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A B S T R A C T  O F T H E  D IS S E R T A T IO N

O p tim al Pow er C on tro l in C ellu lar W ireless S y stem s

b y  Lijun Q ian  

D isse r ta tio n  D irector: P rof. Z oran  G ajic

In this research work, the problem of optimal Signal-to-Interference Ratio (SIR) 

based power control in cellular wireless systems is considered. CDMA technology' used 

in 3-G wireless systems relies on accurate power control, not only for maximizing the 

battery life of mobile terminals, but also as an im portant technique for maintaining 

users’ Quality-of-Service (QoS) and optimizing system capacity by controlling interfer­

ence.

An optimal distributed closed-loop SIR-based power control scheme is proposed to 

minimize the squared SIR error. The power change is proportional to the SIR error. The 

optimal proportional gain is chosen to achieve the minimum SIR error at the next time 

instant. An H ^  filter is applied in the proposed scheme instead of the Kalman filter to 

facilitate the system filtering regardless of the nature of the system and measurement 

disturbances. The proposed scheme has very fast convergence speed. It is also a robust 

scheme, which adapt to interference and channel changes. A joint optimization of 

the mobile terminal’s transmission power and SIR error is also proposed to provide 

a tradeoff between the provided QoS and the power consumption. Simulation results 

confirm theoretical analysis in all cases.

A stochastic optimal power control algorithm is proposed, assuming that the SIR 

measurements axe contaminated by white noise. The power control system is a linear

ii
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time-varying system driven by white noise. The optimal controller gain is obtained 

by minimization of the sum of the variances of the mobile terminal’s transmission 

power and SIR error. An estimator is proposed to deal with the changes of the link 

gains. The users’ SIR converge to the target value within 40 steps. A proportional 

derivative controller is added to the proposed power control scheme in order to reduce 

the overshoot and improve the transient response. Simulation results show that the 

performance of the proposed power control scheme will not be affected much with 

quantization.

Some preliminary' analytical results on game theoretical approaches are also pro­

vided. The proposed power control scheme is proved to achieve the Nash equilibrium 

point of the system.

iii
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1

C hapter 1 

R ev iew  o f SIR  b ased  Pow er C ontrol in  C ellu lar W ireless  
S ystem s

In a cellular wireless network, certain quality-of-service (QoS) should be maintained 

for all active users in the network. A quantity that measures user’s provided QoS is 

the signal-to-interference ratio (SIR). A general idea to achieve the desired SIR for all 

active users is to allocate the network resources in the most efficient way. Resource 

allocation in a cellular wireless network includes channel allocation, power control, etc. 

The transmitter power is the most valuable resource in the network. By proper control 

of each transmitter power, the interference can be minimized. At the same time, it 

extends the battery life in the handset.

1.1 S IR  based  P ow er C on tro l in  N arrow b an d  W ireless  S y ste m s

In this section, only narrowband wireless networks are considered. Time and frequency 

slots are partitioned in a narrowband wireless network in order to avoid mutual interfer­

ence between users. Users can share the same time or frequency slot provided they are 

sufficiently far apart, and such users are termed cochannel users. The issue of power 

control in narrowband wireless networks arises because the cochannel users interfere 

with each other. The optimum open loop power allocation problem is formulated as

mm
Pi

( 1 .1)
I

subject to the constraints

n > i r (1.2)

p_i < Pi < Pi (1.3)
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2

where 7 i is the SIR of user i, -y\aT is the desired SIR of user i, p. and pi are the 

lower and upper bounds on transmitted power pi, respectively. This is a typical linear 

programming problem, and was considered in [1], The Carrier/Interference (C/I) bal­

ancing scheme was discussed by Zander [2]-[3] and Grandhi et.al. [4]-[5j. These schemes 

achieve C /I  balancing, which yields a ‘fair’ distribution of the interference in the sense 

that all users experience the same C /I  level, or have the same CIR/SIR. In [2], a step­

wise cell removal and C /I balancing scheme was introduced to achieve minimum outage 

probability, which is defined by the probability that some randomly chosen mobile has 

a C /I (CIR/SIR) below a required C /I  (CIR/SIR). Proposition 1 in [2] stated that C /I 

balancing is equivalent to maximization of the achievable CIR/SIR for all users. Propo­

sition 2 in [2] stated that if the CIR/SIR is not achievable, then in order to minimize 

the outage probability, stepwise cell removal is required to reduce interference.

In [4], the problem of maximizing the minimum CIR/SIR was proposed and was 

proved to be equivalent to C /I balancing. When the required CIR/SIR is achievable, 

the problem is reduced to solving a  group of linear equations (using the same notation 

as in [4])

{ I - 1A)P = 0 (1.4)

which implies

A P  = - P  (1.5)
7

Hence ^ is the eigenvalue of A  and P  is the corresponding eigenvector. Note that P  is 

not unique. Furthermore, A  has zeros on the diagonal and very small positive numbers 

out of diagonal, which means the eigenvalues of A  are also very small numbers.

The work of Foschini [7] presented dynamics of CIR/SIR evolution (using the same 

notation as in [7]) by

Pi(t) = ~/3(pi(t) -  p) (1.6)

Then by assuming the i th user would evolve pi as if the interference were not going

to change, the key differential equation of power evolution was obtained by taking “a

surrogate derivative” of CIR/SIR

P*(0 =  -  (p / a n { y  +  “y P jW ))  ( L 7 )

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .

Page 18 of 109



3

The above equations in matrix form axe given by

p(t) =  - (3Bp{t) + f3p (1.8 )

where

B =

—pa-12
an

—pa 2 1  
022

~ P a j  l  -P O - J 2
a j j  a j j

~ P a l Jan
- P O - 2 J
022

v  =  p [ ( y / a n ) »  { y l a i i ) ,  • • •  - (y/a- j j ) ] '

(1.9)

( 1.10)

A proposition which stated the convergence property of (8 ) was given in [7], To prove 

that proposition, the eigenvalues of —B  have to have negative real parts. Since the 

entries in matrix B  depend on the target CIR/SIR and link gains, certain feasibility 

conditions axe needed to guarantee th a t “all the eigenvalues of — B  have negative real 

parts”.

1.2 S IR  b a se d  Pow er C o n tro l in  Spread  S p e c tr u m  W ire le ss  S y stem s

In recent years, there has been increasing interests in applying code-division-multiple- 

access (CDMA) techniques to a cellular wireless network. Unlike the narrowband sys­

tem, users in a CDMA system share the same frequency all the time by using a spe­

cific spread spectrum pseudonoise code for each user. The system performance mainly 

depends on the so-called multiple access interference (MAI), which is caused by the 

cross-correlations between the desired signal and other signals.

There is work along the line of power control schemes for narrowband systems. 

Wu, in [22], extended Zander’s problem formulation in [2]-[4] to CDMA systems by 

reordering the number of users in different cells.

Open-loop power control is employed to combat the path  loss and shadow fading. 

The average power control in [18],[37] keeps the local mean received power to a constant 

value, which mitigate the effect of shadowing and near-far problems. In IS-95B [35] 

and CDMA2000 [36], fast closed-loop power control is proposed to fight medium to fast
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4

fading. In [20-21], it is shown that when power control rate is higher, it can partially 

accomodate the effect of fast fading.

Herdtner and Chong [17] considered a simple distributed power control scheme in 

which the convergence condition was given. Song et.al. [26]-[27] and Gunnarsson et.al. 

[28]-[29] considered up/down power control and closed-loop power control with other 

nonlinear elements within the framework of nonlinear control systems. [26]-[27] give 

guidelines for choosing the appropriate power control step size in IS-95. In [28]-[29], 

PID controllers were designed to overcome the effect of time-delay in the feedback loop.

The effect of imperfect power control in CDMA systems was considered in [56]- 

[58]. Priscoli models interference as Gaussian [56], and use simulation to deal with 

log-normal sums. Cameron and Woemer [57] derived performance bounds considering 

intracell interference only. Corazza et.al.[58] invokes the “causal central limit theorem” 

to handle intercell interference.

1.3 C on v erg en ce  P rop erties  o f  D is tr ib u te d  P ow er C on tro l 

A lg o r ith m s

Power control schemes can be centralized [2]-[4] or distributed [3],[5],[7]. A centralized 

controller has information (e.g., all the link gains) for each user and it decides control 

actions for all the users. On the other hand, a distributed controller only uses local 

information to make a control decision for a user. For example, [3],[5],[7] only use a 

user’s own link gain and/or CIR/SIR to make a decision about its power.

The algorithm convergence has to be studied carefully when a distributed power 

control scheme is used. The distributed power control algorithm by Foschini [7] was 

shown to converge either synchronously [7] or asynchronously [9]. The basic model in 

[7] is relaxed in [9] to allow asynchronism. A propagation delay is also considered in 

[9]. A framework for convergence of the generalized uplink power control was proposed 

by Yates [10].
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1 .4  S u p p o rtin g  V o ic e /D a ta  U se r s  S im u lta n eo u sly  in  3G  W ire less  N e t­

w orks

Mitra and Morrison [13] extended the basic model of [9] by allowing users to transmit 

information in a bursty fashion, rather than at a fixed rate. This is a reasonable model 

for data users. In [13], users are immobile, but interference levels fluctuate due to 

burstiness. The power adaptation algorithm is adjusted by including a measurement of 

the variance of the interference. It converges to a solution at which users obtain their 

desired SIRs most of the time.

A CDMA personal communication system (PCS) with intergrated voice/data traffic 

was considered in [24]. Optimum power allocation between voice and data users was 

investigated to maximize the total system throughput. A graphical method called the 

tangent method was applied to obtain the optimum power allocation.

Joint power and rate control was introduced to wireless data services in [52],[54]. 

Feng et.al. in [52] did joint power and rate control by optimizing utility functions using 

game theory. Oh et.al. in [54] proposed a distributed power control and spreading gain 

allocation scheme which achieves near-maximum throughput, subject to peak power 

constraints.

1.5 C ap acity  Im p rovem en t th r o u g h  C om b in ed  T echniques

There are many ways to improve system capacity through combined techniques. Fos- 

chini and Miljanic [8 ], Yates and Huang [11], and Hanly [15] proposed a combined base 

station assignment and power control technique. Instead of using fixed channel alloca­

tion, a dynamic channel allocation scheme is employed together with power control to 

get a better performance. F.Rashid-Farrokhi et.al. [25] applied joint power control and 

beamforming in wireless network to get an additional gain from space diversity.
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6

1 .6  E stim a tio n  B a se d  P o w er  C on tro l

The kalman filter method for power control is proposed for broadband packet-switched 

TDMA wireless networks [30, 65-67]. By exploiting the temporal correlation of cochan­

nel interference, the Kalman filter is used to predict future interference power. Based

on the predicted interference and estimated path gain between the transm itter and

receiver, the transmission power is decided to achieve the target SIR.

The dynamics of the interference power is described by (using the same notation as 

in [30])

In =  7n_i +  Fn (1-11)

where In is the interference power in dBm received in time slot n, Fn represents the 

fluctuation of interference power in time slot n. Let Zn be the measured interference 

power in time slot n. Then,

Zn = In + En (1.12)

where En is measurement noise. In special cases when thermal noise is negligible and 

the interference fluctuation is dominated by shadow fading, which is known to have log­

normal distribution, the interference disturbance in dBm is Gaussian. However, it is 

not normally distributed in general. The Kalman filter offers optimal filtering algorithm 

when the system model parameters are known and the noise is white Gaussian noise 

processes with known statistics. The Kalman filter proposed in [30] is

fn = In—I +  K n(Zn -  /„ _ X) (1.13)

where In is the estimate of I n , K n is the Kalman filter gain. The computation of K n 

requires the knowledge of the variances of Fn and En. In contrast to the Kalman filter, 

the H0o filter is robust with respect to the fluctuation of interference power. The details 

can be found in Section 2.5.

In [51], a linear prediction of received power is made at the base station to predict 

the power control bit one step ahead. This approach also assumes th a t the interference 

is Gaussian.
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1 .7  S to ch a stic  P o w er  C o n tro l

There has not much work been done on stochastic power control. A stochastic power 

control algorithm is reported by Ulukus and Yates [39], where stochastic measurements 

of the matched filter output are assumed. The randomness is due to the randomness of 

the information bits transm itted by users. The authors suggest a windowed approach 

to get measurements of the matched filter outputs and take the average. Both fixed 

step size and varying step size algorithms are proved to converge in the sense that they 

minimize the mean squared error between the power vector and the solution of the 

corresponding deterministic power control problem. This work assumes tha t the link 

gains are time invariant.

1.8 P ow er C on tro l u s in g  G am e T h eo ry

There have been increasing interests recently to apply game theory to the power control 

problem in wireless networks [77-81]. In these models, the user preferences have been 

mapped to the utility functions measured by the energy efficiency. The energy efficiency 

is defined as the average amount of correctly transmitted data bits per unit of battery 

energy. Game theory has been applied to maximize user’s utility function. Noncooper­

ative games have been formulated to solve the distributed power control problem. The 

game settles at the Nash equilibrium if the problem is feasible.

1.9 M o tiv a tio n  o f  th e  R esea rch  W ork

Wideband CDMA has been selected as the access technology for the next generation 

wireless communication systems [61-62]. Consequently, it has received a significant 

amount of attention in provision of advanced algorithms for improved performance. 

Accurate power control is one of the most important requirements of CDMA systems. 

The CDMA technology used in the third generation wireless systems relies on accurate 

power control, not only for maintaining signal quality and maximizing the battery life 

of mobile terminals, but also as an important means of optimizing system capacity by 

controlling interference [61-62]. In addition, if there exists a  constant power control
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error, which is the case in the current IS-95 system, other techniques, such as the 

interleaving, will not work properly [2 0 -2 1 ].

