packet is dropped after it has 

been retransm itted for Ai  slots. Then, the delay of a packet from Ui is defined as 

the waiting tim e (in slots) until it is successfully transm itted or is dropped after 

reaching the head of the buffer, i.e.,

A.

r,- =  ^  /( I -  Pi P5 ,.)'"^p, p,.i -h (.A.,- -t- I)(I -  Pi p ,.,)’̂ ' . (4.8)
/=i

Similarly, we can obtain the packet drop probability of z/,.

Z. =  ( 1 - P ,P . , . ) ' ' '+ ' .  (4.9)

The value of A, can be set by z/,. .A.pparently. the larger the value of .\,. the higher

the reliability, and the longer the average delay of a packet from z/,. W hen .V,
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approaches infinity, there is no packet drop, and r,- is the  mean of the geometric 

distribution, l/p.p,,,-.

The overall network throughput is the sum of the individual throughputs, tha t 

is, S  =  NiSj. The normalized network throughput is known as the chan­

nel utilization, which is the single maximization objective considered in the next 

chapter. The average network delay is r  =  ^  HiLi

In practice, we may have to maximize some objectives such as throughput, or 

to minimize others such as average delay and packet drop probability. To apply 

the m ultiobjective framework, we need to convert the objectives th a t are to be 

minimized into the forms that allow for maximization. For instance, we may 

use the reciprocal of the average delay, I/r,-, or the com plem entary packet drop 

probability. 1 — Z,, as the objective function when r,- or Z, is the original objective. 

.After these transformations, all the  objectives discussed above are converted to 

their maximization forms, which are limited in the range of [0 . 1 ].

Next we consider the admissible set. The strategy of the group 6 'j is to assign 

transmission probability and mean arrival power for each user, th a t is, a. =  (p,. P, ). 

When there are no other constraints except upper and lower bounds for p, and P,. 

we denote the admissible set of P',- as

P.) =  {(p.- à )  I 0  <  p, <  1 . 0  <  P, < Pm,}, (4.10)

where Pm, is the maximum mean arrival power of users in P',. The corresponding 

network admissible set is denoted as .A“. In a heterogeneous network, users may 

have other constraints, for instance, the individual throughput of £/, may be re­

quired to be greater than a m inim um  value, and the average delay or packet drop 

probability of i/j may be upper-bounded. In this case, the admissible set of P', 

is the intersection of .4" with the corresponding constraint set. .Another related 

question is which qualities should be treated cis objective functions and which as 

constraints. This can be best determ ined by users according to their individual 

requirements, and the optimal solution may therefore vary.
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4 .4  A pp lication  E xam p les

In this section, we illustrate the application of the m ultiobjective optim ization 

framework to the above wireless network model with the background noise ignored. 

3 — 4 and z =  3.9811 ( 6  dB) are assum ed in the capture model (see .Appendix B) 

for the numerical computation.

W hen there is no capture effect, all packets involved in a  collision are destroyed. 

To achieve the individual balancing fairness and maximize the  network throughput, 

it is known that all the transm ission probabilities equal 1 /^V, yielding a network 

throughput of ( 1  — l/yV)''^~^. Furtherm ore, by letting N  approach infinity, we ob­

tain the well-known maximum utilization of a slotted ALOHA system  with infinite 

population. e“ ‘ [2 1 ].

In the presence of the capture effect, the network th roughput is increased [41], 

favoring the users with higher average arrival power levels. If each user a ttem pts 

to maximize his individual throughput selfishly, he tends to transm it with the 

largest possible probability and power, which results in the  Nash noncooperative 

equilibrium  and is highly undesirable in practice. Thus, a certain  kind of coop­

eration among users is necessary to m aintain better operation of the network by 

controlling the transmission probability or power.

In the following example, we assume th a t each user has an identical transm is­

sion power and consider the optim al strategy of transm ission probability.

E x a m p le  4.1 .Assume that there are three users, z/g, and z/g, with normalized 

distances ri =  0.4. =  0.5, and T3  =  1, respectively. Each user tries to maximize

his individual throughput.

W hen only the near-far effect is considered, according to (B .6 ), we know that 

C i( l .O .l)  =  CgfO. 1.1) =  1 and o ther capture probabilities are zero. Note that 

the packets from ui and 1/2 are destructive to each o ther, and packets from i/3  

can capture the base station only when ui and z/g are not transm itting . Clearly, 

unfairness is created due to users' different distances to the base station. In this
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case, since the packets from i/3  have no influence on those from 1/1 and uo, the 

optimal strategy of i/3  is to have ps equal one. Thus, the strategy of the network 

depends only on the actions of i/i and 1/3 , and the admissible set is

.4'"(Pi,P2,P3) =  { (P l ,P 2 ,P 3 )  1 0 < Pi < 1, 0 < p2 < 1, P3 =  !}• (4.11)

.A.ny point in this set defines an admissible solution which corresponds to a point in 

the space of objective functions. By employing the individual balancing fairness, 

we obtain the optim um  solution at pi =  P2  =  0.-5 (p3  =  1 ) with 5i =  ^ 2  =  Sz =  

0 .2 .5 . The overall throughput is 0.75, which represents a significant increase over 

the result without capture (0.444), benefiting from the capture effect. Moreover, 

fairness is guaranteed at the sam e time.

In Rayleigh fading channels, applying (B.5) yields the capture probabilities in 

Table 4.1. By employing the individual balancing fairness again, we obtain the 

optim um  solution at pi =  0.437. p2 =  0.544, and p3  =  1 with ec^ual individual 

throughput: 6 ’i =  S-i =  6 3  =  0.263. The overall throughput is 0.789. which is 

greater than the result with only the near-far effect (0.75). This is consistent with 

the known conclusion that in addition to the near-far capture effect, fading can 

further improve the overall throughput [41].

T ab le  4 .1 . Capture Probabilities in Rayleigh Fading Channels
G ( i , i , 0 ) C i(l,0 ,l) G ( 1 .1 ,0 ) Q (0 . l , l ) Q ( 1 ,0 , 1 ) Q (0 ,1 , 1 ) Cl (1 , 1 , 1 ) G (L 1 , 1 ) G ( l .L l)

0.380 0.908 0.093 0.801 0.006 0.015 0.345 0.074 0 . 0 0 0

Next, distinct objectives and constraints are assumed for two users in order to 

illustrate the multiobjective solutions graphically.

E x a m p le  4.2 Suppose two of the three users, i/2  and i/3, are now present in 

Rayleigh fading channels with C 2 (0 , 1 , 1 ) and (?3 (0 . 1 , 1 ) the  same as in Table 4.1. 

i/2 , resembling a data user, tries to maximize his throughput S 2 with a minimum 

requirement S> >  0.2 while i/3, resembling a packet voice user, a ttem pts to min­

imize his average delay T3  (or maximize I/T3 ) and requires that S 3  > 0 . 2  and
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Z3  <  0.01 with .'V3  set to 10. The admissible set in this case is

.4 (p2 rP3 ) =  A°{po,p^) n  {(p2 ,P 3 ) | S 2 >  0 .2 } A {(p2 ,P 3 ) | Sz > 0 . 2  and Rz < 0 .0 1 ).

(4.12)

In Figure 4..5, the shaded area shows the admissible set for uz and uz- Corre­

spondingly. S -2 is plotted versus IJtz  in Figure 4..5, where the shaded area is the 

set of admissible values in the objective space. Curve B C  is the Pareto optimal 

set in which pz always equals one. Point T  is the pre-game agreement point which 

corresponds to the minimum requirem ent of the two users. Clearly, uz prefers point 

C and Uz prefers point B. If uz has a higher priority, point B  may be selected as 

the operation point at which uz's minimum requirem ent is still m et. If there is no 

benefit for Uz to exceed the minimum requirement, or if ui haa a higher priority, 

then point C  may be the choice, at which the throughput of u-z (0.52) is much 

higher than his minimum requirem ent. These two points are actually solutions of 

the trade-off method. O ther m ethods can also be used to select the final solution 
from the Pareto optimal set. For instance, point F  corresponds to the solution 

when the product of the two individual objectives is used as the single network 

objective: point E  corresponds to the min-max solution. Thus, different methods 

may result in different solutions with different criteria of fairness embedded in.

Three or two users are assumed in the above examples with an identical trans­

mission power. When a larger number of users are present, we can extend the same 

approach with increased complexity, whereby numerical methods can be applied 

to obtain multiobjective solutions [2 ]. .4 not her exam ple is given below where there 

exist two groups of users.