Due to the unreliable radio links, it is challenging to ensure QoS in terms of frame 

error rate (FER), in turn, to achieve the desired SIR at all time in wireless networks. 

Since 3-G wireless systems introduce high data rate (multimedia) services, it requires 

more accurate and fast responding power control. For real-time services such as IP voice 

and video, stringent delay requirements severely limit or even preclude retransmission 

of lost frames. Hence, tight delay requirements translate to stringent requirements 

for SIR. As a result, in order to support real-time services, it is important to design 

accurate and fast responding power control algorithms such that the required QoS can 

be delivered to the users. The channel conditions keep changing from time to time 

in a wireless system. Consequently, the received signal power and interference will 

change from time to time. It is important to get accurate real-time estimates of the 

channel quality. In the 3-G wireless systems, this has been done by measuring the SIR 

at the base station. It is also important to obtain accurate real-time estimates of the 

channel quality in terms of interference. Some results using the Kalman filter can be 

found in [30,65-67]. In this research work, a Hoc filter is proposed to provide accurate 

estimations/predictions of channel variations. filter minimize the ffoc-norm of the 

transfer function from the disturbances to the system output. This worst case optimizer 

gives better performance than the Kalman filter in terms of robustness. It will easily 

adapt to constantly changing and noisy environment, which is the situation in wireless 

channels.

It is well known that the power control problem in the uplink (mobile-to-base) is 

more challenging than the power control problem in the downlink (base-to-mobile). 

Hence, we only consider the uplink power control problem in CDMA systems in this 

dissertation. The proposed algorithms can easily migrate to the downlink.

In this dissertation, we restrict our interest to the optimal power control algorithms 

in the CDMA systems. Combined techniques, for example, combined rate and power 

control [52-55], is out of the scope of this dissertation.
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1.10 O u tlin e  o f  th e  D is se r ta t io n

In this research work, the problem of optimal SIR-based power control in cellular wire­

less systems is considered. CDMA technology used in 3-G wireless systems relies on 

accurate power control, not only for maximizing the battery life of mobile terminals, 

but also as an important technique for maintaining users’ Quality-of-Service(QoS) and 

optimizing system capacity by controlling interference.

In Chapter 1, we briefly review the previous results of SIR-based power control in 

cellular wireless systems. We realize that almost all existing distributed power control 

schemes are either iterative algorithms or heuristic up/down schemes. In most cases, a 

long time is needed for convergence to steady state. Such algorithms no longer fit the 

needs in the proposed 3-G wireless standards (IMT-2000) for more advanced services. 

New power control schemes axe indispensable.

An optimal distributed closed-loop SIR-based power control scheme is proposed in 

Chapter 2 to minimize the squared error between the actual SIR and the desired SIR. 

The performance criterion is the squared error between the desired SIR and the real 

value of SIR. The constraints are imposed on the maximum and minimum values of 

the transmitter power. By applying the Kuhn-Tucker conditions, we derive the optimal 

gain of the proportional controller. Using Bellman’s optimality principle, our power 

control scheme achieves optimality in the whole time interval by applying it at each 

time step. The essence of this power control algorithm is that the power evolution is 

directly driven by the SIR error. The amount of power change is proportional to the 

error, and the gain is chosen to achieve the minimum SIR error at the next time instant. 

Assuming perfect estimation and prediction, the error between the desired SIR and the 

real value of SIR goes to zero in one step. In practical situation, the estimator needs 

several steps to make accurate estimation and prediction, the SIR error goes to zero in 

less than ten steps.

The proposed controller is an estimator based controller. An filter is applied in 

the proposed scheme instead of the Kalman filter to facilitate the system filtering re­

gardless of nature of the system and measurement disturbances. A joint optimization of
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mobile’s transmission power and SIR error is also proposed to provide tradeoff between 

the provided QoS and the power consumption. The simulation results of a  multi-cell 

CDMA system in all cases fit theoretical analysis very well. Firstly, the performance 

of the proposed algorithm is tested under constant channel gain. In other words, the 

channel gains do not change during power control. Secondly, the same algorithm with 

the same parameters is tested under fading channel, where channel gains change at each 

PCG. The first case is the deterministic case which has been analyzed theoretically and 

has been proved to achieve the minimal SIR error. The user’s SIR will converge to the 

target SIR value whenever the wireless channel is nominal. The i?oo filter is applied to 

provide accurate estimates of the channel quality, and at the same time, to combat dis­

turbances due to the fluctuations of interferences from the other users. The second case 

demonstrates the effectiveness of the proposed scheme under fading channels. Since the 

Hoo filter is a robust (minimax) filter, and it does not require any statistical property 

about disturbances, the proposed scheme can easily adapt to the varying channel gains 

due to fading.

Theoretical analysis and proof of convergence are very difficult when stochastic 

nature of the power control system is fully considered. The channel gains, received 

power and interference at the base station axe all stochastic processes. A special case 

is analyzed theoretically in Chapter 3 where only the stochastic SIR measurements are 

taken into consideration.

Since obtaining fast and accurate SIR estimates in real-time may be difficult, a 

stochastic optimal power control algorithm is proposed in Chapter 3 which uses the 

SIR measurements directly, assuming that the SIR measurements are contaminated by 

white noise.

The SIR measurement module at the base station provides SIR measurements by 

taking the ratio between the instantaneous received signal power and the average in­

terference plus noise power. Both pilot and data  symbols are used to measure instanta­

neous received signal power. Only the pilot symbols are used to measure instantaneous 

interference plus noise power, which is followed by averaging using a  first-order filter 

[61],[72]. The instantaneous received signal power is assumed to contain white noise,
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while the average interference plus noise power is assumed to be fixed during one PCG 

because the forgetting factor used in the low-pass filter is very close to one. Hence, the 

SIR measurements are assumed to contain white noise.

The transmission power and SIR error are chosen to be the state space variables 

of the power control system. Using the proportional control law as we proposed in 

Chapter 2, the power control system is a linear time-varying system driven by white 

noise. The optimal controller gain is obtained by minimization of the sum of the 

variances of mobile’s transmission power and SIR error. The mean and variance of the 

transmission power and SIR error under optimal control are derived. In our formulation, 

an estimator is proposed to deal with changes of the link gains. It estimates the channel 

quality in terms of channel variation at each Power Control Group (PCG) in real-time. 

The users’ SIR converge to the target value within 40 steps. A Proportional Derivative 

(PD) controller is added to the proposed power control scheme in order to decrease the 

overshoot and improve the transient response. Applying quantization on the proposed 

optimal power control command, we get a multi-step-like power control algorithm. 

Simulation results show tha t the performance of the proposed control scheme will not 

be affected much with quantization.

Chapter 4 provide some preliminary analytical results on game theoretical ap­

proaches to solve the power control problem for mobile users in both noncooperative 

and cooperative manner. A Nash equilibrium point for an arbitrary number of users is 

obtained by solving the distributed power control problem as a noncooperative game. 

The solution obtained from this noncooperative game proves that the distributed power 

control algorithm proposed in Chapter 2 achieves the Nash equilibrium. A Pareto game 

is formulated assuming th a t ail the users will cooperate and try to achieve the global 

optimum. The Pareto solution of a 2-user case is obtained. An alternative performance 

objective may be chosen to avoid the difficulty of solving the multi-user Pareto game.

Chapter 5 contains concluding remarks and suggestions of future research topics.

R e p ro d u c e d  with p e rm iss ion  of th e  copyrigh t ow ner.  F u r th e r  reproduction  prohibited w ithout perm iss ion .

Page 27 of 109



12

Chapt er  2 

Opt i ma l  Cl osed- Loop SI R- bas ed Di s t r i buted Power  
Control  us i ng H o o  Fi l ter - Determi ni s t i c  Case

In this chapter, a SIR-based distributed power control scheme is introduced using the 

optimal control theory to get the optimum performance in the uplink in a CDMA 

system.

The transm it power control process at the base station in a 3-G wireless system 

based on DS-CDMA technology is shown in Figure 2.1. Based on the received signal, 

the outer loop detects the Frame Error Rate (FER). Then the outer loop control maps 

the Frame Error Rate (FER) to the target SIR value. The inner loop control decides 

the transm itter power by comparing the measurement of the SIR with its target value. 

The outer loop runs on a long time scale (a frame, 10ms), while the inner loop runs on 

a small time scale (a slot, 0.625ms). The proposed optimal power control scheme will 

be applied at the inner loop control.

2.1 O p tim a l S IR -b ased  D is tr ib u ted  P ow er C on tro l by  

U n co n stra in ed  O p tim iza tio n

Suppose that there axe N  active users in the system. We restate the definition of 

Signal-to-Interference Ratio (SIR) for spread spectrum (DS-CDMA) wireless systems.

D efin ition  1 The SIR of an active link from mobile station i to base station n in a 

wireless system is defined as

I n ,  =  „  L.h n < P i. 2 (2 .1 )
EjYi  hnjPj +

where hni is the link gain from mobile station i  to base station n. We assume that L  is 

the processing gain in spread spectrum wireless systems, e.g., in CDMA 2000, L=64 or
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Transmitter Power Control Process

Received
Signal

0.625 ms 10 ms

Measured SIR
Transmitter 
Power up/down 
command

Base Station Behavior

Figure 2.1: Base station behavior in 3-G wireless systems

128 or 256. Let us denote the denominator by Ini, which is the received interference, 

then the SIR can be rewritten as

'Yni —
Lhfiipi

(2 .2 )

Assuming that a mobile only transmits to one base station during the time of power 

control, then 7 m- can be simplified as 7 j . Let 8i =  LIflm define the channel variation [20], 

which have to be estimated and predicted in the proposed power control scheme.

Given that a mobile station and its base station communicate directly with each 

other, we assume that hni can be estimated accurately. We also assume that the received 

interference can be measured at each time step. The received interference is the 

difference between the total received power and the desired signal power [1 0 ].

The main idea of the proposed algorithm is to make the transmission power propor­

tional to the error between the actual SIR and the desired SIR. Define the transmission 

power change from time step k to k  +  1 as

A pi{k -I- 1) =  pi{k + 1) — pi(k) (2.3)

where pi(k)  and Pi(k + 1) axe the transmission powers from mobile i  to the base station 

at time instants k  and k +  1, respectively. Let the error between the actual SIR ( 7 i (k))
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and the desired SIR (7 \ar) be denoted by &i(k) for mobile i a t time instant k. The error 

is defined by

ei(k )= 'r ta r - 7i(k) (2.4)

We propose the following power control algorithm

APi(k + l ) =  a i (k)ei(k) =► Pi(k +  1) =  Pi(k) +  Qz-(fc)(7| ar -  7 i(k)) (2.5)

where &i(k) is the gain to be determined through the optimization procedure in which

the square of the SIR error is minimized (theoretically reduced to zero in each discrete­

time instant k). The main result of this chapter is presented in the following theorem.

Theorem  1 Define the performance criteria at time instant k as

Ji{k) =  min(ei(/: +  l ) )2 , i =  1,2,..., N.  (2.6)
Q i (  k )

The optimal gains of the power control algorithm (2.5) that minimize Ji(k) at every 

time instant k are
1 / | —ytcir

SJTT,1. 1 ~  +  6i(k+l) el(k) ei(* 0  #  0
<*?“ (*) =

where

(2.7)
0 i f  ei(k) = 0

* w  = W >0

and hni(k), hni{k + 1), / nj(fc), Int{k +  1) >  0 V/:. The minimal value of the performance 

criterion is zero when the optimal gain c t^ ^ k )  is applied.

Proof: Firstly, we derive the error dynamic equation using (2.1)-(2.5)

ei{k +  1 ) =  7 \ar — 7 i{k+  1 )

= 7f ir-£(fc+l)pi(/c + l)

=  7 lar ~  Si(k + 1 )(Pi(k) +  ai(k)ei(k))

= 7f - - (Ji (A: +  l ) ( | ^ l + a i (A:)ei (fc))

=  7r  -  6i ( k  +  +  Qi(fc)e»(fe))

=  +  +  (2.8)
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Secondly, we compute the square of the error

(<*(*: + l ))2 = (-&(*: + lK-(fc) + <Ji(̂ )1))2(e,(A:))2

I ft ~b \2/ £ar\2 . X (I- i n~\ i ~b 1) ,,
+  (1 "  S,(k) } (7i } + 2 ( - W  +  l)“ i(*-)+ - ^ (fc) )

= , - « a  -  ^ )1)) 7 r  (2 .9 )

From the necessary conditions for optimality at time instant k

dJj{k) d{ei{k + l))2
dai(k) doi(k) { }

we have

W  =  W ) {1 ~  ei(fc)') +  +  1) Cf(fe) (2'U)

Taking the second derivative we obtain

0 l ^ = 2 ( S , ( k + l ) e i ( k ) ) 2 >O (2.12)

which indicates that the resulting Ji(k) by using a"pt(k) are at minimum and establishes 

the sufficient part of the theorem. Using Bellman’s optimality principle [46], we achieve 

optimality in the whole power control duration by applying this power control algorithm 

at each time step. In other words, choices of controller gains in (2.7) are optimal for all

k. m

In 3-G wireless systems, e.g., CDMA-2000, UMTS, stringent SIR level has to be 

maintained at every moment, in order to guarantee the users’ QoS. Hence, the squared 

SIR error has been selected as the performance criterion. If e > 0, then the SIR is below 

the target, required QoS is not achieved. On the other hand, if e <  0, then the SIR is 

above the target. However, in this case the mobile produces too much interference to 

other mobile users and spends unnecessary power.

The block diagram of the proposed distributed power control algorithm is shown 

in Figure 2.2. The state-of-the-art of this power control algorithm is that the power 

evolution is directly driven by the error between SIR and the desired SIR. The amount 

of power change is proportional to the error, and the gain is chosen to achieve the 

minimum error at the next time instant.
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,tar

<>■ O

Figure 2.2: Optimal SIR-based distributed power control of cellular wireless systems

An important assumption behind all the power adaptation algorithms reviewed in 

Chapter 1, is that power updates occur so quickly that the link gains can be assumed 

to be fixed. Our power control algorithm is not an iterative algorithm. The assumption 

that the link gains do not change during power evolution is not required in the proposed 

algorithm. On the other hand, the proposed power control algorithm is suitable for such 

purpose due to the immediate decision of the optimal power allocation of the next time 

step based on measurements and predictions. W ith a good estimator (for example, 

filter), the channel quality is obtained in terms of channel variation. The error between 

the actual SIR and the desired SIR is driven to zero at every power control step.

Ytar + e/k) — + p:(k+l)-------

Y(k)

P;(k)
h„i(k)

L

I
£  a SjCk)

„ P iOO 5 : (k) in dB r  \ in dB______
- - C U > — C U  ) >■-------- ——Estimator)*------C U D "

I*k)

5 j(k + l)  8 j(k+ l) in dB

Figure 2.3: The optimal distributed power control system with an estimator

The block diagram of the proposed power control scheme with an estimator is shown 

in Figure 2.3, where / ( )  is defined as

X lI, C1 Mfc)) +  *2 ei(k) ei(k) 7̂  0

0 i f  ei(k) =  0
(2.13)

f i ( x ) =  IGlogio(x) and f 2 (x) =  lO 1̂ ^ 10 are converting functions between W  and dLBW.

It is noticeable that the proposed controller is an estimator based controller. The 

idea of quick online estimation of link quality was mentioned in [33]. It pointed out
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that any adaptive power control scheme needs a quick detection of the change of link 

quality. The performance of the estimator will have direct impact on the performance 

of the power control scheme. Let S{(k) and <5,-(fc +  1) denote the estimated/predicted 

value of Si(k) and S{(k -f- 1), respectively. Then the gain applied to the power control 

algorithm is

di(fc) =

. ^  t a r  . 'Y?a r

“  ehk)) +  *(*+1) ei(k ) ^  0  (2.14)
0 i f  ei{k) = 0

°i{k) Si(k)

The error between the actual SIR and the desired SIR at the next time instant k  1 is

1 1

+r   -------------- 1-----
^ S d k  + l) £ (*  +  i ) ; 1

= Pi(k + l){Si(k + l ) - S i ( k + l ) )  (2.15)

It is obvious that if the estimated/predicted value of 5i(k) and 5i(k + l) are close to the 

real values, then e* (k +  1) ~  0. The power evolution is given by

-tar
P i ( k  +  1) =  P i { k ) +  & i { k ) e i { k )  = — — (2.16)

Oi (k +  1 )

The block diagram of the complete power control system composed of N  links with 

estimators is shown in Figure 2.4, where the effect of the correlation in the received 

power from interfering users is taken into account.

2.2 O p tim a l S IR -b a sed  D istr ib u ted  P ow er C o n tro l by  

C o n stra in ed  O p tim iza tio n

In the previous section, we have performed unconstrained optimization to get the op­

timal gain for the controller. However, in real wireless systems, there are always con­

straints on the power that the mobile can transmit, namely, the highest transm itted 

power allowed and the lowest transmitted power to maintain connections. In this sec­

tion, we will derive the optimal gain of our controller by taking these constraints into 

account and perform constrained optimization.
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ta r  ,1 \  JYi e,(lc)
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b.lk)
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Figure 2.4: The complete optimal distributed power control system with estimators (N  
links)
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Suppose th a t the highest transmitted power allowed is pmai and that the lowest 

transmitted power allowed is pmm. We formulate the following constrained optimization 

problem

Ji(fc) =  min(ei(/i: +  l))2 (2-17)
Qi(fc)

subject to

0 < pmin < Pi(k) , Pi(k + 1) < pmax (2.18)

This problem is equivalent to

subject to (if ei(k) >  0 )

Ji(k) = min(e;(fc +  l))2 (2.19)
tti(fc)

Qj(fc) _  p "1” < o (2.20)
ei(k) 

P m i n - P i ( f c )
ei(k)

and subject to (if ej(fc) <  0 )

-  ai(k) < 0 (2.21)

ai(k) _  P"*" ~  <  o (2.22)
\k)

~ aX~ Pl{k) - O i ( k ) < 0  (2.23)G% {rC J

First we solve the case when ei(k) > 0. We solve this nonlinear programming

problem by the well-known Kuhn-Tucker condition [45].

Introduce two scalars u\ > 0 and u-i >  0, the conditions for optimality are (when 

ei(k) > 0)

B M k )  . *«■(*> -  - „ W )
dai(k)  1 da,{k)  +  2 /Jajk)  ( ‘  ^

„ . ( a i W - P - - n W ) = 0  (2 .25)
&i (A - )

U2(q - ^ ) _ aj(fc)) =  0 (226)

We solve the above equations for four different cases.

Case 1. u\ > 0 and U2  >  0 This case produces no solution.
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Case 2. u \  =  0 and U2 >  0

solving for 1 1 2 , we obtain

p-min Pi(fc)
“<w — ( ’

U2 =  2ii (* + l)e1(A)[5i (fc+ l)(p"i" - p i(A:) ) - ^ ± r t i e i ( f c ) - ( l - ^ ^ h r ]  (2-28)

In order that U2  >  0, we have

Si(k +  l )pmin > j f ar (2.29)

Case 3. U2 =  0 and u \  >  0
prat

n-fLA =  t --
Bi{k)

solving for ui, we obtain

< *(* )  =  ~  ^  W  (2.30)

Ml =  2-5,f/c +  l)e,(fc)[-,S,(fc +  1 ) (? '" "  -

+ ' 1 -  (2'31)

In order that tq > 0, we have

6i(k + l)pmax < ~ftar (2.32)

Case 4 . iq =  0 and uo =  0

This case corresponds to the unconstrained optimization problem that we have 

solved in the last section. There exists a unique solution as stated in Theorem 1.

Secondly, we solve the case when e (̂/c) <  0. The conditions for optimality are (when 

ei(k) < 0)

&*(*) a w * )  -  -  a m )
a ^ w + “ ‘  t o m  + “ 2 9 a m ------------- ( ’

u i ( a , ( k )  -  pm m  =  o (2 .34)
&i (fc)

U2(P— Z P M  _  a .(fc)) =  0 (2.35)
6f (̂ rCj

We have to solve the above equations for four different cases.

Case 1. u\ >  0 and U2  >  0 This case has no solution.
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Case 2. =  0 and U2  > 0

solving for U2 , we obtain

PmaX ~P i(k ) , „ on
a i W  ~  e i ( k ) ( 2 ' 3 6 )

u2 = 26i(k+l)e i (k)[Si { k + l ) { p ^ - p i( k ) ) - ^ ^ e i( k ) - ( l - ^ ^ h n  (2.37) 

In order that «2 >  0, we have

5i(k + 1 )pmax <  7f r (2.38)

Case 3. U2 =  0 and ui >  0

Solving for u\  we have

„  _  Pmin ~  Pi(k ) r 9  OQ^o;i(A,) — . . (—39)Ci (A,)

Ul = 2<yKfc+l)ei( fc ) [-^ ( fc + l)(p ^ " -p i(fc)) +  ̂ (| y ) ei( f c )+ ( l - tff(̂ 1))7| ar] (2.40) 

In order that ui > 0, we have

*,-(*: +  l)pmin > i \ ar (2.41)

Case 4. =  0 and U2 =  0

This case corresponds to the unconstrained optimization problem we have solved in 

the last section. There exists a unique solution as stated in Theorem 1.

Based on the above discussion, we draw the following conclusion: Under normal 

operations, optimal power allocation hardly hit the lower/upper bound. They can 

only happen under extreme conditions, namely, when the desired SIR is set too low 

5i(k +  l)pmtn >  7 | “r or too high Si(k +  1 )pmax <  7 | ar. These extreme conditions can 

happen in the proposed power control scheme when /y-ar is not set properly and/or when 

measurements and/or predictions are fax from the real values. These extreme conditions 

provide a mean to evaluate the quality of the ffoo filter (or any other estimator used) 

when 'y-ar is set properly. I t can be stated as

r  r ~ytar
if 6i(k +  1) < pl,ax, then the estimations are bad;
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ytar
if Si(k +  1 ) > then the predictions axe bad.

However, we should keep in mind that the performance of the i^oo filter does not 

depend on the value of 'ytar. It mainly depends on the choice of the optimization 

parameters of the Hoo filter.

Based on the above discussions, the modified power control algorithm, which will be 

verified in simulations and can be implemented in existing wireless systems, is proposed 

as follows:

P i ( k  +  1) —

Pmin i f  Si(k + l ) > - £
t a r

P "
t a r

Pmax > i f  Si{k + 1 ) < ^ h x  (2-42)
-y t a r

Pi{k) +  &i(k)ei(k) = o.w.

where cti(k) was defined in (2.14). (2.42) is consistent with Pontriagin’s minimum

principle which stated th a t in constrained optimization, optimal solutions lie on the 

boundary [46].

The issue of link protection was raised in [33] by Bambos. The main idea is to 

protect active users from being dropped. It is possible that the transm itted powers 

may change erratically in the transient phase before the estimators converge. The link 

SIRs could dive below the minimum allowable SIR (7 min) during power evolution. We 

characterize the link protection problem as

7i(fc)>7mm Vfc (2.43)

A simple solution of the link protection problem is suggested below. At each time 

step k

Step 1 . Suppose that the minimum 5{(k) for all i is Sm^^k) (the worst channel). 

Compute the new lower bound on transmitter power

p min,new =  Tmm ^

Step 2 . Use pmin-new instead of pmm in (2.42).

Note again 5i(k) have to be estimated. When the estimation errors axe present, the 

above algorithm may not work properly. An alternative is to add 7 min to the desired
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SIR.
,tar,new — J tar +  7mtn (2.45)

And use 'ytar’new as the desired SIR in the proposed power control scheme. The link 

protection scheme described above may increase power consumption and cause more 

interference in the system.

In order to compute Qi(k). we need a ‘good’ estimator/predictor. The filter is 

a very promissing candidate. We will discuss this issue in Section 2.4.

2.3  J o in t M in im iza tio n  o f  S IR  Error and M ob ile  T ra n sm issio n  P ow er

In the last two sections, we solved the optimal distributed power control problem by 

minimizing the square of the error between the SIR target and the actual value. In all 

wireless systems, it is desirable that all mobiles transmit with small power as long as 

they maintain required service quality measured by the SIR. When the channel quality 

of some mobile user, say user i , becomes poor, mobile user i will raise its transmission 

power to reach the desired SIR. Since it introduces more interference to the system, 

others will raise their transmission power to maintain their target SIR. In a heavily 

loaded wireless system, all mobiles will soon end up at their maximum transmission 

power. This phenomenon is described as the “party effect” [60] and should be prevented. 

Based on these observations, it is meaningful to consider the joint minimization of 

squared error between the SIR target and the actual SIR value plus the square of 

the transmission power. Adding penalty on the mobile’s transmission power in the 

performance criterion will reduce the “party effect” . Furthermore, power will be saved 

when there is a certain tolerance on the user’s SIR error. This optimization criterion 

reflects the basic tradeoff between the achievable QoS and the mobile’s transmission 

power consumption.

2 .3 .1  U n co n stra in ed  O p tim iz a tio n

T heorem  2 Define the performance criteria at time instant k as

Ji(k) =  min[pi(ei(A: +  l) )2 +  P2 (j>i(k +  l))2] , i =  1,2,..., N.
Qi(fc)

(2.46)
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where p\ >  0 and pi >  0 are weighting parameters. The optimal gains of the power 

control algorithm (2.5) that minimize Ji{k) at every time instant k are

{ 1 _____ P l 6i ( k + l )  7,ta r  i f  e . ( l r \ ^ 0
^  Pitfitfc+ijp+paeitfc) ^2 4 7 ^

0 i f  ei(k) =  0

where

^•> = w >0  

^ •  +  1) =  W l f > 0
and hni(k), Ini{k). / ni(fc + l) > 0, Vfc. The minimal values of the performance

criteria are

J fpt{k) =  pi(e^pt(k +  l ))2 +  P2 (j>iPt(k + I))2 (2.48)

The optimal SIR errors and the optimal power evolutions are given by

+  ( 2 ' 4 9 )

when the optimal gains a(pt(k) are applied.