E x am p le  4 .3 We assume th a t there are two groups of users with Ni =  5 and 

.V? =  10. .According to (5.29). we have

10

'  i t ; )
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and

i t : ) ' ( ' - jS Î t) '-

The individual objective of ui (or U2 ) is Si =  piPs,i (or S 2 =  PiPsa)- The total 

throughput of the network is S' =  N iS i  +  N 2 S2 , which is the global optim ization 

objective of the network. As for the constraint, we assume th a t 1/1 (or 1/2 ) requires 

his individual throughput to be greater than 0.005 (or 0.001). W hen pi and p2 are 

not equal to 0 , we also assume th a t Pi and Pj belong to [Pmim Pmax]* where Pm,n 

is actually lim ited by the neglected background noise and  Pmax is the maximum 

mean arrival power. Denote Pmax/Pmin as c (>  I).

In Figure 4.3, Si is plotted versus S'2 with c =  20. The shaded area is the 

admissible set with curve B C  being the Pareto optim al set. Points T  and Q 

correspond to the minimum requirem ent and the ideal solution (see .A.ppendix A), 

respectively. Point D is the solution of maximizing the network throughput S: 

point E  is the min-max solution: point F  is the distance function solution: point 

H  is the  individual balancing solution. Points B  and C  are solutions of the trade-off 

m ethod with S\ and S2 being the respective main objectives. The noncooperative 

Nash equilibrium  corresponds to point J  which can be used as the starting  point 

in a bargaining process. The bargaining set is the section of curve B C  between the 

two dash-dotted lines. Pareto optim al sets with different c are shown in Figure 4.4. 

The result of c =  1 corresponds to  the case where all users have the sam e average 

arrival power and are actually in one group. Point V  corresponds to the result 

w ithout capture. It is clear th a t a larger c is desirable.

4.5 C onclusions

In this chapter, following a  gam e theoretic approach, we have established a m ulti­

objective optimization framework to analyze the performance of a wireless hetero­

geneous network in the presence of packet capture. Unfairness is a prim ary concern
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in such a network, and cooperation is necessary to achieve both the  optim ality and 

the fairness under the arbitration of a  network controller. A finite-user network 

model has been constructed in the presence of Rayleigh fading with individual 

performances taken into account, and illustrative exam ples have been presented to 

dem onstrate the application of the  framework to the design of optim al strategies 

in term s of transmission probability and power. Various requirem ents and criteria 

can be satisfied by using different cooperative strategies in the network, and the 

network controller can use the gained information to m ain tain  an optim al and fair 

operation of the network.
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Chapter 5 

M axim ization of C hannel 
U tilization  in W ireless 
H eterogeneous Networks

5.1 In trod u ction

In this chapter, we study the issue of maximizing the  channel utilization in a 

heterogeneous network. To meet individual requirem ents fairly, users have to adopt 

a cooperative strategy, which is possible in a centrally coordinated network. One 

strategy is to employ power control whereby rem ote users are assigned appropriate 

transmission power levels based on their arrival power at the base station. For 

instance, identical mean arrival power is desirable in single-service packet CDM.A. 

(or spread .A.LOH.A) networks to combat the near-far effect [27] [46]. while distinct 

arrival power is assumed in [47] and [48] where users of higher priority or quality 

are assigned higher arrival power and thus experience a be tter service (or preferred 

access). A nother strategy is to control transmission probability, which has been 

addressed in [42] for a homogeneous network.

5.2 P ro b lem  Form ulation

VVe adopt the  same network model as in the previous chapter. It is known tha t in 

a random access network, objectives of individual users are m utually conflicting.
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and cooperation among users is necessary in order to achieve both optim ality  and 

fairness. In homogeneous cases, m axim ization of the  channel utilization is equiv­

alent to m axim ization of the individual th roughput, and fairness implies equal 

individual throughput among all users. However, in heterogeneous cases where 

distinct objectives are involved, a m ultiobjective optim ization problem has to be 

formulated w ith users' individual objectives being m ultiple objectives constrained 

by individual requirem ents. When the channel utilization is to be maximized over 

the set of individual transmission power and probability, the m ultiobjective prob­

lem is transform ed to a single-objective problem  where the single objective is the 

sum of individual objectives. Non-negativity and upper lim itation for individual 

transm ission power and probability should be included for a complete presenta­

tion of the problem; however, we will not repeat these constraints whenever this 

is obvious. Clearly, the maximization problem under study is sophisticated due to 

the presence of heterogeneity and nonlinearity, and the solution may vary when 

there are different constraints. For convenience, we categorize the problem into 

the following three categories:

1. Maximizing the network throughput w ithout constraints on individual through­

put.

K
max 6 " =  ^  NiSi. (5.1)

/ = i

2. Maximizing the network throughput as in (5.1) where each user requires an 

identical throughput.

i ’l = S-2 = ■■■ = S'k - (5.2)

3. Maximizing the network throughput as in (5.1) where users in some groups 

have specific requirements and the rem aining users require an identical through­

put.

iT' iT* COj-fi — — ’ * ’ — '
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5.3 S trategies to  McLximize C hannel U tiliza tion

In this section, we discuss solutions to the maximization problem. For all numerical 

evaluation, we assume a narrow-band system with /? =  4 and z =  3.981 ( 6  dB) in 

the capture model. We use the superscripts *, *, and o, respectively, to denote the 

solutions to the three categories of problems described above.

5.3.1 Strategy o f Transm ission Power

First, we consider a simple case where all the N  users require the same QOS: 

namely, they are in one group with an identical transmission probability p. If each 

user also transm its with an identical power level, nearby users may experience a 

higher capture probability and receive a be tter service unfairly. Therefore, power 

control is necessary to ensure an equal individual throughput among all users by 

maintaining equal mean arrival power P.

.4. Near-Far Effect Only

Equal arrival power, which should be greater than zNa  in the presence of 

background noise, leads to the scenario of standard slotted .A.LOH.A. whereby all 

the packets involved in a collision are destroyed. The arrival packet of one user is 

successful only when all the o ther users are not transm itting, yielding an individual 

throughput of p (l — p)^~^. The advantage of capture is undesirably lost and the 

maximum network throughput is obtained at p =  1 /iV  with

s - = ( l - - )  . ,5.4)

B. Presence o f Rayleigh Fading

.According to (B.5), the capture probability of a packet among j  simultaneously 

arriving packets is e~'^ ' ( 1  +  z )”-'"''̂  where the mean signal-to-noise ratio (SNR).
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7 . is identical for all users. Then, each user has the same success probability

p. =  E  ( 1  -  i f r ) ' ' ' " '  ■ (5 -5 )

Obviously, the success probability decreases with z and increases with 7 . The 

network throughput is maximized with respect to p at

P' =  ^ { l  +  -J  (5.6)

with the maximum network throughput being

5" is plotted versus 7  for N  = 10 and z =  3.9811 in Figure 5.1. W hen 7  >  12.5 

dB, it is larger than the throughput with only the near-far effect, owing to the 

capture effect in the presence of Rayleigh fading. However, as 7  decreases below 

12.5 dB (but still >  6  dB), this advantage disappears and Rayleigh fading decreases 

the network throughput instead. Therefore, the maximum utilization is actually 

determined by the most d istant user who imposes a limit on P  and thus on 7 .

5.3.2 Strategy o f Transmission Probability

Next, we consider another special case where there is only one user in each group 

(i.e.. N  = K )  and all the N  users have an identical transmission power Pt: th a t 

is. power control is not used. The action of the only user in Ui, //,. is to control 

his transmission probability p,- with the packet success probability as expressed in 

(4.7) where Nj =  1 and rrij =  0 or 1, 1 <  j  <  iV. .Assuming th a t u fs  distance to 

the base station is r,. the capture probability can be simplified to

C f r n i  m^-) =
^  | < 1

0 . otherwise
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F ig u re  5 .1. Maximum channel utilization when all users are in one group: a) 
with near-far effect only; b) in the presence o f  Rayleigh fading.

in a near-far environment. W hen Rayleigh fading is also present, the following 
occurs

. m/v') =  e
1=1,

(5.9)

Generally, we can not obtain the closed-form solution for the maxim ization problem  

in this case, since the individual throughput is a nonlinear function of p,- and r,.

i =  1 ......... .V. Numerical approach is used for an example of three users in the

following, while more involved numerical com putation can be applied sim ilarly to 

the case of more users, .\n o th e r approach is presented in [49] where the distribution 

of cumulative interference power is studied in a similar situation for a Rayleigh 

fading channel with infinite population.
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Exam ple 5.1 Sim ilarly as in Example 4.1, assume tha t there are three users, ui ,  

i>'2 , and 1/3 , with normalized distances, =  0.4, ro =  0.5, and rs =  1, respectively. 

.4. Near-Far Effect Only

According to (5.8), we know th a t C i( l ,0 ,1 )  =  C2 (0 , 1,1) =  1 a t a m oderate 

mean SNR ( 7 2  >  7.2 dB) and other capture probabilities are zero. It is clear 

th a t without the constraints on individual throughput, the m axim um  network 

throughput is one. but the solution is not unique. A trivial solution is at =  1. 

p% = 0 . and an arb itra ry  pl with =  1 . 5.J =  0 , and S3 =  0 . .Apparently, neither 

u-2 nor U3 has access to the base station, causing the extreme unfairness. If they 

all transm it with an identical probability, maximization of network throughput 

results: p\ = P2 = P3  = 0.451, =  0.248, =  0.136. and =  0.632.