Proof: Firstly, we derive the error dynamic equation using (2.1)-(2.5) 

e i ( fc+l )  =  'y\ar — 7i(fc +  1)

=  7iar ~S i(k  + 1 )pi(k +  1)

=  7far — 5i(k +  l)(pi(fc) +  ai(k)e{(k))

=  ^ - i i t f c  +  l x l M  +  a iW e iW )

=  - , r  - s , (  k + +  o itfc jc w )

=  (-^ (fc +  lR (fc) +  )eiW  +  (1 ~  )7‘° ' (2'51)
Secondly, we compute the square of the error

(e(( i  +  l) )2 =  (~S,(k + 1 )a ,( t)  +  1 )2(gf(fc))'
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Thirdly, we derive the formula of Pi{k +  1)

Pi(k +  1) =  pi (k)  +  cti (k)ei(k)

7 \a r - e i { k )
Si(k)

Fourthly, we compute the square of pz(k + 1)

+  ai{k)ei(k) (2.53)

(ft(fc +  l) )2 =  ( 7'% .(^ (fc))2 +  M k ) e , { k ) ) 2 +  2 , r s _{^ {k)ai (k)ei(k) (2.54)

let us derive the performance criterion

pl(ai(k  +  l) )2 +  P2<J>i(k +  l ) ) 2 - f i K - S i ( k  +  l ) a t(<.-) +  ^ 7 ) ^  )2(ei(k ) )2

+  ( l - ^ ^ ) 2( 7 r ) 2 +  2(-<$i(A:+l)ai (A)

5i(k +  l )  <5i(fc +  1) , 7 ?ar — ej(fc) 2
+ ~ m r ) i(  )( ~ m ~ h i  1 +w[( >
+  (a i (k)ei(k))2 +  2 Qi (fc)e,(fc)] (2.55)

From the necessary conditions for optimality at time instant k

dJi{k) d[Pl (ei(k +  l ) f + P2{Pi{k +  l ) )2]
doci(k) dai{k)

we have

=  0 (2.56)

Q ° P £ ( £ )  =   -  ( 1   ) +  P l ^ i ( f c + 1 )  7 j  , 0  g y x
' K)  Si{k)K e i i k ) ^  p l {5i{k + l ) Y + p 2 ei {k)

Taking the second derivative we obtain

i(fc) =  2p i { 5i { k  +  l)e.(/;j}2 +  2p 2(e, (lc) )2 >  0 (2 .58)
da-Hk)

which indicates that the resulting Ji(k) by using a([pt(k) is a minimum and establishes 

the sufficient part of the theorem. Using Bellman’s optimality principle [46], we achieve 

optimality in the whole power control duration by applying this power control algorithm 

at each time step. In other words, choices of controller gains in (2.47) are optimal for 

all k. ■

The closed-loop performance can be evaluated by calculating &i(k+1) using a°pt(k).

p?*(k + 1 ) =  P iM  +  a ^ fc te tfc )

l \ ar (2.59)
P i 6i ( k + l )  tar

P\ (5i (k  +  l ) )2 +  p2
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_  f l ,  t 1 1    f i  Pl(&i(k +  1)) \ _ . £ a r  / n  a n \^ fc  +  U - d -  piW (i. +  1))2 +  p2H  (2-60)

It is obvious that &i(k + 1) will be zero when pi is set to zero. The weighting parameters

Pi and P2  decide the tradeoff between user’s SIR error (QoS) and power consumption.

It is noticeable that the proposed controller is an estimator based controller. The 

idea of quick online estimation of link quality was mentioned in [33]. It is pointed out 

that any adaptive power control scheme needs a quick detection of the change of link 

quality. The performance of the estimator will have direct impact on the performance 

of the power control scheme. Let 5{(k) and 5i(k +  1) denote the estimated/predicted 

value of 6i(k) and Si(k +  1), respectively. Then the gain applied to the power control 

algorithm is

ai(k) =
-  1 (1 ) I Pift(fc-H) X ar i f  e . ( i . u o

^iW)) +  f  (2.61)
0 i f  &i{k) =  0

The error between the actual SIR and the desired SIR at the next time instant k -F 1 is

c(fc +  l)  =  i i t f c + l J K - f i r -  j i - X e i W - T r ) ]Oi(k) Si(k)

+ (1 - ^  +  1) )7 .‘°" (2-62) 
pi(5i(k + 1)) + p2

It is obvious that if the estimated/predicted value of S{(k) and St(k +  1) are close to the

real values, and p2 ~  0, then ei(k +  1) «  0. The power evolution is given by

P,(k +  1) =  n (k )  + ai(k)e,( k) = ----- -rT  (2.63)
pi(5i(k -F 1)) +  po

The block diagram of the complete power control system composed of N  links with 

estimators is shown in Figure 2.4, where the effect of correlation in the received power 

from interfering users is taken into account.

2 .3 .2  C o n stra in ed  O p tim iza tio n

Define the performance criterion at time instant k  as

Ji(k) =  min[p1(ei (fc +  l))2 + p2(j>i(k +  l))2] , i = 1 ,2 ,...,N.  (2.64)
ai(k)
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subject to

0 <  pmin < pi(k) , pi(k +  1) < pmax (2.65)

where pi > 0  and p2  > 0  axe weighting parameters.

First we solve the case when ei{k) > 0. We solve this nonlinear programming

problem by the well-known Kuhn-Tucker condition [45].

Introduce two scalars u\ > 0 and ui  >  0, the conditions for optimality are (when 

ei(fc) >  0 )

&*(*) , _ *<»(*) - - < * ( * »  0 ,266. 
6ai(k) 1 da, (k)  2 3a,-(it) * *

M « , W - P^ i W ) = 0  (2.67)

< 2 - 6 8 >

We solve the above equations for four different cases.

Case 1. ui >  0 and U2  > 0 This case produces no solution.

Case 2. iq =  0 and U2  > 0
p™

r \  - ( l r \  =  -----
ei(k)

solving for U2 , we obtain

adk)  = P”*" (2.69)

U2 =  Pi (24.f t  +  l) e,(fc)[,5,(i + l ) (p ”'" ‘ -  p , ( k »  -  S2 ^ L t l> e , l k )

-  (1 -  <i‘ (̂ ) 1) ) 7 r rl} +  P2{2e,{k)Pi(k H- 1)}

= Pi{26,(k +  l)e,(fc)(5,(/c +- l ip " 1" -  ' , f r!f +  P2{ 2 e . (2.70)

In order that U2  > 0, we have

Si(k + l)pmin > 1\ar (2.71)

Case 3. 112 =  0 and u i  >  0
,,A _  Pmax - P i ( k )  

a i W  ~  ei{k) (2-72)
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solving for ui,  we obtain

m  = pi{26i(k +  l)ei(fc)[— +  1 )(p™»* -  Pi(k)) +  l»^ -±-l I ei-(fc)

+  ( l -  ~ M 2 e,(k)m(k  + 1 )}

=  Pl{25i(k + l )e i(k)M ar - 5 i { k  + l)pmax} -  p2{2ei{k)Vmax} (2.73)

In order that u\ > 0, we have

P l { 5 j { k  +  l))_2_ + f t  mm tar ^  74)
Pi*i(fc +  1) P 7l 1 >

Case 4. u i =  0 and U2  =  0

This case corresponds to the unconstrained optimization problem that we have 

solved in the last section. There exists a unique solution as stated in Theorem 1 .

Secondly, we solve the case when ei(k) < 0. The conditions for optimality are (when 

ei{k) <  0 )

M W  * « . W  -  - « .( * ) )
dcc i (k ) d a i ( k )  d a i ( k )

u i ( a , W - g t .- » W ) - 0  (2.76)

- <*( * ) >- °  (2.77)

We have to solve the above equations for four different cases.

Case 1. u i > 0 andu 2 > 0  This case has no solution.

Case 2. zti =  0 and U2 >  0

solving for 1 1 2 , we obtain

u2 = pi{26i(k +  l)e,-(fc)fr(fc +  1 )(pmax -  j>i(k)) -  * (fc
Of (/c j

-  (1 ~  ) '/?')} +  W{2e<(fc)pi (fc +  1)}

=  p1{24(fc +  l)ei (/.-)K(fc +  l)p”'“ - 7 M }  +  m{2ei (fc)p'”“ } (2.79)

In order that U2  > 0, we have

Pi(5j(k +  l ) ) 2 +  P2 r r n a x  ^  ta r  rn  o r i ' \

" - - p A Q c  + i )— p <  7i (280)
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Case 3. u-z =  0 and u \  >  0
,771171

(2.81)

Solving for u\  we have

Ul =  Pl{2Si(k + 1 )ei (k)[-5i (k + 1 ){pmin -  Pi(/c)) +  5i^ * l ) ei(k)di{rC)

=  p i ( 2 6 t (k  +  l)e,(fc)[- i, (fc  +  1 +  7 “ r]} -  p2{2ej(fc)p"in  (2.82)

In order that ui >  0, we have

6i(k +  1 )pmin > ^ (2.83)

Case 4. ui =  0 and U2 =  0

This case corresponds to the unconstrained optimization problem we have solved in 

the last section. There exists a unique solution as stated in Theorem 1.

The solution of the above nonlinear programming problem is given by

the channel is very good, the mobile only need to transm it with minimum power. Sec­

ondly, when the channel is extremly poor, the mobile tries to maintain its SIR level by 

transmitting with its maximum power. In this case, the power control problem becomes 

infeasible. Under normal channel conditions, the optimal power allocation hardly hits 

the lower/upper bound. They can only happen under extreme conditions, namely, when

These extreme conditions can happen in the proposed power control scheme when -ŷ ar 

is not set properly and/or when measurements and/or predictions are far from the real

5i(k +  1) > ^
P i ( S j ( k + l ) ) 2 + p 2

,771271

Pi(AH-l)

- . -vtari f  5i(k +  1 ) >

(2.84)

where a^pt(k) was defined in (2.47).

The solution of the joint optimization contains three different cases. Firstly, when

the target SIR is set too low di(k + l)pTmn > 'y\aT or too high Pl ' pmax < 7 £ar.

values. These extreme conditions provide a mean to evaluate the quality of the 

filter (or any other estimator used) when 7 ,-“r is set properly. It can be stated as
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if Pl ■<5,^ ^ ^ , . + P 2  <  ~^ax i or if +  1 ) >  then the predictions axe bad.

Based on the above discussions, the joint optimal control of SIR error and trans­

mission power using estimator is given by

P i ( A H - l )  =

Pmin i f  6i(k +  ! ) > - £p
_ m a x  f  P i ( S j ( k + l ) ) 2+ p 2 ^  7,-°r f 2 35}
P 1  pi<5i(fc+l) "maj:

P i ( k )  +  a t i ( k ) e i ( k )  o.w.

where &i(k) was defined in (2.61). The resulting joint optimal control of SIR error and 

transmission power (2.85) has more complicated form than the optimal control of SIR 

error only (2.42) because of the penalty on the mobile’s transmission power.

In order to compute di(fc), we need a “good” estimator/predictor. The filter is 

a very promissing candidate. We will discuss this issue in the next section.

2 .4  F ilter  as an  O ptim al E s t im a to r /P r e d ic to r

The problem of filtering involves estimation of system states using past measurements. 

The development of efficient linear estimation algorithms, (e.g., the Kalman filter), 

has been based mainly on the minimization of the L 2  -norm of the corresponding 

estimation error. This type of estimation assumes that the message generating process 

has known dynamics and that exogenous inputs have known statistical properties. The 

well-known Kalman filter offers optimal filtering algorithm when the system model 

parameters are known and the noise is white Gaussian noise processes with known 

statistics (power spectral density). Unfortunately, these assumptions limit the utility 

of the minimum variance estimators in situations where the massage model and/or the 

noise descriptions are unknown or not known exactly. This fact led to a wide interest 

in minimax estimation and robust filtering [40]-[44].

In contrast to Kalman filtering, Hqo filtering is a pure deterministic concept [44], 

The Kalman filter assumes that system and measurement disturbances axe white Gaus­

sian stochastic processes and requires the knowledge of their statistics. The H00 filter 

considers the system filtering regardless of the nature of the system and measurement 

disturbances, as long as the power of the disturbance is bounded [43]-[44],
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In [30], Leung applied the Kalman filter to predict the interference in the immediate 

future. Its usage is constrained by the requirement of the Kalman filter, i.e., the 

fluctuation of the interference has to be Gaussian white noise stochastic process, which 

is not the case in general [30].

In the proposed power control scheme, S(k) and 5(k + 1 ) have to be estimated and 

predicted, respectively. Generally speaking, any estimator can be used. However, the 

fluctuation of 6(k) and S(k +  1) do not have a Gaussian distribution in general. Their 

distribution may not be known in most cases. Hence the Kalman filter may not be able 

to give good performance here. On the other hand, the filter does not require any 

knowledge of the statistics of system and measurement disturbances. This makes the 

Hoo filter an appropriate estimator for the proposed power control scheme. First, we 

will review some results about the discrete-time H00 filter [43].