.Although the network throughput is increased in comparison with the throughput 

w ithout capture (0.444) owing to the benefit of capture effect, unfairness favoring

the closer users is created due to users’ different distances to the base station.
Now. we consider the optim al transmission probabilities under the fairness 

criterion of equal individual throughput. Obviously, the optim al strategy of f/3  is 

to have a unit transm ission probability (p^ =  1 ), and one only needs to determ ine 

the transmission probabilities of ui and 1/2 - It is easy to obtain the m axim ization 

solution at pi =  0.5 and =  0.5 with 5* =  57 =  5^ =  0.25. .Although the 

maximum network throughput 5* =  0.75 is less than one. it represents a  significant 

increase over the throughput w ithout capture; moreover, fairness is obtained at the 

same time.
B. Presence o f Rayleigh Fading

The capture probabilities can be calculated at different 7 3  by applying (5.9). 

as listed in Table 5.1 ((^3 ( 1 .1 ,1 ) equals zero in all the three cases). Constrained 

by ecjual individual throughput, the maximization solution is obtained as listed in 

Table 5.2.

From the above results, we can conclude that in most of the range of the mean 

SNR of interest the  maximum channel utilization in Rayleigh fading channels is
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T a b le  5 .1 . Capture Probabilities in Rayleigh Fading Channels
73(c1B) Q ( l , l , 0 ) Q (i,o ,i) Q ( 1 , I , 0 ) 0 2 (0 ,1 ,1 ) Q ( 1 ,0 , 1 ) a ( 0 , l , l ) 0 (1 , 1 ,1 ) 0 ( 1 , 1 , 1 )

2 0 0.380 0.907 0.093 0.799 0.006 0.015 0.344 0.074

1 0 0.376 0.898 0.091 0.781 0.004 0 . 0 1 0 0.341 0.073

5 0.368 0.879 0.086 0.740 0 . 0 0 2 0.004 0.334 0.069

T ab le  5 .2 . Maximization Solution with Equal Individual Throughput
7 3 {d B ) Pi P2 P3 Sl( — i>2 — i>3) 6 "

2 0 0.437 0.544 1 . 0 0 0 0.262 0.786

1 0 0.436 0.548 1 . 0 0 0 0.259 0.777

5 0.427 0.543 0.950 0.250 0.750

greater than th a t in the presence of only the near-far effect. Compared with the 

throughput of (5.7) at iV =  3, it can be seen tha t for a narrow-band system, 

transmission probability control is more effective than power control when equal 

individual throughput is required among users.

In the case tha t some users have specific throughput requirements, say. re­

quires his individual throughput to be 0.3, we may then seek the optim um  strategy 

to share the remaining throughput equally between 1/2 and i/3 . By maximizing 5  

constrained by 5'i =  0.3 and S 2 =  S 3 , we get the solution as given in Table 5.3. 

.As compared with the results in Table 5.2, it is clear tha t the specific requirement

T a b le  5 .3 . Maximization Solution with S i  =  0.3 and S 2 =  S 3

7 3  (dB) P°i P2 Pi S°i g^(=  .Sg) S°

2 0 0.496 0.537 0.991 0.300 0.236 0.772

1 0 0.494 0.529 0.953 0.300 0.231 0.762

5 0.491 0.511 0.874 0.300 0.219 0.738

of ui is satisfied a t the expense of a decreased maximum channel utilization. .Also, 

since a larger SNR corresponds to a larger maximum utilization, an increase in 

transmission power Pt  is justified.
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5.3.3 Joint Strategy

A better channel utilization is anticipated when a jo int control stra tegy  is used

when both pi and P,- can be adjusted. W ithout loss of generality, we assume tha t

the mean arrival power decreases from the first group to the /v'th group

A  > A  > ' >  & .  (5.10)

.4. N ea r-F a r  Effect O n ly

In this case, the capture probability of z/, is

0 . otherwise.

(5.11)

By properly assigning transmission power levels, we can realize the  so-called 

group preem ptive strategy, which is appealing in term s of increasing the capture 

probability and, therefore, individual throughput. Here, we define the  group pre­

emptive strategy  as follows. When exactly one packet from a user in the  group with 

a high arrival power arrives at the same time as one or more packets from users 

in the groups with lower arrival power levels, it always preempts o ther packet(s) 

and succeeds; when two or more packets arrive from the same high arrival power 

group, they com pete like standard slotted .4L0H.A, irrespective of o ther packets 

with lower arrival power levels.

.A.S a sufficient condition to achieve the group preemptive strategy, we further 

desire the following recursive relation.

(5.12)

The transmission power levels of the users in the A'th group are assigned such that 

one single packet from a user in f c a n  capture the base receiver when it arrives

i=i+i
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alone. Other power levels can be assigned recursively by applying (5.12), which 

results in

( 0 , otherwise.

In this case, the success probability is

( l - P l ) '" ' ' : - ' .  2 = 1
'- I  (.5 14)

1=1

Ps.i  =

which decreases monotonically from Ui to Uk - The corresponding network through­

put is

5  =  N y p , { l  -  n ( l  (3.1Ô)
1 = 2  i = l

For the m aximum of (5.15) without individual throughput constraints, it is 

shown in .\ppendi.x C th a t the solution is

Pi =

 1

with the maximum network throughput being

S '  = { \ - p \ f ^ - K  (5.17)

It is noted tha t the above maximization is achieved without considering fairness 

among different groups. For instance, when there is one user in each group, the 

solution is S '  =  I w ith all transmission probabilities equal to one, which implies 

tha t the whole channel is used only by the user in the first group.

In the case of infinite population in each group, by assuming Nj —>■ oc for 

I < j  < K  in (5.16). we get the maximum channel utilization (see .A.ppendix C)

? - (A )  =  ( '■ ■ ■  -  (5.IS)I e x p ( - l  4 - T ( A  -  1 )). A '> 2 .
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It is easy to  see th a t 3^(oo) =  I. Note tha t (5.18) is a generalization of a result 

in [47]. However, as mentioned earlier, unfairness also exists w ith preferred access 

achieved for higher arrival power groups. For instance, at K  =  2. the sum  of the 

throughput of the first and the second groups is 0.336 and 0.196. respectively.

To achieve the fairness of equal individual throughput, it is shown in .-Ap­

pendix C th a t the solution for the constrained maximization problem is

Pi =
.........1

The m axim um  network throughput is then

S ’ = N p l i l  -  (5.20)

which is equally shared among all users with each individual throughput being

In the  case of infinite population in each group, assuming th a t iVi =  -V2  =  • • • =  

—>• C O . we have the following maximum channel utilization (see .A.ppendi.x C)

-  l ) e x p ( - 2 ^ ) ,  K > 2,

which is equally shared among the A' groups. It is also clear th a t S  (co) =  1 . The 

results of (5.18) and (5.21) are shown in Figure 5.2, from which we observe that 

fairness is achieved with a slightly reduced channel utilization a t a given A .

Considering the special case th a t there is only one user in each group, according 

to (5.19). the  optim um  transmission probability of Ui is

with the m axim um  channel utilization being one. Then, each user enjoys equal 

throughput of l/.V . Perfect channel utilization is achieved for an arb itrary  number
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F ig u re  5 .2 . Maximum channel utilization with infinite population using group 
preemptive strategy in a near-far environment: a) without individual throughput 
constraints; b) with equal individual throughput among users.

of users owing to the fact tha t there is no mutually destructive collision among 

packets from the same group.

If the high arrival power groups have specific throughput requirem ents, the op­

timum solution can be readily obtained to share the remaining throughput equally 

among the o ther groups under the preemptive strategy. For instance, if one user in 

i'l requires the  individual throughput to be Ci. we can choose to be the solution 

of

(5.23)

and assign transmission probabilities of other groups according to (5.19). The 

maximum network throughput is then

(5.24)
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with 5° — iViCi equally shared among the M — N\ users of other groups. When

there is only one user in each group, assuming that the first j  users have specific

individual throughput requirements

Si =Ci, 1 <  i < j .  (5.25)

the m axim ization solution occurs at

P°i =

Cl, i =  1

___

i V + l - P

with the individual throughput being

(5.27)

We then have the m aximum network throughput 5° =  1 and perfect channel 

utilization is achieved again in this case.

Remark: Since the probability of simultaneous transmission of a  large number 

of users in lower arrival power groups may be quite small, inequality (5.12) is 

actually too strong and may be relaxed to some extent to yield a near preemptive 

result. For instance, we may relax (5.12) to

Pi > z{uP i+ i  +  N a )- (5.28)

which assumes, approximately, tha t a single arrival packet from i/, is captured if 

there is no transm ission from the same or higher arrival power groups, and no more 

than u,’ users in the {i +  I)th  group are transm itting. W ith the success probability 

modified correspondingly, the maximum solution can be obtained similarly. This 

practical approach can also be applied to the case where a finite dynam ic range is 

assumed for transmission power.
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B. Presence o f  Rayleigh Fading

Next, we address briefly the effect of Rayleigh fading on a jo in t strategy. By 

applying (4.7) and (5.5), we get the success probability for i/i

However, m axim ization of the network throughput is in general intractable for a 

practical problem, in which case numerical m ethods may be resorted to.

W hen the group preem ptive strategy is used where transmission power levels 

satisfy (5.12). near preem ptive results can be obtained with a reduced maximum 

channel utilization, as illustrated in the following example.

E x a m p le  5.2 In the previous three-user example, when only the near-far effect 

is present, we can assign transmission power levels according to (5.12) to achieve 

the preem ptive group strategy. For instance. P n  =  (0.508t? +  0.026) Pvi  =  

(0.249d -h 0.063)Pc. and Prz =  dR., where Pc is a power level yielding a mean 

SNR of 3.9811 and d is a constant greater than  one. Then, each user attains equal 

individual throughput of 1/3 by employing respective transmission probabilities 

p\ =  1/3. P2 =  1/2. and Ps =  1 according to (5.22).

In Rayleigh fading channels, by assuming %  =  10 dB with i) =  2.512. we can 

obtain the equal individual throughput solution a t Pj =  0.350, p^ =  0.535, and 

P3  =  0.728 with S '  =  0.690 which is smaller than th a t achieved by controlling only 

the transm ission probability. However, we can further adjust transm ission power 

and probability properly to get a better result. In Figure 5.3. the m axim um  channel 

utilization versus P ji  is shown with different P t 2 a t 7 3  =  10 dB using optimum 

transm ission probabilities under the equal individual throughput requirem ent. Pjx 

and P j 2 are normalized with respect to Ptz- It may be seen tha t a be tte r channel 

utilization can be achieved with appropriately assigned transm ission power and 

probability.
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5.4 C on clu sion s

In this chapter, we have studied the issue of maximizing the channel utilization in 

a wireless heterogeneous network where slotted .A.LOH.A. is used as the random  ac­

cess protocol in the presence of background noise and Rayleigh fading. Unfairness 

created by the  capture effect has been taken into consideration in the m axim ization 

problem. Different strategies for controlling transmission power and /o r probability 

are com pared in term s of their effectiveness to achieve the maximum channel u ti­

lization. It has been shown th a t for a narrow-band system under equal individual 

throughput rec[uirement, transmission probability control is more effective than 

power control, and tha t perfect or near perfect channel utilization can be achieved 

through the  use of a joint strategy without or with Rayleigh fading.
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Chapter 6 

C apacity of a M ultim edia  
D S /C D M A  System  in M ultipath  
Fading Channels

6.1 In troduction

Sharing spectral resource efficiently while meeting different requirements, which 

is a m ultiobjective problem in nature, is critically im portant to the forthcoming 

m ultim edia PCS. Various multiple access protocols have been proposed for this 

purpose including ALOH.A., TDMA, and CDM.A [50]. In particular, direct sequence 

(DS) CDM.A has drawn much atten tion  due to its inherent advantages such as 

statistical multiplexing gain, anti-m ultipath  and anti-jam  capability, and privacy 

[27]-[:30].

.A typical wireless link tends to suffer seriously from multiuser interference and 

channel fading as well as background noise, yielding a much higher channel error 

rate than  a wireline link. Thus, effective ECC is needed to ensure the required 

error performance by providing different error protection capabilities to different 

services in an adaptive way [51] [52]. Forward error control (EEC), autom atic 

repeat request (.ARQ). or hybrid .ARQ may be employed for different applications, 

e.g.. delay stringent or nonstringent ones. Diversity also plays a crucial role in 

minimizing transmission power and protecting the link during the short intervals 

when the channel is severely faded. .As the capacity of a CDM.A system is mainly
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interference limited, m itigation of channel fading through the use of ECC and 

diversity can make the system operate at a lower power level, which in tu rn  leads 

to a  higher capacity sustaining more users. In a single service CDMA system, it is 

necessary to control transmission power in order to combat the near-far problem 

[27]; in a multim edia system, power control can be readily adapted to meeting 

diverse requirements as studied in [53] and [54]. In this chapter, we analyze the 

m axim um  admissible objective space for users numbers, or system capacity, in 

m ultipa th  Rayleigh fading channels for multimedia CDM.A. systems incorporating 

average power control. ECC. and tim e diversity in the form of R.AKE reception.

6.2  S ystem  and C hannel M odel

Consider the reverse link of a m ultim edia cellular system where users of different 

services transm it continuous or bursty information to a base station. CDM.A is 

used by rem ote users to share a common spread spectrum  channel with a total 

bandw idth of W .  and each user is assigned a distinct pseudonoise (PN) sequence 

code. Similarly as in the previous chapters, we assume that there are K  types 

(or groups) of services with Ni users in the fth type, and a representative user of 

the  ith  type service is denoted by i/,-. It is well-known that in a CDM.A system 

using cjuasi-orthogonal codes, the signals of other active users act as interference 

to the desired signal. Therefore, it is necessary tha t the power levels of signals 

arriving at the base station be tightly controlled. We also assume perfect power 

control so tha t the mean arrival signal power is the same for all the users in one 

group. Denote the source bit rate  of as R&, and the coded bit rate (or channel 

symbol rate) of //.• as Rsi taking account of EEC redundancy and possible .ARQ 

retransm ission. Then, the (uncoded) processing gain and the coded processing 

gain for r/, are Gbi =  and G,, =  IT'/Rj,-, respectively.

Unlike a single service system where the user number of the service is the 

only maxim ization objective, a m ultim edia system calls for the formulation of a
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m ultiobjective problem with iV, being the individual objective of the zth service 

(1 <  i <  A ). Then, one needs to evaluate the maximum admissible objective 

space. As we are primarily concerned with the numbers of users near the capac­

ity o f the system , the standard  Gaussian approxim ation for the m ultiple access 

interference (MAI) is reasonably accurate when the processing gain is large [55] 

[56] [27]. Therefore, the average M.AI to Ui when all the other users are active is

s A';P/ + {Ni — 1)P ,), where s =  q s 2 is a multiplicative coefficient w ith si

accounting for different detection methods and Çg accounting for the interference 

from users associated with o ther base stations. For instance, si may equal one for 

noncoherent detection [27] or 2 /3  for coherent detection [56], and S2 may be as 

high as 1 . 6  [28].

In term s of bit rate, a m ultim edia system may offer available bit rate (.ABR). 

variable bit rate  (VBR), and constant bit rate (CBR) services. For bursty ABR 

and VBR services, a simplified Markov traffic flow model is often used w ith two 

states: active and idle. For CBR services, a duty cycle may be assumed when the 

source rate is lower than the peak transmission rate. To take the average traffic 

into consideration, we attach an activity coefficient ( 0  <  <5,- <  1 ) to i/,-, which is 

equivalent to the transmission probability in the previous chapters except th a t it 

may not be controllable now. Then, denoting Iq as the spectral density of the sum 

of M.AI and background noise, we have Eb/Io for i/,- as follows:

_  ______________ P./ Rbi_______________   PjGbi______  ,g .,
~  s[E/=,.,^. <̂ ;.'V/P/ +  S / N ,  -  I)P .] /R ' +  N o  ~  s-(Pa -  S,P i )  +  W N o ^

where Pa =  JLi=i ^iNiPt which is the average to tal power received at the base 

station . W ith £ ,  denoting the signal energy per coded bit. we have Ei/Io  for //,:

-y  . = ____________ P jG , i ____________  , g  .J

ç { P a - S , P i ]  +  \ V N o '  

from which we can see that the introduction of error correction redundancv de-
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creases and thus 7 ,,.