Consider the following discrete-time system

x(k  +  1) =  A(k)x(k)  +  B(k)w(k)  , x(0) =  xo (2.86)

with the measurements

z(k) = C(k)x(k) + v(k) (2.87)

where x(k) is the state vector, w(k) is the process disturbance vector, z(k) is the 

measurement vector and v(k ) is the measurement disturbance vector. A(k). B{k ) and 

C(k)  are matrices of appropriate dimensions. Define measurement history as z{k) , k = 

0 ,1,..., IV — 1 . The estimate of x{k) is computed based on the measurement history 

up to k  — 1. The H qo filter is required to provide an uniformly small estimation error 

x{k) — x(k) for any w(k), v(k) E li and x q  E R n . The performance criterion is given by

J  = _________________ S & M l s W - s W l f e w _________________

IW0 ) - i ( 0)||J.l(o) + E S IIKfc)||J,-.w + ||v(fc)ll5.- ,w
where Q(k ), W{k)  and V(k)  are weighting matrices. The optimization problem is

sup J  <  y  (2.89)
Q(k),W(k),V(k)  A

where A is a prescribed level of disturbance attenuation. The resulting discrete-time 

Hoo filter is given by [43]

x(k  +  1) =  A(k)x(k)  +  K{k)(z(k)  -  C{k)x{k)) (2.90)
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where K(k)  is the optimal gain of the Hoo filter and is computed by the following 

equation [43]

K(k)  = A(k)P(k)(I  -  AQ(k)P(k)  +  CT(fc)F -1(fc)C(A:)P(A:))_IC'r (A;)I/-l (A:) (2.91)

where P(k)  is the unique positive definite solution of the following discrete-time Riccati 

equation

P(/c +  l) =  A ( k ) P ( k ) ( I -  XQ(k)P(k) + CT (k )V ~ l (k)C(k)P(k))- lAT (k)

+ B (k ) W (k ) B T(k) (2.92)

with P (0) =  Po-

Recall that Si(k) = >  0 and Si(k +  1) =  > 0. Ini(k) and Ini(k +  1)

axe actual interference-plus-noise power in dBm at time instants k and /c+1, respectively. 

hni(k) and /in,-(A: -I- 1) are link gains from the ith  mobile to the nth base station at time 

instants k  and /c +  1 , respectively. Assume the link gain has the following form

hni(k) = d-?(k)Ani(k)Bni(k) (2.93)

where dni(k) is the distance from the ith  mobile to the n th  base station at time instant 

k, A ni is a  log-normal distributed stochastic process, and P ni- is contributed by Rayleigh 

fading.

The dynamics of Si (in db) is described by

Si(k +  1) =  5j(/c) +  Wi{k) (2.94)

where Wi(k) represents the process noise (disturbance). Let Zi{k) be the measurement

of 5i{k).

Zi(k) = Si(k) +  vi(k) (2.95)

where Vj(k) is the measurement noise. Due to the scalar nature of the problem, it 

is obvious that the controllability and observability conditions are met. These condi­

tions are needed for the existence of the appropriate solution of the Riccati equations 

(2.48) (2.49). The Hoo filter (suboptimal) solves the following optimization problem

su p  _______________ EfcPp1 llft(fc) -  &(*01lQf________________ <  i  f9 96)
Q i ^ V i  Il*(0) -  <*(0)||2 _1(Q) + Y . k = o  + IKfc)ll -̂i A
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The discrete-time Poo filter is given by

5i(k + 1) =  Si(k) + Ki(k)(zi(k) -  Si(k)) (2.97)

where Ki{k) is the optimal gain of the P ^  filter, which is computed by the following

equation

Ki(k) = Pi(k)(I -  XQiPi{k) +  V r- \k )P i{k ) ) - lV - \ k )  (2.98)

Since here Pi{k), Qi and V* are ail scalars, it can be written as

K , ( k )  =  (i -  + s p m  ( 2 ' 9 9 )

and Pi(k) is the unique positive solution of the following scalar discrete-time Riccati 

equation

Pi{k +  1) = Pi(k)(I -  AQiPi(k) + Vi~l (k)Pi (k))~l + Wi (2.100)

Again, since here Pi(k), Qi, Wi and Vi are ail scalars, (2.56) can be written as

Pj{k)
1 -  AQiPi(k) +  P f fp i(k  +  i) =  :— - I " - ;:-— (2 .1 0 1 )

The initial condition of the system is 6i(Q) =  SiQ. The initial condition of the above H0a 

filter is Pj(0) =  P,o- It can be shown from (2.56) th a t the steady-state value of Pt(/c) 

satisfies

_  -  A Qi) ±  iJ{Wi{± -  A Q 0 ) 2 +  4Wf( £  -  AQi)
P i -  ~  2 ( ^ ' -  \ Q i )  ( 2 ' 1 0 2 >

Only the positive one is the steady-state solution of Pi(k). It is obvious that the choice 

of the optimization parameters A, Qi, Wi and Vi is important. In order to get a unique 

positive definite solution of Pj(fc), one condition is A <

The block diagram of our H 00 filter is shown in Figure 2.5.

In addition of performing estimation and prediction, the Poo filter also attenuates 

disturbances from base station and channel, respectively. One of the main properties of 

Poo filter is that it minimizes the P qo norm of the transfer function from the disturbance 

to the system output.
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Figure 2.5: The structure of the discrete-time filter

2.5 S im u la tio n  R esu lts  a n d  A n a lysis

In this section, simulations of a  CDMA system are performed to demonstrate effec­

tiveness of the proposed power control scheme. Comparison between the proposed 

optimal power control scheme and other existing power control schemes clearly shows 

the advantages of the proposed scheme.

A CDMA system with 7 hexagonal cells and 16 users per cell is considered. The 

operating frequency is 1.9 GHz and the bandwidth of each channel is assumed to be 

1.23 MHz, which is in accordance to the CDMA 2000 standard [21]. Data rate is set 

at 9600 bps and the processing gain is set at 128 (21 dB). The target SIR is 7 dB, 

which corresponds to the bit error rate (BER) being less than 10-3 . Note that the SIR, 

as defined in this paper, includes the processing gain, which is denoted by in the

standard IS-95B [20]/CDMA 2000 [21], where Eb is the energy per information bit and

N q is the interference power spectral density.

In simulation, we further make the following assumptions:

1. The effects of antenna directivity, voice activity factor, and soft handoff are ignored.

2. The minimum and maximum power can be transm itted by a mobile (IS-95B[20]) are 

pmm __ g dBm (6 , 3  mW) and pmax =  33 dBm (2 W), respectively.

3. The background noise power is 10-9 mW.

4. The transm itted power is updated periodically, every 0.625 msec, which corresponds 

to 1,600 Hz fast closed-loop power control frequency proposed in IMT-2000.

5. The antenna of the base station and all mobiles axe omnidirectional.
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6. Mobiles axe assumed to be uniformly distributed in a cell.

7. It is assumed that the link gains have the following form

hni(k) = d-?(k)Ani(k)Bni(k) (2.103)

where dni(k) is the distance from the zth mobile to the nth base station at time instant 

k, Ani is a log-normal distributed stochastic process, and Bni is contributed by Rayleigh 

fading [30].

8. It is assumed that the cell diameter is 2 km. dni(k) is a 2-D uniformly distributed 

random variable, [30].

9. It is assumed that the standard deviation of A n{ is 8 dB, [30].

10. The speed of the mobiles are ranging from 0.5 mph to 60 mph. The maximum 

Doppler frequency is 80 Hz, which correspond to 60 mph mobile speed. Bnt(k) is 

simulated using a filtered Gaussian noise model, [30].

11. The initial mobile transmitted power is taken as po =  pmm +rf(pmax — pTTltn), where 

t] € [0,1] is a uniformly distributed random number.

12. The mean values of the link gains are used in the simulation since only the deter­

ministic case is considered in this paper.

The optimization parameters of the Poo filter are A - 0.05, Qi — 20, =  1 and

VI = 0.1 for all mobiles. In addition, Sq and Po are positive random numbers obtained 

by using random number generators.

A plot of the link gains is shown in Figure 2.6, only the first 4 channels are shown. 

We choose the mean value of the link gains in our simulations as in the deterministic 

case.

We consider three cases, based on the range of the desired SIR, namely, when /ytar is 

feasible, when 7 tar is set too high, and when j tar is set too low. Only the performance 

of the first 4 users in cell one is shown. All other users have similar performances.

Case 1. ■ytar is feasible ('Ytar = 7 dB).

When 7 £ar is feasible, the SIR of all four users converge to the desired value (7 dB) in
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Link gains (four user case)
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Figure 2.6: Link gains in dB
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a few steps (less than 5 steps or 3.125 msec, Figure 2.7). The estimations/predictions 

catch the real values in several steps (in 4 steps, Figure 2.9). After that the errors 

between the desired SIR and the actual values of SIR go to zero in one step. This 

complies with theoretical analysis of Section 2.2. The transm itter power of all four 

mobiles axe within normal range (several tens of dBm, Figure 2.8).

Case 2. j tar is set too high ( j tar = 20 dB).

When -ytar is set too high, the transmitter power of all four mobiles goes to pmax (Figure 

2.11), which is 33 dBm (2 W). Because 'ytar is not feasible, the resulting SIR is still 

below the desired value (Figure 2.10). The performance of the /Joo filter remains good 

(Figure 2.12) because it does not depend on the value of -ytar.

Case 3. 7 £ar is set too low ('ytar =  0 dB).

When 7 £ar is set too low, the transmitter power of all four mobiles goes to pmin (Figure 

2.14), which is 8 dBm (6.3 mW). The steady-state errors are negative, which means 

the resulting SIR is still higher than the desired one (Figure 2.13). The performance 

of the Hqq filter is good (Figure 2.15) because it does not depend on the value of 'ytar. 

However, the performance of the Hoc filter is affected by the values of the parameters 

in the performance criterion of the filter.

The simulation results in all three cases fit theoretical analysis (Section 2.2) very 

well. These results indicate that the optimal power control scheme is a very promissing 

solution of the distributed fast closed-loop power control problem in wireless systems, 

both theoretically and practically.

In the current IS-95 systems, the power control scheme is up/down hard decision 

type [20]. It can not achieve zero SIR error, due to persistent oscillations around zero 

[14].

A widely known and accepted power control scheme is called the Distributed Con­

strained Power Control (DCPC), and is given by [5]
■ y t a r

Pi(k + 1) =  m in { —j — pi(k), pmax} (2.104)
7i(«)

The performances of the proposed optimal power control scheme, DCPC, and IS- 

95 are compared in Figure 2.16 and 2.17. When the channel is stationary (the mean
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values of the channels axe constants), the optimal scheme will save at least 2 frames, 

that would be lost if either of the other two power control schemes were used.

When channel changes frequently, the estimator used will have good tracking of 

the channel quality and the proposed optimal power control scheme will also provide 

accurate values for power adjustments almost instantly. On the other hand, DCPC and 

up/down scheme in IS-95 will not converge fast enough and will not provide appropriate 

power changes.

The fast convergence of the proposed algorithm is shown in Figure 2.18 and 2.19. 

The DCPC algorithm is slower and the IS95 falls far behind. Another advantage of 

the proposed algorithm is that it is an estimator based controller, which in turn means 

that it will adapt to channel changes. This property is obvious when channel quality 

has abrupt changes, as in Figure 2.18 and 2.19 (channel quality becomes very bad at 

step 11).

The power evolution and the SIR error performance of the power control scheme 

obtained by applying joint minimization of SIR error and transmission power, are pre­

sented in Figure 2.20 and 2.21. In the same figures, we also present the results for 

the power control scheme th a t minimize only SIR error, and the results for IS-95. It 

is clearly shown that with the penalty on mobile’s transmission power, the joint mini­

mization scheme uses less mobile’s transmission power, while keeping small SIR errors. 

This SIR error performance will be the same as the one obtained by using the optimal 

power control scheme which minimizes SIR error only in the practical CDMA systems 

due to the quantization effect at the mobile when receiving the power control command 

[10]. Even the optimal power control scheme, which minimizes SIR error only, can not 

achieve zero SIR errors due to the quantization effect. Thus, this joint minimization 

power control scheme has the advantage to save mobile’s transmission power, while 

maintaining low level for the SIR error. With less mobile’s transmission power, the 

joint minimization scheme has a much better SIR error performance than the IS-95 

scheme. When there is no penalty on mobile’s transmission power by setting po =  0, 

the joint minimization scheme reduces to the optimal power control scheme which min­

imizes SIR error only [35]. Figure 2.20 and 2.21 also indicate that IS95 try to save
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some mobile’s transmission power. However, it has constant SIR error (a couple of dB 

below target). The detailed numerical value of transmission power and SIR error of 

user 1 at steady-state is listed in Table 2.1. It indicates that with similar transmission 

power, the IS-95 will produce larger SIR error (about 1 dB) than the optimal scheme. 

In other words, if both schemes have the same SIR error, the optimal scheme will use 

less transmission power (approximately 3 dBm) than  the IS-95.

The proposed power control scheme works well when users with different QoS re­

quirements exist in the same wireless network. Figure 2.22 shows the SIR performance 

for 2 groups of users with SIR target at 7 db and 10 db, respectively. Due to robustness 

of the H 0o filter, this scheme has a quick response to channel changes. A test result 

is shown in Figure 2.23 when channel goes very bad at step 11. Both groups of users 

maintain their QoS by adapting to the channel change very fast.

Figure 2.24 and 2.25 show the SIR performance and user’s transmission power under 

different filter parameters. Here V; =  Wi = Qi = 1. A is the noise attenuation factor. 

When A is big, the power control scheme is aggressive to achieve the desired SIR, thus 

consumes more power. On the other hand, when A is small, the power control scheme 

is less aggressive, however, saves a lot of transmission power. Similar performances are 

shown in Figure 2.26 and 2.27 under fading channels.

2.6 P ra c tica l Issues

In this chapter, we have proposed an optimal power control scheme. We have not 

elaborated on the implementation details. The proposed scheme may not be able to be 

implemented in existing TDMA systems since currently there is no feedback mechanism 

of power control command from the base to the mobile available in those systems. The 

scheme primarily proposed to be implemented in CDMA systems, especially wideband 

CDMA systems, to compensate slowly varying power control errors by shadow fading 

and fast varying power control errors by Rayleigh fading.

Fast closed-loop power control is proposed to be implemented in the third generation 

wideband CDMA systems. The proposed optimal distributed fast power control scheme
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in this research work is effective and robust to track slow and/or fast fading.

It points out in [64-65] that the fixed step closed-loop power control performance 

vaxies under different vehicular speed, propagation channels and delays. In other words, 

the performance of the fixed step closed-loop power control can only be optimized for 

a particular vehicular speed, or Doppler frequency.