Usually, each service has a  minimum QOS requirement in the form of. e.g., 

average BER or outage probability, which may be translated into an equivalent 

rec[uirement on Eb/Io (or E gj I q ) .  We assume that i/,- needs a t least -yj,- in Eb/Io  to 

meet an acceptable QOS; or, equivalently,

p , >  1 , 6.3 ,
Cbi

W hen th e  equality holds, users of all services sustain the minimum acceptable QOS 

and achieve the maximum system  capacity [54]. When there is a large num ber of 

users in the  system , we have Pa ^  ^iPi and can reasonably neglect J,P,- in th e  right- 

hand side of (6.3). Then, we can conclude that % Rbi/P i,  denoted as k . should

be approxim ately identical for / =  I ,  I\ when the system capacity is achieved,

which can be used as a criterion to control the transmission power. Furtherm ore, 

the adm issible objective space for the multiobjective problem satisfies

K
s^S iN r /b iR b i  < W { 1 - N ok). (6.4)

/ = i

W hen the  equality holds, we obtain  a hyperplane corresponding to the Pareto  op­

tim al solutions of the problem. From (6.4), we know th a t it is obviously effective 

to increase the system capacity by reducing the required Eb/Io for all services, 

especially for those having a low power budget and a high rate or quality require­

ment thus imposing a limit on the admissible objective space. Reduction of the 

required Eb/Io can be well accomplished by ECC, as will be discussed later. From 

the viewpoint of system design, we can allocate the spectrum  and the power for 

different services according to (6.4) based on their requirements on m axim um  user 

num ber (or individual capacity) and system complexity. Dynamic resource alloca­

tion can be realized through the use of a medium access control (M.A.C) protocol 

[30]. where connections are accepted or denied based on the type of the service
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and the traffic load. Once a connection is accepted, the system provides a  statis­

tical QOS averaged across all connections in the system, known as the statistical 

connection.

Though we have assumed perfect instantaneous power control in the  above 

discussions, shadowing and m ultipath fading in a practical mobile channel cause 

the  signal power levels to randomly vary. Since the time constant of the shadowing 

tends to be relatively small, we do not need to take shadowing into account in the 

analysis, while fading caused by m ultipath and motion of the users plays a more 

im portan t role during the transmission. Hereafter, we assume a Rayleigh fading 

environm ent with perfect average power control maintained accordingly. The M.AI 

is also approxim ated as Gaussian noise in view of the fact that faded interferers look 

m ore Gaussian than nonfaded ones [57]. Since the channel coherent bandwidth is 

much smaller than the typical transmission bandwidth of the DS/CDMA signal, 

the  channel is frec^uency selective with resolvable paths. In this case. Lj  paths or 

Ld copies of the signal are available at the receiver, where Lu is the ratio of the 

transm ission bandwidth to the coherence bandwidth.
It is known that when resolvable paths are available, diversity combining, such 

as m axim um  ratio combining (MRC), is effective in demodulating the transm itted  

signal. In the system under study, an L-path (L <  Ld) MRC RAKE receiver is 

used, and then is the Eb/Iq of the combined signal.

L

76 =  ^ 7 ? ’ (6-5)
f=i

where 7 ^̂* is the instantaneous EbjIq of the /th  path. Let 7 & denote the average 

Eb/Io and p(7 &|7 (,) denote the probability density function (pdf) of Eb/Io given 

7 6 . For illustration purpose, we simply assume that signal of each path has the

sam e average Eb/Io of ÿb‘̂  ̂ and thus % = L^fl^K By further assuming th a t each 

m ultipath  signal is independent, we get the following conditional pdf for Eb/Io of
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a combined signal [58]:

p ( 7 6 .  I | 7 6 )  =  ( 6 . 6 )

-  1 )! 76

6.3 Inform ation  T h eoretica l C onsiderations

To obtain the theoretical upper bound for the system capacity, we evaluate the in­

formation theoretical limits for reliable communication based on Shannon capacity 

and cutoff rate.

Shannon capacity for the bit rate of a single user in an ideal band-lim ited 

Gaussian channel can be expressed as [58]

C  = W\og2  +  0 7 6 ^  . (6.7)

When the channel capacity is achieved, i.e., Rb =  C , we have

76 =  (2 '/^"  -  1)G'6, (6 .8 )

with 7 6  —> ln2 as Gb oo. This is the minimum % tha t can be achieved in the

average Shannon limit sense where each user is operating independently w ithout

cooperative interference cancellation [28].

In Rayleigh fading channels. Shannon capacity is also a random variable. .A.s- 

suming tha t the transm itter has no knowledge of the channel param eters, we first 

calculate the channel capacity in an average sense, which indicates the average

best in the memoryless fading environment and is always lower than th a t of a

Gaussian noise channel [59]. In the presence of the R.^KE reception, the following 

expression for average Shannon capacity results:

G (^) =  ^  ( l - +  ^ )  13(76. i]76) ^76. (6.9)
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F ig u re  6 . 1 . Eb/Io required to achieve the average Shannon capacity versus pro­
cessing gain Gb with various L in Rayleigh fading channels.

where p(7 6 . L\îb) is given in (6 .6 ). W ithout diversity, i.e., L = I, we can solve (6.9) 

as [60]

C ( l )  =  - W l o g 2  e • • E i ( - G '& /Î 6 ) ,  (6 .10 )

where Ei(x) is the exponential-integral function. It is shown in [59] tha t C{L)  

approaches the capacity of a Gaussian noise channel when L approaches infinity.

In Figure 6.1, Eb/Io tha t is required to achieve the channel capacity is plotted 

versus processing gain Gb- From this figure we can see tha t the  required E b / I o  

decreases drastically as processing gain increases from 0 dB up to  about 10-15 dB 

where E b / I o  starts to hit the —1.59 dB floor. Thus, from the viewpoint of average 

Shannon capacity, a very high processing gain is not necessary and 10-15 dB is 

sufficient.
It is noted tha t the  average Shannon capacity applies only if the  number of 

transm itted  symbols is sufficiently large, which may imply a very large delay. Nev­

ertheless. the m axim um  admissible objective space in Shannon lim it sense consti­
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tu tes an upper bound for the transmission scheme without stringent delay con­

s tra in t and is suitable for comparison purposes. Furthermore, capacity under a 

decoding delay constraint does not exist in the stric t Shannon sense [61]. There­

fore, we consider the capacity versus outage where the  outage probability is defined 

as the percentage of the tim e tha t the instantaneous Shannon capacity is below 

some acceptable threshold, C.  That is,

=  Pr{C  <  C}. (6.11)

.Assuming 7 6  is the solution to C =  C in (6 .8 ), we get

Pont[C)= r  p(76, [|76) =  1 -  E  i  ■ (6.12
/=o V 76 )

Since 7 & is an implicit function of 6 4  in (6.9) and (6.12), the theoretical mini­

m um  of 7 6  at a given Gb can be obtained numerically, which can then be substitu ted  

in (6.4) to yield the Shannon limit for the admissible objective space in m ultipath  

fading channels.

Next, we consider the computational cutoff ra te  which represents a  practically 

achievable d a ta  rate for reliable transmission. For a binary channel, we know that 

the  cutoff rate  can be expressed as [7]

^o(7i) =  1 -  (og2 ( l +  ^ )  (6.13)

where D is the B hattacharyya bound which only depends on the coding channel 

and the choice of decoder m etric. When Z-path MRC is used for BPSK signals, 

we have [7]

D = ( 6 . 14 )
L -b 7s .

Using the code with a ra te  R < / ? o ( 7 s )  yields

- ! b >  R q H R ) R ~ ' -  ( 6 . 15 )
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The m inim um  required 7 4 . which is the lower bound in (6.15), versus the code rate 

is plotted in Figure 6.2. From it, we can observe th a t, while the optim um  code rate 

turns out to be zero corresponding to a minimum 7 4  of 1.42 dB, an extrem ely low 

code ra te  is practically unnecessary. W ith minimum diversity, code rates between 

0.1 and 0.3 would provide sufficient coding gain from the viewpoint of cutoff rate.

.A-s for hard decision decoding in a memoryless symmetric channel, we know 

tha t the corresponding Shannon limit is

C -  2W[l  + p lo g 2 P + (1 - p )  log2 ( l  - p ) ] .  

.As for the cutoff rate, we have

(6.16)

D = v^4p(l -  p). ( 6 . 1 1

In (6.16) and (6.17). p is the output BER of a given receiver. Then we can similarly 

obtain the information theoretical limits in terms of channel capacity and cutoff
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rate for hard decision decoding.

6.4  P erform ance M easures

It is noted th a t different performance measures may be used by different services, 

e.g., delay stringent and delay nonstringent services. Delay stringent services usu­

ally result from voice and video, for which we may be concerned w ith the outage 

probability among other performance measures. Delay nonstringent service is typ­

ically data , for which the most im portant error performance measure is the average 

BER. In the following, we examine the average BER and the outage probability, 

both of which will be used in a numerical example later. Since the subsequent dis­

cussion is applicable to each and every service, we om it the explicit index i where 

no am biguity arises.