Figure 2.28 shows the global picture of how the feedback power control works be­

tween base station and the mobile. Since more exact power adjustment than currently 

available fixed power control steps (1 dB, 0.5 dB) has to be sent to the mobile by the 

base station through the downlink, a multi-bit overhead has to be introduced instead 

of a single-bit overhead in the feedback loop currently available in most CDMA sys­

tems (e.g., IS-95B). Multi-bit feedback efficiency, quantization effect and discrete power 

control step size have to be considered carefully in implementation.

A new idea of optimal power control implementation is presented in Figure 2.29. 

Instead of inserting Transmission Power Control (TPC) bit every slot in raw bit, we 

encode 4-5 Transmission Power Control (TPC) bits in each frame. Based on the obser­

vation that the optimal power control scheme will give a very accurate power adjustment 

in just a few steps, it is expected that the optimal scheme will be good enough to track 

the channel variation. Other advantages include low overhead and low probability of 

error of interpreting the power control command.

In general, the feature of the proposed optimal power control scheme are:

1. Fast convergence. Theoretically the SIR will converge to the desired value in one 

step. Practically the convergence takes 4-5 steps since time is needed for the estimator 

to provide accurate estimates.

2. It is an estimator based control scheme, which is robust with respect to channel 

variation.

3. It reduce the overhead dramatically since power control bits are only transmitted on 

a frame-by-frame bases.

4. The error probability of the power control command will be greatly reduced because 

the power control bits are encoded.
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O ptim al Schem e Weights Performance

Pi P2 pi (in dBm) SIR Error (in db)

1 1 23.54 0.004

1 100 22.25 0.2586

1 200 21.64 0.4052

1 1000 19.82 1

IS-95 (22.27+21.77) /2  =  22.02 1.4

Table 2.1. Steady-state performance of user 1 using optimal scheme and IS-95
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Figure 2.28: Closed-loop power control architecture in 3-G wireless systems
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Figure 2.29: Implementation of the optimal control scheme in 3-G wireless systems: 
frame format
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C hapter 3 

O p tim al C losed -L oop  S IR -b ased  D is tr ib u te d  P ow er  
C o n tro l - S to ch a stic  C ase

In this chapter, we extend the results from Chapter 2 to a more realistic case, where 

the measurement of SIR is noisy (assumed to be a white noise stochastic process). 

Because of the stochastic nature of the link gains, the received power, interference, and 

SIR are all random processes fluctuating in time. Hence the stochastic power control 

scheme is essential. The stochastic power control reported in [39] assumes stochastic 

measurements of matched filter outputs at the receiver of the base station. In this 

chapter, we assume stochastic measurements of SIR at the base station according to the 

SIR measurement procedure of the 3-G wireless systems [61-62], The SIR measurement 

procedure is briefly described in Section 3.1. An optimal stochastic power control 

scheme is derived in Section 3.2 by formulating the power control system as a linear 

system driven by white noise. In Section 3.3, this optimal solution is extended to an 

estimator based scheme. The quantization effect is considered in Section 3.4 through 

simulation. Section 3.5 gives conclusions and comments.

3.1 S to ch a stic  M ea su rem en t o f S IR

In wireless CDMA systems, the Signal-to-Interference Ratio (SIR) is an important 

parameter to measure channel quality. The measurement procedure of the SIR in the 

proposed 3-G wireless systems based on Wideband CDMA is described in this section.

The SIR measurement module was implemented in both IS95 [63] and Wideband 

CDMA proposed for the third generation wireless systems [61-62], The base station 

behavior is shown in Figure 3.1. SIR measurements are done after RAKE combining. 

The frame structure using time-multiplexed pilots well supports SIR measurements [72].
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Figure 3.1: Base station behavior in 3-G wireless systems

Both pilot and data symbols axe used to measure instantaneous received signal power. 

Only the pilot symbols axe used to measure instantaneous interference plus noise power, 

which is followed by averaging using a first-order filter [61],[72]. In [39], the average of 

the squared matched filter output (total received power) was assumed to have w'hite 

Gaussian noise. Then the power evolution is based on the total received power at the 

base station. In this research work, we assume that the measurements of SIR from 

the SIR measurement module at the base station contain white noise. We propose a 

SIR-based stochastic power control scheme using optimal control theory.

Suppose that the matched filter output signal at the n-th symbol position of the 

A:-th slot associated with the Z-th propagation path is r/(n, k). Assume that the number 

of Rake fingers is L , then the Rake combiner output is

L—l
f(n, k) =  ri(n , k)£*(k), 0 < n  < Nslot -  1 (3.1)

1=0

where £z*(fc) is the complex conjugate of channel estimate £;(Zc). &(fc) can be calculated 

as the average of Np pilot symbols belonging to the Zc-th slot. Ns[ol is the number of 

symbols in one slot. r(n , k) is used to measure the SIR (yi{k)) for user i at the k-th 

slot. yi(k) is defined as yt(fc) =  Si(k)/Ii(k), where Si(k) and U(k) axe the instanta­

neous received signal power and the average interference plus noise power, respectively.
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The Rake combiner output is reverse modulated by the tentative symbol decision and 

accumulated to reduce the effect of Multiple Access Interference (MAI), followed by the 

square operation to obtain the instantaneous received signal power. The instantaneous 

MAI plus noise power I ni (k)  is obtained from the squared error of the received pilot 

samples and then averaged using a first-order filter with forgetting factor /? < 1. Si ( k )  

is computed from

1 N p - l  JVm —1

s i ( k ) =  I t t - (  f ( n , k ) +  ^  f(n ,fc )ex p (-j'0 (n ,fc ))) |2 (3.2)
m 71=0 n = N p

where Nm is the number of symbols measured, including both pilot and data symbols. 

4>(n, k)  is decided by

4 > ( n , k ) =  max R e { r ( n ,  k)  exp (— jcf>)} (3-3)
$ e { m 7 r /2 ;m = 0 —3}

Ini(k)  is obtained from

Ini (k)  = ^ ~  E  W ". *) -  £  lfl(*)l2!2 (3-4)
iVP 71=0 1=0

The first-order filter with forgetting factor (3 < 1 is

I i {k)  =  P U k  -  1) +  (1 -  P)Ini (k)  (3.5)

Typical values of Np, Nm and /? are Np = 4, N m = 10 and (3 =  0.999.

Usually the instantaneous received signal power is assumed to contain white noise. 

The average interference plus noise power from the low-pass filter could be treated as a 

fixed quantity during one power control group (PCG). Then measurements of SIR can 

be assumed to contain white noise.

In reality, it may be difficult to obtain fast and accurate real-time estimate of SIR. 

There are some interesting approaches to this problem. In [64], the SIR estimation

problem was studied based on a  signal subspace method using the sample covariance

matrix of the received signal. However, estimation of the SIR is not the focus of our 

research. The proposed stochastic power control scheme will make use of the SIR 

measurement mechanism within the 3-G wireless proposal and formulate the stochastic 

power control problem as a control system driven by white noise.
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3 .2  O p tim a l S to ch a stic  P ow er C o n tro l

In this section, the stochastic power control problem is formulated as a stochastic 

linear quadratic optimal control problem, where the system is driven by white noise. 

The solution of such problems can be found in [69].

Assume that the instantaneous received signal power S ' i ( f c )  contains white noise, and 

the average interference plus noise power through the low pass filter is a deterministic 

quantity, then the stochastic measurements of SIR of user i a t time instant k at the 

base station may be modeled as

Vi(k) =  7 i (k)  +  Wi{k) (3.6)

where yi{k) is the measurement of the SIR, and Wi{k) is a zero-mean, mutually uncor­

related stochastic process. Using the idea that the mobile’s transmission power change

is proportional to the SIR error, which we introduced in Chapter 2 , the power update

is given by

Pi(k +  1) =  Pi(k) +  c*z(fc)[7t-ar -  yi(k)] (3.7)

Using (3.6) and (3.7), we obtain that

Pi(k + 1) =  p i ( k ) +  ct i (k)ei(k)  -  oci(k)wi(k) (3.8)

where ei(k) — 'y\aT —7 t (fc). Recall the definition of channel variation 5i(k)  =  [Lhfa , and 

7i(fc) =  5i{k)pi {k) .  Using this expression while considering the SIR error evolution, we 

have

ei{k -1- 1 ) =  7 t-ar — 7 i{k + 1 )

=  /y|ar _  _|_ l)pj(fc -(- 1)

=  7\ar -  5i(k +  1 )pi{k)  -  8i(k +  1 )a i ( k )e i (k )

+5i(k +  l)ai(k)wi(k)  (3.9)

Combining equations (3.8) and (3.9), we obtain the following second-order dynamic 

system for the mobile’s transmission power and the SIR error

P i { k  4- 1)

e i ( k  -h 1)

1 Qi (fc)

— (A: -|- 1) —5j(fc-j-l)ai(fc)

P i ( k )

e - i { k )
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-ati(k)
Wi(k) +

0
+

Si(k -F l)aj(fc) rytarii
(3.10)

Let Ai(k), Gi(fc), and r t- denote the matrices in the above equation, then

M k )  =
1 Qi(fc)

—Si(k +  1) —Si(k -F 1)qi(A:)

Gi(fe) =

r i =
o

We introduce the state vector as

x t(fc) =

Then equation (3.10) is simplified into

~,tar ii

Vi (fc) 

e<{k)

(3.11)

(3.12)

(3.13)

(3.14)

xt (fc +  1) — Ai{k)xi(A:) +  Gi(k)wi(k) -f- Tf (3.15)

Let the mean of Xj(fc) be Xj(fc) =  £{x,(/c)} and the covariance matrix of Xj(/c) be 

Qi{k) =  uar{xi(fc)}, which is a 2 x 2 matrix

E{xi(k)}  - Xi(fc) = Pi{k)
€i(k)

(3.16)

where p;(/c) and ei(fc) are the mean values of mobile’s transmission power and SIR error, 

respectively. Suppose that

£{xi(0)} =  Xj (0) =

It can be easily shown that the mean satisfies

Pi(0) 

ei( 0)
(3.17)

k k- 1 I
E ^ k ) } = xKfc)= n  m j )m o ) + e  n  M k -  + r i

j=i i=i j=i
( 3 .1 8 )
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A (fc — n) = <

Wi(k) is white noise with E{w~(k)} =  0 and covariance E{wi(k)wi(n)} =  IFA(fc — n), 

where W  is the power spectrum density of W{. A (k — n) is the Kronecker delta function 

defined by
1 k=n

(3.19)
0 otherwise

The covariance of linear system (3.10) driven by white noise satisfies the Lypunov 

difference equation [69] assuming that the state and noise are independent (uncorre­

lated)

Q i ( k  +  1) =  E { ( * i ( k  +  1) -  Xf(fc +  1 ))(xi(fc  +  1) -  Xi(fc +  1))T }

=  £ { [A i (fc)(xi (fc) -  Xi(fe)) +  Gi (fc)mi (fc)][^ (A :)(x i (fc) -  x t(fc)) +  Gi{k)Wi(/c)]r }

=  A i(fc)£;{(xt-(fc) -X i(fc ))(x i(fc ) -5 ti (k) )T }A[(k)

+Ai(k)E{(xi ( k ) - 5 c i(k))(wi(k))T } G T (k )+ G i (k)E{wi (k)(xi( k ) - x i (k))T }AT(k)  

+Gi(k)E{Wi (fc) (Wi (k) )T } G j  (k)

= Ai{k)Qi{k)Aj  (k) + Gi{k)WGj (k) (3.20)

Note that Qi{k) =  Qj{k)  > 0 (symmetric positive semidefinite for every k). Let us 

partition the 2 x 2  matrix Q (index i is dropped for simplicity) as

Q =  Q =
Q ii Q 12 Q u Q12

Q21 Q22 Q l 2 Q22
(3.21)

In view of (3.11)-(3.13) and (3.21), the Lyapunov equation (3.20) is partitioned as 

follows

Q n (k  +  1) =  Q n (k) + 2 a*(fc)Q12(fc) +  (a i (k))2Q22(k) + (3.22)

Qi 2 (k +  1) =  -5 i(k  +  l)[Qn(fc) + 2oci{k)Ql2{k) +  (a i (fc))2Q22(fc) +  (a i (fc))2 W] (3.23)

Q 2 2 (k +  1) — {Si(k +  l ) ) 2[Qn(fc) +  2ai(fc)Qi2(fc)

+ (a i(fc))2Q22(fc) +  (a i (fc))2W'] 

From the above equations, we observe that for every user i

Q i 2 (k) =  - 6i { k ) Q u ( k ) , Vfc

(3.24)

( 3 .2 5 )
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Q22(k) = ( S i W f Q n i k )  , Vfc (3.26)

Define the performance criterion as the sum of the covariance of mobile’s transmis­

sion power and the covariance of SIR error

J  =  [var{pi(k -I- 1)) -I- var{&i{k +  1))] (3.27)

The optimal stochastic power control problem is to  minimize J  for every user i at every 

time step fc by choosing the appropriate controller gain Q :i(fc)

min [var(pi(k +  1)) +  var(ei(k +  1))] (3.28)
Qi(fc)

with initial conditions given by

£ { x z(0)} =  X j ( 0 )  =

and

Pi( °) 

e*(0)
(3.29)

uar{xi(0)} =  Q i (  0) (3.30)

It is obvious that

mina^fc) [var(pt(k +  1)) var(ei(k + 1))]

■*=>■ min [<5xi (fc +  1) +  Q2 2 (k -F 1)]

^  m in{(l +  (5i(k +  l))2)[Qxx(fc) +  2ck*-(fc)Q12(fc) + (az(fc))2Q22(fc)
Qi(fc)

+(at(fc))2Wl}

^  min[Qu(fc) +  2oi (fc)Q12(fc) +  (a z(fc))2Q22(fc) +  (a t(fc))2IU]
a j(fc )

^  min[Qii (fc) -  2ai (fc)<5i(fc)Qi1(fc) +  (ai(fc))2(<y«(fc))2<9n(fc)adk)
+ ( a  i {k) )2( W  +  ( i f O 2 ) !