Denote the instantaneous BER in the presence of L-path MRC receiver as 

Pbils^ L). For BPSK signals, for example, we have

=  (6 . 1S)

where Q[x)  = and 7 ,  is the EsfNo of the combined signal. If

binary DPSK (BDPSK) is used, we have [58]

a(% . L)  =  f ;  bn '„  (6.19)

where 6 / is given by

1 f'2L  -  1
I "

The average BER is obtained as follows [58]:

P b h , .L )  =  Pbl-f,. L)p{-/s. ^
-  1 4- ^ 1

( 6 . 2 0 )
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where

fJ- =

for BPSK, and

75
= L +  7a 

for BDPSK.
The outage probability is now defined as the percentage of the  tim e tha t the 

instantaneous BER is above some acceptable threshold, s. For voice service, the 

threshold may be aa high as 1 0 “  ̂ to ensure toll quality  speech; for video or da ta  ser­

vice. the BER requirem ents are more stringent. Since Pbi^/s. L) is a. monotonically 

decreasing function of 7 ,̂ the outage probability is given by

f o u , ( 7 5 )  =  P r { 7 5 < 7 5 K  ( 6 . 2 1 )

where 7 a is the solution to Pbi^fs- P) =  VVe can similarly define 7 6  instead of % .

For a required value of outage probability Pouti we can obtain a corresponding 

7 a and use it in (6.4) to obtain the admissible objective space. Since Pout is a 

function of the ratio A =  reducing 7 a a t a  fixed threshold £, e.g., with

the use of an efficient ECC scheme, can also reduce the required 7a by the same 

am ount. In Figure 6.3. we plot the outage probability versus A. It is clear tha t for 

the same outage probability, higher order diversity corresponds to a significantly 

smaller A. or a sm aller % at a given %.

6.5 Error C orrection  Schem e

ECC is both the ultim ate way to approach the theoretical lim it on the system 

capacity and the effective way to increase it and to reduce the power consumption. 

In a CDM.A. system , the bandwidth of the transm itted  signal is spread over a much 

larger bandwidth than tha t of the baseband signal, thus allowing enough coding
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redundancy. Since the coding gain is the reduction of Eb/Io a t a required QOS, 

the code chosen should provide the highest coding gain at the BER of interest for 

the service by the use of a low rate code [62] or a moderate low rate  code combined 

with the PN sequence.

EEC may be used for delay stringent services, while hybrid ARQ may be used 

for delay nonstringent services where an error-free instantaneous feedback channel 

is assum ed. Since the feedback does not increase the capacity of a memoryless 

channel [63], the theoretical limits obtained previously still provide a com parable 

upper bound when ARQ is used. It is obvious th a t both EEC and .ARQ increase 

the transmission rate and thus decrease the coded processing gain or E , j I q -

Practically, the encoder and decoder are preferably so designed as to be inde­

pendent of service type, thus perm itting a single encoder/decoder pair to be used 

for all service types and offering a variable degree of error protection scheme. .An 

adaptive concatenated coding scheme is adopted where convolutional and Reed-
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Solomon codes are used as the inner and the outer codes, respectively. A symbol 

interleaver is placed in between to randomize the burst errors at the output of the 

Viterbi decoder, and suffîcient channel bit interleaving is also assumed to render 

the fading channel memoryless.

For the Viterbi decoding of a convolutional code, we know that the output 

BER is bounded as [64]

=  ̂ ( 6 .22 )

where k is the number of input bits per encoding interval, d/ree is the free distance 

of the convolutional code. is the num ber of erroneous bits in the adversary paths 

at Hamming distance j  from the correct path, and p{j) is the probability th a t a 

wrong path at distance j  is selected. For hard decision decoding, we have [64]

p U) =

f i  1 / ( 1  -  p y  j  odd.

‘‘ / " ' I  ,  (6.23)
jeveti.

In the case of soft decision decoding using L-path R.AKE receiver, we have

p U)  =  h U ï s J L )  (6.24)

as in (6 .2 0 ).

Reed-Solomon codes are nonbinary maximum distance separable (MDS) codes 

th a t are strongly separable and strongly invertible [64]. .An im portant advantage 

of using the Reed-Solomon code is its simultaneous error correction and detection 

capability, which is desirable in a hybrid ARQ scheme. .Another advantage is th a t 

the same hardware can be used in an adaptive way when variable coding rate 

is required. The basic param eters of a Reed-Solomon (n. k) code are defined as 

follows; n =  2"* — I and dmtn = n — k + I where m > 2 is the number of bits per 

symbol and d^m  is the minimum distance of the code. The maximum num ber of
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correctable symbol errors is t =  [(c/min — l) /2 j .  Assuming th a t Pj is the symbol 

error rate at the input to the Reed-Solomon decoder and is the output BER 

of the Viterbi decoder, we then have

P s < l - { l - P l ^ r .  (6.25)

Let Ppd, Ppu. and Ppc denote the probabilities of a packet containing detectable 

errors (decoder failure), undetectable errors (decoder error), and no errors, respec­

tively. VVe have Ppd -f Ppu 4- Ppc =  1. When a decoder failure did not occur, the  

information portion of each coded packet is passed on to the  next layer. W hen a 

decoding failure occurs, the received information portion is "m arked” . For video 

or voice, marked information may lead to blanking and interpolation. When .A.RQ

is applied to high reliability services such as data, marked d a ta  indicates a re­

transmission request. At the ou tpu t of the bounded distance decoder, we have the 

probability of no error as

Pp.: =  É  -  ft )" -'. (6 .26)
j = 0  \d  I

The probability of decoder error is [64]

Ppu =  ^  P/P/,, (6.27

where Bi is the num ber of code words of weight I given by

and P/, is given by

Pi. =  È Z  ( "  ,  ' )  -  1 ) " - ' ( l  -
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The probability of decoder failure is Ppd =  I — Ppc — Ppu-

For a FEC scheme, the ou tpu t BER of a Reed-Solomon decoder without re­

transm ission is approxim ately [58]

9 m —1 n  /  \

=  (6.28)

For a Type-1 ARQ scheme, the Reed-Solomon code is used for both error correc­

tion and detection, and a truncated protocol is assumed to reduce the transmission 

delay and sim plify the receiver buffer design. Denote the m axim um  num ber of re­

transmission tim es as A. The packet error rate is

A + l  p  p A + l  I p

p,.(A ) =  R,» E  -h p
J =  l T  P p u

(6.29)

The average num ber of packet transmissions is

A 1 _  p A + l

*(A ) = U - P ^ )  T . j P ‘C  +  (A +  =  p  J y . (6.30)
J = 1

For unlim ited retransmission A —r 0 0 . we have P„e =  and $  =
PpC'^'PpU. P p C ^ P p U

Expression of BER for the .ARQ scheme can be obtained by exploiting the structure 

of the Reed-Solomon code:

A-H

PX>^) = L  (6.31)
j=i

where Pub is the  BER of the undetected error packet.

»)m—I n

*—<*min

with Pi, being

f i . = t  £ ( ' + ‘- < ‘-)(’' ,  ') ( ' ,) (2 " - i) '‘-' ( i  -  p.'+'-«(i-p,'"-'-
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6.6 N u m erica l E xam p le

Consider a system  accommodating two types of service: voice with Rbi =  S kbits/s 

and d a ta  w ith Rb2 =  64 kbits/s. The voice user has an activity  factor of 0.375 and 

a stringent delay constraint, and requires the outage probability to be less than

0 . 0 1  with a B ER threshold of 10“^. The data user has a  burstiness of 0 . 2  and a 

m oderate delay constraint, and requires the average BER to be less than  10“*’. VVe 

are concerned with the reverse link transmission with W  =  5 MHz and s =  1.3. 

To take the effect of background noise into consideration, we assume N qk =  0.05. 

FEC is used for voice users and hybrid ARQ is used for da ta  users, both with a 

concatenated coding scheme as described in the previous section.

To be com patible with the ATM protocol, we consider a Reed-Solomon code 

(255. 48) w ith byte size ( 8  bit) symbols. Through puncture, this code can be mod­

ified to yield a generalized (n ', 48) code with byte sized symbols where 255 <  n' <  

48. The puncture operation is performed by deleting 255 — n' symbol coordinates 

from the (255, 48) code, thus resulting in Reed-Solomon codes of rates from 0.1882 

to I including 1/4. 3/8, 1/2, 5 /8 , 3/4, and 7/8. By removing one symbol from the 

code, the m inim um  distance of the code can be reduced by at most one; thus, the 

obtained set of punctured code words must also be MDS [64]. .Vs for the convolu­

tional codes, we consider those of rates 2/3. 1/2. 1/3, and 1/4 with a constraint 

length of 7 [65] which can be obtained through puncture of the same code.