»  m i n [ ( l  -  c,i(k)Si(k))2Qu(k)  +  (o«(k))2( W  + (-,‘r f ) }
a ,  (A:)

min[(l — Qi(fc)5t(fc))2Qxi(fc)] (3.31)
c * i ( k )

Using the nonnegative definite property of matrix Q (Q n ( k ) > 0), it is easy to conclude 

that

(3 '32)
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achieves the minimum of the criterion function.

After the optimal gain o fpt{k) is employed, the system matrix At{k) becomes

A ^ \ k )  = Silk)
- t l(k + 1)

(3.33)

To examine the stability of this discrete time-varying system, we use the well known 

Lyapunov stability theory for time-varying systems, which can be found in [70, Chapter 

23, pp. 438-439],

T h e o re m  3 The system matrix under the optimal control A°pt(k) is stable for all k. 

Proof: The linear sta te  equation

x (k  +  1) =  A(k)x(k)  , x(ko) =  x q (3.34)

is uniformly stable if there exists an n x n  matrix sequence R(k) that for all k is 

symmetric and such that

p i  < R ( k ) <  p i  (3.35)

A T (k)R(k +  l)A(fc) -  R(k)  <  0 (3.36)

where 77 and p are finite positive constants. It is easy to verify that the proposed optimal

power control system is stable using the above stability criterion by taking

R(k) =
p -  77 Si(k) 

Si(k) 2

where 77 and p are finite positive constants satisfying

p > 2t?

(3.37)

(p -  277) ( 2  — 77) > max6f(k)

-*7 (2  -  p) < min Sf(k)

(3.38)

(3.39)

(3.40)

R(k ) is a 2 x 2 symmetric m atrix for all k. Firstly, let us check condition (3.35).

R(k) —rjl =
p - 2 r j  Si(k) 

5i(k) 2 - 7 7
( 3 .4 1 )
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The above matrix is positive semidefinite if (3.38) and (3.39) are satisfied.

R(k) -  p i  = ~V £(*0 

Si(k) 2 - p
(3.42)

The above matrix is negative semidefinite if (3.40) is satisfied. Secondly, check condition 

(3.36).

(A°pt(h))T R(k  +  l)^lfp£(fc) -  R(k) =
0 p-n Sj(k)

p—V _  Sx(k) p — T) ___  cy
Si(k) 2  Sf(k)

(3.43)

It is obvious that the above m atrix is negative semidefinite. Furthermore, conditions 

(3.38), (3.39) and (3.40) can be easily satisfied. Just choose 77 to be a very small positive 

number and choose p to be a very large positive number. ■

Let us examine the mean of the state under optimal controller gain a°pt{k). Replace 

Ai( j ) and Ai{k — j )  by A f )t{ j) and A ^ f k  — j)  in equation (3.18), respectively. Note 

that A ^ t i ' l A ^ d  — 1) =  0 , Vj >  1. Use this property, we get

£{*?*(*)} =
3 = 1  1 = 1  j = 1

=  A(pt{k — l)Fi +  Tj

&i{k-1) (3.44)
n  _  \~tc
V-1 <5i(fc-l) > '1

We observe that when channel are relatively slow changing, i.e., when Si(k) «  5i(k— 1), 

E { l ? L{k)} « 7r  •

The results in this section are summarized in the following theorem

T heorem  4 Define the performance criterion at time instant k as

Ji{k) =  [var(pi(k -F 1)) +var(ei(k -F 1))] , Vi (3.45)

The optimal gains of the power control algorithm (3.7) that minimize Ji(k) at every 

time instant k are

^  (3.46)
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The resulting optimal power control system is stable. The mean of the transmission 

power and SIR error under optimal control are

P ? \ k )

_ e 7 ‘(k)
S d k - l )
J h Xk ) \ ~ , t a r( 1 _______. W c

I 1  S i ( k - l ) )  ' I

(3.47)

The covariance of the transmission power and SIR error under optimal control are

(3.48)
var{p°pt{k)} 

var{e<̂’t {k)}

The minimal values of the performance criteria are

w+,^tar)2
S f ( k - l )

WHi!ar)2 di(k)  .

=  [1 +  5f(k +  l)]QTi(k + 1) (3.49)

where
QQPtnz , ^ + ( 7 f r )2« l l ( * . +  l ) -  52{k) (3.50)

The block diagram of the proposed power control scheme is shown in Figure 3.2.

tar
z 1

Figure 3.2: The optimal stochastic power control system

When the SIR measurement noise is Gaussian distributed, the above stochastic 

power control scheme is optimal because the state variables, SIR error and mobile’s 

transmission power, are Gaussian distributed too. Hence the characteristics of them 

are decided completely by their mean and covariance.

Theorem 4 stated that when the SIR measurements contain white Gaussian noise, 

the optimal controller gain is equal to the reciprocal of the channel variation. We 

assume th a t the sum of a large number of interferers is relatively constant during one 

slot (0.625 ms).
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The performance of the proposed optimal stochastic power control scheme is tested 

through simulation. The same simulation environment as described in Section 2.5 is 

used here, with the white Gaussian noise process of SIR measurements. The white 

Gaussian noise Wi has zero mean and variance 0.15 dB.

7.5

6.5
(D■o
(S>
o
3

CO
occ
“ 5.5S

4.5

180 20080 100 120 140 16020 40 600
time step s (each step = 0.625 ms)

Figure 3.3: The average SIR of all users under optimal stochastic power control

The optimal stochastic power control scheme is applied. The average SIR is plotted 

in Figure 3.3, which is calculated as

7(*) =  i E 7 * ( f c )  (3-51)
i=i

We observe that the SIRs converge to the target SIR as expected.

The transmission powers of users (only 3 of them are plotted) is shown in Figure 3.4. 

They converge to their deterministic value. The variance of transm it power is plotted 

as a function of time steps in Figure 3.5. We observe that the variance of transmit 

power decreases very fast with time, to about 10-5 within 100 steps (62.5 ms).

3.3 E x te n d e d  R esu lts  an d  A n a ly s is

In practical system implementation, in order to perform the proposed stochastic optimal 

power control scheme, the estimate of the channel variation is needed. Previous works
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0.25

I  0.15

—  user 1
  user2
-  user3

0.1

0.05

80 100 
time steps (each step = 0.625 ms)

120 14020 40 60 160 180 200

Figure 3.4: The transmission power of users under optimal stochastic power control
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Figure 3.5: The covariance of mobile’s transmission power under optimal stochastic 
power control
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using the Kalman filter to estimate/predict interference can be found in [30,65-67]. As 

described in Section 3.1, the instantaneous interference plus noise power at the base 

station receiver could be measured using pilot symbols and then averaged through a 

low-pass filter. Here we use the averaged interference plus noise power Ii(k) to calculate 

the channel variation.

3.3 .1  E stim a tio n  b a sed  S to ch a stic  P ow er C ontrol

The dynamics of the channel variation is

$i(fc) =  $ i ( f c - l )  +  u > t ( f c - l )  (3-52)

where W i ( k )  represents the process noise (disturbance) introduced by the link gain. Let 

Zi(k) be the measurement of 5i(k).

zi(k) =  5i(k) +  Vi(k) (3.53)

where V { ( k )  is the measurement noise at the base station receiver. If we assume that 

Wi(k) and Uj(fc) are Gaussian distributed, the Kalman filter may be employed to get 

the estimation of the channel variation. Assume that Wi(k) ~  iV(0, Qi(k )) and Uj(fc) ~  

iV(0, Ri(k)), and they are uncorrelated. The proposed Kalman filter is given by

6i(k) =  $i(k -  1) +  K s (k)[zi(k) -  Si(k -  1)] (3.54)

where K 6(k) is the Kalman filter gain, which is computed by

X s(k) — ^  ^  ~  ^  (3 55',
{ ] ~  P&(k -  1) +  Qi(k) + Ri(k) { }

where P s(k) can be calculated iteratively as

p i , , _  Ri(k)jPs(k ~  1) + QiWI , ,
w  -  P ‘ (k - 1 )  +  Q,(k) +  '

The initial conditions are ^[^(O)] =  <5̂ (0), E[5i(0)2] =  Pq.

The block diagram of the proposed power control scheme with an estimator is shown 

in Figure 3.6.

The estimator in the feedback loop could be the Kalman filter if the fluctuation 

of channel variation is Gaussian distributed. As pointed out in Chapter 2, in general
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iT -  yj(k) x noise

- o

yi(k)

XX, (k]——*0 Pi(k+1) Z 1
P.(k)

h„i(k)

5(k)  5 ‘(k)
S i(k) 
in dB

S-(k)

I
Estimator

■yn citJ,--------„
+— c m >

5;(k)

Figure 3.6: The optimal stochastic power control system

Low-pass F ilter

the fluctuation of channel variation is not Gaussian distributed. In that case, we will 

choose the H qo filter instead of Kalman filter.

By using the filtering technique, we obtain an estimator based controller, i.e.,

P i ( k  - h  1 )  =  p i ( k )  + di(k)[ j i aT  -  y i ( k ) } (3.57)

where a ° p t ( k )  =  1 / 5 i ( k ) .

The simulation platform is the same as the one described in Section 3.5 with the 

white Gaussian noise process of SIR measurements. The stochastic power control with 

estimator is used. The parameters of the controller and the H0Q filter remain the same 

as in Section 3.5. The white Gaussian noise Wi has zero mean and variance 0.15 dB.

To show the convergence of the users’ SIRs to the target value, we ran the stochastic 

power control algorithm by using the Kalman filter and the H ^  filter as estimators, 

respectively. The average SIR is plotted in Figure 3.7 and 3.8, which is defined in (3.48). 

We observe that the SIRs converge to the target SIR as expected in both cases.

The transmission powers of users (only 3 of them  are plotted) are shown in Figure 

3.9. They converge to the deterministic solutions. The variance of transmit power is 

plotted as a  function of time steps in Figure 3.10. Again, we observe that the variance 

of transm it power decreases very fast with time, to about 10-5 within 100 steps (62.5 

ms).

Figure 3.11 show the SIR performance of users under severe fading conditions. Ap­

plying a low-pass filter to the SIR measurements, we observe in Figure 3.12 th a t the
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Figure 3.7: Average SIR of all the users using the Kalman filter
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Figure 3.8: Average SIR of all the users using the filter
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Figure 3.9: Transmission power of users
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Figure 3.10: Variance of transmission powers
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Figure 3.11: SIR performance when channel fading is severe
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Figure 3.12: SIR performance by low-pass filter when channel fading is severe
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SIR performance of users is improved due to averaging. However, the response time is 

long.

3.3 .2  Im p ro v em en t by  a d d in g  P D  C on tro ller

In order to reduce the overshoot of the proposed controller, we introduce a PD con­

troller. It is well-known that PD controller will decrease the overshoot and improve 

the transient response. The block diagram of the proposed PD controller is shown in 

Figure 3.13.

noise S.(k)
tar

Estimator

Z 1Z-a

Low-pass Filter

Figure 3.13: The proportional derivative controller

After applying the PD controller, we have an additional controller parameter a to 

tune. It is observed from Figure 3.12 that with a = 0.15 we get the best performance.

3 .4  E ffect o f  Q u a n tiza tio n

As discussed in Chapter 2, the fixed-step power control algorithm can not be optimized 

for the time-varying channel, and will introduce constant power control error. In [32], 

the continuous value of mobile’s transmission power is rounded to its discrete counter­

part by either “ceiling” or “flooring” . Step size constraints (0.5 dB or 1 dB) are not 

taken into consideration. A multi-step approach, called pulse-code-modulation (PCM) 

realization, is proposed in [68]. Simulations indicated th a t the multi-step approach 

achieves better performance than the fixed-step power control algorithm. Applying 

quantization on the proposed optimal power control command, we get a multi-step-like 

power control algorithm. If the number of the transmit power control (TPC) bits is n,
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Figure 3.14: Transmission power of user 1 with added proportional derivative controller

then the number of the different power level is 2n .

The performance of the proposed control scheme with 4-bit quantization is shown 

in Figure 3.15 and 3.16. The transmission power is rounded to the nearest power level. 

The performance of the proposed control scheme will not be affected too much with 

quantization. The SIR of the users is still converge to the desired target value.

In the current IS-95 system and CDMA-2000 system, power control bits (1 bit) is 

transmitted every slot with fixed step size(l dB or 0.5 dB). In the proposed scheme, 

power control bits (4 bit) could be transmitted every 4 slots but with multiple step size 

(16 different step size). The power control performance will be improved due to the fast 

convergence of the proposed scheme and the ratio of information bits to power control 

bits remains unchanged.

3 .5  C on clu sion s an d  C om m en ts

The stochastic power control problem considered in [39] assumes th a t the matched filter 

output contains white Gaussian noise. A stochastic power control scheme is derived by 

using only average of the square of the matched filter output. In this research work,
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based on the SIR measurement mechanism for time-multiplexed pilot signal reported 

in 3-G wireless systems proposals [61-62], the SIR measurement is assumed to contain 

white Gaussian noise. Then an optimal stochastic power control scheme is obtained by 

minimizing the sum of the variance of mobile’s transmission power and the variance of 

SIR error. Both schemes converge, however, the scheme proposed in this chapter has 

faster (typically in 20-50 steps) convergence speed than the one in [39] (typically in 

thousands of steps). In terms of complexity, the scheme proposed in this chapter needs 

an estimator to estimate the channel quality.