In Tables 6 .1-6.4. the required Eb/Io is listed for voice and d a ta  users in fading 

channels with L = Z and L =  5. In the table, "hard" and “soft" mean hard and 

soft decision decoding, respectively: the numbers in the first column correspond 

to the code rates of the convolutional codes while the num bers in the second 

row correspond to the code rates of the Reed-Solomon codes. The maximum 

retransm ission times for d a ta  users is chosen to be three by taking account of the 

m oderate delay requirement. It is observed that different optim um  combination 

rates exist in different case while the outer Reed-Solomon code of rate 7/8 almost
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always gives the best result. Thus, although a smaller code rate is theoretically 

desirable, the concatenated scheme presented here shows tha t a moderate code 

rate corresponds to the best performance, which may imply tha t a more involved 

ECC structure is needed to further approach the theoretical limit in multipath 

fading channels. However, taking into account the decoding complexity and the 

negligible theoretical increase in coding gain for very low rate ECC, one can choose 

a compromise code rate. Higher order diversity yields a smaller required Ebf Iq for 

voice users in both BPSK and BDPSK cases and is very effective in reducing the 

outage probability. However, for da ta  users, it helps slightly for BPSK signals, but 

increases the required Ebf Iq for BDPSK signals due to noncoherent combination 

loss.
Based on the above results, we plot the system capacity region in Figures 6.4 

and 6.5 for BPSK and BDPSK signals, respectively, with the information theoret­

ical upper bound shown in Figure 6.4. The increase in capacity due to a properly 

chosen ECC is drastic, and a hybrid .A.RQ scheme is desirable for services having 

moderate delay constraint and low BER requirement. Soft decision of BPSK sig­

nals with higher order diversity yields the best result in comparison with other 

cases. Thus, an adaptive ECC and diversity scheme with appropriately chosen 

param eters is necessary for optimizing system performance in m ultim edia appli­

cations. On the other hand, the power difference between voice and data users 

varies in different cases. For instance, in the case of soft decision decoding for 

BPSK signals, this difference is 2 dB for L =  3, which decreases to 0.39 dB for 

L =  5. This eases the design of power control in addition to increasing the system 

capacity in such a m ultim edia network.

6.7 C onclusions

In this chapter, we have studied the system capacity for multim edia CDM .\ sys­

tems in term s of the maximum admissible objective space of the user numbers of all 

services in m ultipath Rayleigh fading channels, incorporating average power con­
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trol. RAKE receiver, and error correction coding. To provide theoretical bounds 

on system capacity, information theoretical limits based on Shannon capacity and 

cutoff rate have been evaluated. Power control is used to sustain the m inim um  
QOS requirements for all services and achieve the system  capacity, while ECC 

and RAKE reception are employed to increase the admissible objective space and 

reduce the power consumption. Hybrid .A.RQ and FEC with hard or soft decision 

decoding have been considered with a concatenation of Reed-Solomon and convo­

lutional codes. It has been dem onstrated through an exam ple that proper design 

of the system  can increase the capacity significantly.
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T ab le  6 . 1 . Required Eb/Ip (dB) fo r  voice users using BPSI'C

L = 3 L = 5
1/4 3/8 1 / 2 5/8 3/4 7/8 1/4 3/8 1 / 2 5/8 3/4 7/8

1/4
hard 16.7 15.2 14.2 13.5 13.1 12.9 14.2 12.7 11.7 1 1 . 0 1 0 . 6 10.4
soft 14.6 13.1 1 2 . 1 11.4 1 1 . 0 1 0 . 8 1 2 . 1 1 0 . 6 9.6 8.9 8.5 8.3

1/3
hard 17.0 15.4 14.4 13.6 13.2 13.0 14.5 12.9 11.9 1 1 . 1 10.7 10.5
soft 14.8 13.2 1 2 . 2 11.4 1 1 . 0 1 0 . 8 12.3 10.7 9.7 8.9 8.5 8.3

1 / 2

hard 18.0 16.4 15.3 14.4 13.9 13.6 15.5 13.9 1 2 . 8 11.9 11.4 1 1 . 1

soft 15.7 14.1 13.0 1 2 . 2 11.7 11.3 13.2 1 1 . 6 10.5 9.7 9.2 8 . 8

2/3
hard 19.3 17.7 16.6 15.8 15.3 15.0 16.8 15.2 14.1 13.3 1 2 . 8 12.5
soft 16.4 14.8 13.7 12.9 12.4 1 2 . 0 13.9 12.3 1 1 . 2 10.4 9.9 9.5

T ab le  6 .2 . Required Eb/Io (dB) for voice users using B D P SK

L =  -3 L = Ô
1/4 3/8 1 / 2 5/8 3/4 7/8 1/4 3 /8 1 / 2 5/8 3/4 7/8

1/4
hard 2 0 . 6 19.2 17.9 17.1 16.6 16.2 18.1 16.5 15.4 14.6 14.1 13.7

soft 18.9 17.4 16.3 15.5 15.0 14.7 16.4 14.9 13.8 13.0 12.5 1 2 . 2

1/3
hard 20.4 18.7 17.6 16.8 16.2 15.9 17.9 16.2 15.1 14.3 13.7 13.4

soft 18.2 16.6 15.6 14.8 14.3 14.1 15.7 14.1 13.1 12.3 1 1 . 8 1 1 . 6

1 / 2

hard 20.5 18.8 17.7 16.8 16.3 15.8 18.0 16.3 15.2 14.3 13.8 13.3

soft 17.9 16.3 15.3 14.5 14.0 13.8 15.4 13.8 1 2 . 8 1 2 . 0 11.5 11.3

2/3
hard 2 1 . 2 19.5 18.4 17.6 17.0 16.6 18.7 17.0 15.9 15.1 14.5 14.1

soft 18.2 16.6 15.5 14.8 14.3 14.0 15.7 14.1 13.0 12.3 1 1 . 8 11.5
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T ab le  6 .3 . Required Eb/Iq (dB) fo r  data users using B P S K

L = L = 5

1/4 3/8 1 / 2 5/8 3/4 7/8 1/4 3/8 1 / 2 5/8 3/4 7/8

1/4
hard 9.0 7.5 6.5 5.8 5.5 5.5 8.7 7.2 6 . 2 5.5 5.2 5.2

soft 5.9 4.4 3.5 2 . 8 2.5 2 . 6 5.8 4.3 3.4 2.7 2.4 2.5

1/3
hard 9.4 7.9 6.9 6 . 2 5.8 5.8 9.1 7.5 6.5 5.8 5.4 5.3
soft 6 . 1 4.6 3.6 2.9 2 . 6 2 . 6 6 . 0 4.5 3.5 2 . 8 2.4 2.5

L/2
hard 1 0 . 8 9.2 8 . 2 7.4 7.0 6.9 10.3 8.7 7.6 6 . 8 6.4 6 . 2

soft 7.0 5.4 4.4 3.7 3.3 3.3 6 . 8 5.2 4.2 3.5 3.1 3.0

2/3
hard 12.9 11.4 10.4 9.7 9.3 9.4 1 2 . 1 10.5 9.4 8.7 8.3 8.3
soft 8.5 6.9 5.9 5.2 4.7 4.7 8 . 2 6 . 6 5.6 4.8 4.4 4.2

T ab le  6 .4 . Required Eb/Ip (dB) fo r  data users using BDPSI\

L =  3 £ =  5
1/4 3/8 1 / 2 5/8 3/4 7/8 1/4 3/8 1 / 2 5 /8 3/4 7/8

1/4
hard 14.7 13.1 1 2 . 0 1 1 . 2 10.7 10.5 15.2 13.6 12.5 11.7 1 1 . 2 1 1 . 0

soft 12.9 11.3 10.3 9.4 8.9 8 . 6 13.4 1 1 . 8 10.7 9.9 9.5 9.2

1/3
hard 14.6 12.9 11.9 1 1 . 1 1 0 . 6 10.3 15.0 13.4 12.3 11.5 1 1 . 0 10.7

soft 1 2 . 6 1 1 . 0 9.9 9.1 8 . 6 8 . 2 13.0 11.4 10.3 9.5 9.0 8 . 8

1 / 2

hard 15.2 13.5 12.4 11.7 1 1 . 1 1 0 . 8 15.3 13.7 1 2 . 6 11.7 1 1 . 2 10.9

soft 12.9 11.3 1 0 . 1 9.3 8 . 8 8.4 12.9 11.3 1 0 . 2 9.4 8.9 8 . 6

2/3
hard 16.7 15.1 14.1 13.3 12.9 1 2 . 8 16.4 14.8 13.7 12.9 12.4 12.3

soft 13.3 11.7 1 0 . 6 9.8 9.2 8.9 13.5 1 1 . 8 10.7 9.9 9.4 9.1
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Chapter 7 

Conclusions

7.1 S u m m aiy  o f th e  D isserta tion

In this dissertation, several m ultiobjective applications in wireless communications 

have been studied based on noncooperative or cooperative approaches. Spread 

spectrum  and .A.LOH.A. are used in the system design based on the fact th a t these 

two techniques have a common theoretical foundation [24].

In Chapter 2, a game theoretic study has been conducted for an anti-jam  com­

munication system. The concept of equilibrium is emphasized, and characteri­

zations of equilibrium, such as existence, uniqueness, stability, robustness, and 

sensitivity, are examined.

In Chapter 3. the game theoretic model has been applied to a FFH  A/FSK 

system where ratio-threshold diversity combining is used to combat the  PBN or 

MT jamming. For the performance measure, either the cutoff rate or the  BER is 

employed depending on whether ECC is adopted. System performance in various 

situations has been evaluated through numerical analysis. It is shown tha t the 

jam m er tends to use MT jam m ing and choose a proper o . and then the communi­

cator has to choose a corresponding {6,m)  at M  =  S or M  =  4 in the absence or 

presence of coding to achieve a be tter result.

In Chapter 4. a m ultiobjective analytic framework has been established for the 

study of individual performance requirements in a heterogeneous wireless network. 

Several examples have been given for the design of optimal strategies in a slotted 

.ALOH.A network to illustrate the application of this framework. .Multiobjective
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solutions under Pareto optim ality are discussed.

In C hapter 5, further to the study in Chapter 4, the  issue of maximizing the 

channel utilization has been addressed for a  slotted ALOHA network in the pres­

ence of background noise and Rayleigh fading. Optim al strategies controlling trans­

mission probability and /o r transm ission power are investigated. It is shown that 

for a narrow-band system under equal individual throughput requirem ent, trans­

mission probability control is more effective than power control, and th a t perfect 

or near perfect channel utilization can be achieved by the  use of a jo int strategy' 

without or with Rayleigh fading.

In C hapter 6 , the system capacity of a multimedia CDMA network in m ultipath 

Rayleigh fading channels has been evaluated. To support m ultim edia applications 

and maximize the system capacity, average power control, error correction coding, 

and time diversity are incorporated in the system with an adaptive scheme. .-\ri 

example is presented to show the effectiveness of an appropriate system  design.

7.2 S u ggestion s for Future R esearch

Though we have described a general game theoretic model in C hapter 2  for anti- 

jam  communications and applied it to a FFH /FSK  system , more work is yet to 

be done to consider practical situations such as incomplete inform ation case and 

multi-period game. .A.s for the m ultiobjective framework in a cooperative network, 

it is im portant to address characterizations of the optim ization solution to provide 

a solid foundation for its application.

Slotted .A.LOHA is taken as a representative protocol in Chapters 4 and -5: 

however, extension of the work to other protocols can be done readily. It is also 

of interest to study the cases of m ulti-state assumption and inaccurate param eter 

assignments. .\s  for system capacity of CDM.A. systems, more research is needed to 

further explore the ECC scheme to approach the theoretic lim it, e.g., by introduc­

ing erasure in decoding Reed-Solomon codes with an optim um  erasure threshold 

leased on reliable information from the Viterbi decoder.
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A nother interesting topic is to establish a general model to include various 

kinds of interference from both noncooperative and cooperative sources and study 

the corresponding optim um  strategies.
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A ppendix A

M ethods to  Find Pareto O ptim al 
Solutions

There are various methods to transform  a multiobjective optim ization problem 

into a single-objective optim ization problem [1 ] [2 ], some of which are listed below.

First, we define the so-called ideal solution which is determ ined by finding 

separately admissible maxima for all the objective functions. Let y,- denote the 

maximum value of the ith  objective u,(a), and then the vector y  =  (ÿ i ÿ/v) is

the ideal solution.
.4. Method o f Objective Weighting

The global objective is determ ined by the sum of the single objective functions 

III with the corresponding weighting factors Wi. u’a,-:

h'
g{a) =  Y i  WiUi{a), a 6  .4, (A .I)

i = l

where
K

0 <  Wi <  I. ' Y  — 1- (A.2)
t = l

B. Method o f  Distance Function

The single-objective problem is to minimize the distance to the ideal solution:

• K
g{a) = Y ,  |u,(o) — ^iT • a € .4. 1 < r <  oc. (A.3)

.f =  l
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where the variation of r meets various interpretations of the distance, e.g.. r =  2  

corresponds to Euclidean metric.

C. Method o f Min-max Formulation

The single-objective problem is to minimize

(/(a) =  max . a € .4. (A.4)
1= 1 .....A

Where

t i {a)  =  —— ; K ÿi  > 0.  1 =  1, . . . ,  K .  (A.5 )
Vi

This solution corresponds to the variable a with the smallest value of the relative

deviations of all objectives to the ideal solution. It is also called m in-m ax optim um

as it yields the best possible compromise solution under observance of all objective 

functions with ecjual priority. Min-max formulation can also be combined with 

objective weighting to describe the priority of the individual objective functions.

D. Trade-off Method

-A single-objective problem may also be formulated by maximizing only one 

objective with all others bounded from below:

g{a) =  u i(a ), a € .4 (A.6 )

with

i = '2,----K. (.4.7)

Thus. ui is called the main objective, and ug ,. . . ,  are called secondary objectives 

with the respective minimum requirem ents being ^2 , . . .  .ÿ/^. This m ethod can be 

used when some users have lower priorities, or have no objective functions except 

constraints.
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A ppendix B

Power Capture M odel

A packet is assumed to capture the base station if and only if the arrival power 

exceeds the sum of instantaneous joint interference power and background noise 

by at least a threshold factor z. This threshold factor is known as the capture 

ratio and  reflects the capture performance of the employed receiver, modulation, 

and coding techniques. It is usually greater than one in a narrow-band system and 

less th an  one in a spread spectrum  system. .Assume that a reference user is 

at a distance tq to the base station  and has a transm ission power level Ptjq- The 

power of a packet received at the base station from is described by the following 

propagation equation in the presence of Rayleigh fading

(B .l)

in which C is a scaling constant. is an exponentially d istributed  random vari­

able w ith unit mean, and r j f  accounts for the determ inistic power roll-off with 3 

typically ranging from 2 to 4. Then, mean arrival power Pj^ is C,r~^Ptjo- a.nd 

mean SNR is Pĵ /N a where N a is the received noise power.

W hen packets from users i / j , ,  arrive sim ultaneously as the one from Uj .̂

capture occurs for if and only if

Pm > = ( z  P« + (B.2)

where has instant arrival power Pj, and mean arrival power Pj,. Then, the



Appendix B. Power Capture Model 92

capture probability of can be expressed as

/ = l

where Rj has the sam e distribution as Rj . Averaging over Rj for / =  I ,  k

vields

C'jo =  [  duj^e “u . . .  /  duj^e “•'*= exp
Jo Jo

= - [ H l + z P „ P - ' ) - K
1=1

k
I
/ = 1

(B.4)

By applying the above results, we can obtain the following capture probability 

in the presence of the near-far effect and Rayleigh fading,

K
C, { mi  mK) =  (1 +  _-) 11(1 +

1=1

where 7 , =  P ijN a - W hen only the near-far effect is considered, we have

(B.5)

(B .6 )
0 . otherwise.
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A ppendix C

D erivation o f Equations 
(5 .16)-(5 .21)

To achieve the maximum network throughput w ithout individual throughput con­

stra in t. differentiate (5.15) with respect to pj for j  =  I . . . . .  A'. By letting

dpK 

we have

“ y =  [(I -  Pk )^ ‘̂   ̂ -  (:V/c -  1)p k (1 -  P A ^  n  -  0-
j=i

(CM)

Bv lettingO

OPK-I '■

K - 2

-AVcPaTI =  0
j=i

and substituting in p\-. we find

Continuing this process to pi completes (5.16). and substituting (5.16) into (5.15) 

yields (5.17).
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Next, we use induction to prove (5.IS). It is clear tha t ^ ( 1 ) =  For K  =  2, 

according to (5.16), we know th a t =  l/yV2 and

. 1 -  ( 1  - 1 / % ) % - '
; V, - ( 1 '  " '

By letting  iVa —>■ oc, we get

-  ,V , - V '  ’

and

5N2) =  Nip[(l -  p\f^-^  + e - ‘(l -  

Further letting iVi —̂ co.

T ( 2 )  =  (I -  e - i ) e - C - '- ' l  +  g -ie -(i-= -') =  g - d - . - ')  =  (C .6 )

.\ssum e that (5.IS) is valid for K  =  n. By letting Nj -A oc from j  = n to j  = 2. 

we obtain

and

5’Nn +  1) =  + T ( n ) ( i  - p i ) '" ' '.  (C.S)

By further letting -A oc.

T ( n  +  1) =  (1 - 3 ^ ( n ) ) e - ‘+ ^ < " > + ^ ( n ) e - ‘+^<"> =  (C.9)

Therefore, (5.IS) is valid for any K.

W hen equal individual throughput is required among all users, we equate the 

individual throughput of one user in ifj to that of one user in Uj+i ( 1 <  j  < l \ )

p ;( i  - p ; ) - " > ‘ r i ( i  - pF)‘' '  (C.iO)
/=l /=l
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The above equation can be simplified to

To achieve the maximum utilization, we need = L/iVk. Substitu ting  p}̂ - in 

(C .ll)  from j  =  A' — 1 to j  =  1 yields (5.19). Since all the iV users have the same 

individual throughput of 1 — the  network throughput can be obtained

as in (5.20).

Furtherm ore, (5.21) can be proved by induction similarly.
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