In practical situations, the noise within the SIR measurement may not be modeled as 

white Gaussian noise. Hence, the stochastic power control problem may be formulated 

as a linear quadratic control problem with the system driven by non-Gaussian noise, and 

the solution of such systems can be found in [71]. The stochastic power control scheme 

proposed in this section is sub-optimal in the sense tha t the higher-order moments are 

very small so that they will not affect the system performance much.

It may be desirable to get an estimate of the SIR rather than using the SIR mea­

surement directly. However, since the dynamics of the SIR is not linear, the extended 

Kalman filter has to be used because the filtering problem becomes nonlinear [74].

In this chapter, in order to obtain the optimal solution of the stochastic power 

control problem analytically, only the SIR. measurements are assumed to be stochastic. 

The link gains are assumed to be fixed during each Power Control Group (PCG) in both

[39] and this chapter. In practice, however, because the propagation conditions change 

from time to time, the link gains are random processes. Hence the received power, 

interference and SIR are all random processes. It is very difficult to get analytical results 

of power control algorithms in such cases. In [73], only a 2-user case is considered where 

link gains are assumed to be varying with shadow fading effect. Multiuser case is only 

evaluated through simulation. In our extension of the optimal solution, an estimator is 

proposed to deal with the changing of the link gains. It estimates the channel quality in 

terms of channel variation a t each Power Control Group (PCG) in real-time. Simulation 

results indicate the effectiveness of this scheme.
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C hapter 4 

P re lim in a ry  R esu lts  on  N o n co o p era tiv e  and C o o p era tiv e  
P ow er C ontrol

Game theory approaches to power control problem in wireless systems have attracted 

a lot of attention of researchers recently. Power control problems for wireless systems 

have been studied in different formulations in [77-81]. In this chapter, we present some 

preliminary results on Nash and Pareto game problem formulations. Game theoretical 

approaches are applied to solve the power control problem for mobile users in both 

noncooperative and cooperative manner.

First, the distributed optimal power control problem is revisited from the noncoop­

erative game theoretic point of view. Secondly, a  Pareto strategy is applied to obtain 

the solution of the cooperative optimal power control problem by network level opti­

mization.

4.1 N o n c o o p e r a t iv e  G am es: N a sh  S tr a teg y

In a system with N  users, the users share common resources of the system, for example, 

bandwidth, energy, etc. Each user i wants to optimize its own optimization objective Jj 

without care about the others, i.e., they behave in a noncooperative (greedy) manner. 

However, each user’s performance will be decided by not only its own behavior but 

also all the other users’ behavior. If conflict games have simultaneous decision making, 

solutions will comprise Nash strategies [82-83]. If conflict games have sequential decision 

making, solutions will comprise Stackelberg strategies [82-83].

Assume tha t all the mobile users update their transmission power simultaneously, 

then, the Nash strategy of the distributed power control problem is stated as follows:

T h e o rem  5 Suppose that pi(k) is the transmission power of user i at time instant k,
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and ei(k) is the SIR error defined by

ei { k ) = 1[ar - 7 i(k) (4.1)

where "f-ar and 7 i(k) are the SIR target and SIR for u seri at time instant k, respectively.

Denote the channel variation by 5i(k) for user i at time instant k, then

7 l-(fc) =  5i(k)Pi(k) (4.2)

Each user has its own optimization objective Ji(k), i =  1.2, ...N. , VA;

Ji(k) =  min[p1(e,(fc +  l))2 +  P2 (pi(k +  l) )2] , i = 1,2,..., N . Vk (4.3)
Qi(fc)

where p\ > 0 and P 2  > 0 are weighting parameters. Then, under simultaneous decision 

making, the Nash equilibrium point (p^ash,P2 as>l, . .. ,p ^ ash) of this noncooperative game 

satisfy the following inequlities:

T fr.Na.sh „Nash „Nash\ ^  T fr. r.Nash Nash\
•A (Pi > P2 ) —> P n  J S  J l { P l , P 2  , —, P n  )

J2 (p ? ash, p ? ash, .. .,p%ash) <  J l ( p ? as\ p 2 , . . , p % ash)

JN(l>?a8 h,P?a8 fl,...,P%aah) < Ji{p?ash,P$ash,- ,P N )  Vfc (4.4)

The solution of the Nash equilibrium point { p iash, P2 ash, •■;P%ash) is given by

t f “ \ k  +  1) =  (4.5)
P l ( d i ( K +  1)) +  P2

The values of the optimization objectives Ji, i — 1,2, ...N., at the Nash equilibrium 

point are

J ? ash{k) = pi(yfar -  ltNash(k + l ) H ar (4.6)

where

7r as/l(fc +  1) =  Si{k +  l ) p f as/l(fc +  1) (4.7)

Proof: The necessary conditions for the Nash equilibrium point are

dJi{k)
dpi{k +  1)

=  0 i — 1,2, ...N. Vfc (4.8)
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Performing the differentiation, we have

P i f r r  -  7i(k +  —  +  +  1) =  0 (4.9)

The solutions of the above equation yield the Nash equilibrium point

Nash/L.  . iq  _ P l S j ( k  +  1) tar
Pl P l(sln k + 1 ) + « 7‘ l 4 -1 0 )

Consider the relation between the SIR arid the channel variation, the Nash equilibrium 

point can be also written as

P ? a s k ( h  + 1) =  _  7i(fc +  1)hi(fc +  1} i f  7 i ( f c + i ) < 7 ‘-  (4.11)
V Pi

The optimization objective can be calculated as

=  P i(e?a-'h(k + I))2 + p2( p f a-'h(k +  l))2

Pi
= P i(7 tr -  ~f?ash(k + l ) b r  (4-12)

=  Pi(7iar ~  7?rash(k + l ) )2 +  P2— ( liar -  7 ? ash(k +  l ) h ? ash(k +  1)
Pi

The Nash equilibrium point given by (4.5) is the same as the optimal solution given 

by (2.50) in Theorem 2. This fact indicates that the distributed optimal power control 

scheme proposed in Chapter 2 is optimal in the noncooperative scenario.

4 .2  C o o p era tiv e  G am es: P a r e to  S tr a te g y

In this section, only two-user games axe considered. Suppose each user has its own 

optimization objective J { .

Both users can minimize their losses if they cooperate, and optimize J  =  X\J\ + 

A1 J 1 , Ai + A2 =  1, where Ai,A2 >  0. Two special cases are: If Ai =  1, A2 =  0, then 

J  = J i m i n ■ Similarly, if A2 =  1, Ax =  0, then J  = J-imin-

The Pareto strategy is any strategy th a t minimize losses of both users, i.e.,

J i ( u P a r e t o ) <  ^ i ( u )>  2 - ( 4 - 1 3 )

where u is the control variable and upareto is the Pareto optimal solution. There are 

infinitely many Pareto strategies. Any strategy that brings the system on or above the
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Ji =  f ( J \ )  curve and below J\ < J \n  and J2  < J 2 N- (J in , J in )  is the Nash equilibrium 

point. Once we reach the curve J 2  =  f (Ji ) ,  we can no longer move any more without 

increasing one of the Ji- At this point we are done. The question of which point to 

choose on the J 2  =  f ( J \ )  curve leads to different strategies like PmTn (minimax Pareto 

strategies) and Pe (equalization Pareto strategies). The above ideas are illustrated in 

Figure 4.1.

J 2  I N ash  E qu ilib rium

mm

h =  J;

J l

Figure 4.1: Pareto strategies of a two-user cooperative game

4.3  P a r e to  O p tim a l S o lu tio n  o f N etw o rk  L eve l O p tim iza tio n

Define the network level optimization problem as minimizing the following performance 

criterion
N

J(k) = m inPi(^2  XiJi(k)) , Vfc (4.14)
i = 1

where
N

y >  =  i  (4-15)
i = l

Ji(k) is defined in (4.3). In this case, all the users will cooperate and try  to achieve the 

global optimum.

We will provide the solution of the two-user case here. The Pareto optimal solution

for the two-user case is given in the following theorem
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T h e o rem  6 In  two-user case, the performance criterion for both users is
2

J(k)  =  mi nVi{ X j J j ( k ) )
i=l

=  Ai Ji(fc) 4~

=  Ai[e2(fc 4- 1) 4*p2(fc 4- 1)] 4* A2[e2(fc 4- 1) 4- P2 (.k ~F 1)] i Vk (4.16)

the optimal transmission power for user 1 in the Pareto sense is

fx lr ,  2  (J 2

P ^ k +  =  ^ 7 T ~  +  (4‘17)O A i/121  O o / l 2 l

where (the index k + 1  is dropped for simplicity)

=  Af (12/121 \/^ 3  +  36o-2/il1A2e272 +  72o-2/ i |1A1e l7 1 -  8 ^ )  (4.18)

^3 — t -  (12/i2x A2e372 — 36/i2i A2e272Aiei7i — 3/i2x A2e272cr4Ai
Ai

4 -3 6 /i2 iA 2e 27 2A2e f 7 2 4- 6 0 /i2 iA 2e27 2A ?e i7 io -4 -

+24/il1A?ef7?cr4 -  m ^ e ^ c r 8) (4.19)

_  —3/t2jA2e272 4- 3/i2iAiei7i 4- cr4X \  2q\
2 ~  M * 0 1/3

Proof: The necessary conditions of Pareto strategies are

- df i ~ u  = 0  =  ...AT. Vfc (4.21)
Pi(fc +  1)

Take the partial derivative of J with respect to transmission power of user 1 gives that

=  Al[- 2ei(* +  1)71Li* +  1) +  2pi(fc + 1)] +  a2[ +  =  0
p i ( f c + l )  p i ( f c  +  1) / i2lP l(fc  +  1) +  cr

(4.22)

Since pi(fc 4- 1) , /121 and a2 are all positive quantities by definition, multiply p \(k  4 -1) 

and h2iPi(k  4- 1) 4- 0 2  a t both sides of the equation lead to

Ai/i2iPi(fc ~F 1) 4" Ai<x2p2(fc 4- 1) 4- (A2e2(fc 4 -l)72(k 4- 1)

—Aiei(fc 4“ 1 ) 7 1  (.k 4- l))/i2iPi(^ +  1) — Aiei(fc 4- 1 ) 7 1  (fc 4- l)cr2 =  0 (4.23)
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Solve this algebraic equation using MAPLE©, we obtain one real solution and two 

complex conjugate solutions of pi(k +  1) , only the real solution is listed below (index 

k  is omitted):
2

Pl 6Ai*2, 3 2 3A2i ’

where

* l =  Af(12/i2i +  36o2h%l \2 e2~n +  72<x2/i^A iei7i -  8ff6Ai) (4.25)

^3 =  (^/i^iAjje^f — 36/i2i A2e|7|Aiei7i — S/i^A^e^^o^Ai 
Ai

+ 3 6 / i 2 i A 2 e 2 7 2 A ? e f 7 2 +  6 0 / i | 1 A 2 e 2 7 2 A ? e i 7 1cr4 —

+ 2 4 /4  Afe?-7 12cr4 -  12A?el7 lo-8) (4.26)

3/i2! A2c272 +  3/ii1Aiei7i +  <t4Ai 
* 2 =    (4'27)

The results for user 2 could be obtained similarly. ■

The equalization Paxeto strategy can be obtained by setting Ai =  A2 . On the other 

hand, the minimax Paxeto strategy requires a search of the corresponding weighting 

parameters Ai and A2 such that — It is noticeable that the Pareto optimal solu­

tion seems extremly complicated under the current formulation. Another observation 

is that the predictions of the users’ SIR are necessary to calculate the Pareto optimal 

power.
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C h ap ter 5 

C on clu sion s

In this research work, the optimal solution to the power control problem for cellular 

wireless systems is presented. Unlike the multiplicative increase multiplicative decrease 

iterative algorithm or the up/down hard decision algorithm currently implemented in 

IS-95, this optimal power control scheme makes the power change proportional to the 

error between the actual SIR and the desired SIR. The proposed scheme also use an 

estimator to estimate and predict channel quality. It converges to the target SIR very 

fast.

In order to balance between the achievable QoS and the mobile’s transmission power 

consumption, a  joint optimization of mobile’s transmission power and SIR error is 

performed. In addition to fast convergence, simulation results also indicate tha t the 

resulting controller is more efficient than the up/down algorithm of IS-95.

A stochastic optimal power control algorithm is obtained using the SIR measure­

ments directly assuming that the SIR measurements contain white noise. The power 

control system is a linear time-varying system driven by white noise. The optimal 

controller gain is obtained by minimization of the sum of the variances of mobile’s 

transmission power and SIR error. Simulation results show that the users’ SIR con­

verge to the target value within 40 steps.

Some preliminary results of game theoretic formulation of the power control problem 

are also discussed. Nash equilibrium points are derived for multi-user case and Pareto 

strategy is derived for two-user case. The distributed power control scheme obtained 

in Chapter 2 is proved to achieve the Nash equilibrium point of the system.

In practical situations, the channel quality changes due to fading and the link gains 

are random processes. Analytical result of power control algorithms for multi-user case
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may be an interesting topic for future research.

Another interesting topic for future research is to test the proposed power con­

trol schemes in this dissertation by performing experiments on the wideband CDMA 

testbed, for example, test the proposed power control schemes under different fading 

conditions in the Wippet [85].
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