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Abstract 

The Infopad Downlink: Power Control System (IDPCS) is proposed as a scheme for the assign
ment of mobile units to cells and the management of power control for the downlink of Direct 
Sequence-Code Division Multiple Access (DS-CDMA) wireless networks. Its aim is to maximize 
the number of mobile units connected to each cell on the downlink: subjecting to three require
ments: maximizing the signal-to-noise-ratio that each mobile unit receives, meeting the maximum 
power constraint imposed on each base station, and meeting the limit on the number of mobile 
units that can be assigned to each base station. 
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1 INTRODUCTION 

From the phenomenal successes of the Internet and the cellular radio network, two key user 
demands can be discerned: the ability to gain access to a wide variety of information and the free
dom of movement while being connected. Based on these requirements, a new type of communi
cation system has emerged, the wireless multimedia system. The goal of the InfoPad project at the 
University of California is to design and build a prototype of such a system. It consists of a high 
speed wireless network, low-power, portable displaying devices, and supporting software for 
media access and data delivery (Sheng, 1992). 

There exist many types of wireless networks, designed for a variety of applications. Our work is 
based on a particular type of network with the following characteristics. The wireless network is 
comprised of a number of cells with each cell controlled by a base station. Base stations send data 
to mobile units over a downlink: channel - in our case using a Direct Sequence-Code Division 
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Multiple Access (DS-CDMA) scheme over a radio frequency (Viterbi, 1995). Mobile units send 
data to the base stations using an uplink, but we do not consider this in our work. The wireless net
work is assumed to support multiple types of data such as text, audio, video and provides data 
rates in the order of megabits per second to each mobile unit. 

Different applications require different Bit-Error-Rates (BER). The BER is related to the ratio of 
the received signal to the interfering noise, the Signal-to-Noise Ratio (SNR), although this rela
tionship is not a simple one (Proakis, 1989). In a system with only one mobile unit, the SNR is 
simply the ratio of the power levels of the signal and the noise experienced by the receiver. If the 
base station transmits more power, the power of the received signal increases and hence the SNR 
increases. The situation becomes more complicated in a system with more than one mobile units. 
The signal destined to one mobile unit is experienced as interfering noise by other mobile units. 
By increasing the power to increase the SNR at one mobile, the noise levels at other mobile units 
in the system are increased causing a decrease in their SNRs. 

This mutual interference creates an interesting power allocation problem. Allocating power effi
ciently requires us to solve an optimization problem - providing the necessary power level for 
each mobile unit to achieve its required SNR. 

The proposed solution addresses the problem of allocating power by providing the minimum 
transmitted powers to meet the SNR requirements of all mobile units in the system. It is com
prised of three parts (Figure 1): 

1. Global Minimization Algorithm: each mobile unit is assigned to a cell such that the transmitted 
power level to the mobile unit is minimized. 

2. Local Minimization Algorithm: a feasible solution is determined such that each base station 
transmits the minimum power levels needed to provide its mobile units with the required SNR. 

3. SNR Renegotiation Algorithm: when the Local Minimization Algorithm does not yield a feasi
ble solution, the base station negotiates with the mobile units to reduce their SNR requirements 
such that the power limitation can be met. 

The overall objective of our solution is to minimize the transmitted power to each mobile unit in 
the network so as to minimize the interference to other mobile units. The transmitted power to 
each mobile unit can be written in terms of: (1) the transmitted powers to other mobile units of the 
network, (2) the noise experienced by the mobile unit, and (3) the required SNR. These equations 
form the matrix that represents the problem of determining the downlink transmitted powers of 
the network. In addition, there are two boundary conditions: (1) an upper bound on the maximum 
power that each base station can transmit and (2) an upper limit on the number of mobile units that 
can be connected to a base station. 

With the goal of providing an intuitive and comprehensive treatment of the power control prob
lem, we will derive the solution based on a step-by-step approach: 

Step 1. Derive the equation representing the transmitted power from a base station to a mobile 
unit. 



A global QoS management for wireless network 

r I •••• , I. II' II ," '" 1, •• , .1 I., '" .1.11 II I •• I •• 1 11,.1 II. 11,'1 '1' II ", 

• ('------
: I B~e I 
: Station 

I 

• • ---------------j I 
I 
I 
I 

• .------ 1--1 ,.--------) . 
~ II ••• , II ,.1 't 

Mobile 
Unit • 

I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

I 
I 

I I 

,-------~ • • • 
I •• 1. II ," I •• '" II I ••• ,. II ... ,., II II II ••• , II I •••• , .1 

Figure I InfoPad Power Control System. 

Global Minimization 

Local Minimization 

SNR Renegotiation 

207 

Step 2. Fonnulate power control as a linear programming problem based on the power 
matrix. 

Step 3. Describe the algorithms that are used to solve the linear programming problem. 

2 TRANSMI1TED POWER EQUATION 

Call the power level transmitted from base station i to mobile unit j, xij • The value of Xij is deter

mined by the power required at mobile unit j, xij, where the relationship between the two power 

levels is as follows. Signal arrives at the mobile unit with less power level than that was transmit
ted by the base station. The reduction in power level is due to the fact that the radio is a dispersive 
medium; transmitted signals experience reflection, refraction, scattering, etc., before reaching the 
receiver (Andersen, 1995). The relationship between the transmitted and received powers is well 
known: 
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r 
xij _ _ d-A.10~/10 - - p,,-
Xij 'J 

(1) 

X~j must be large enough to overcome the effects of noise and interference experienced by the 

mobile unit. In fact, the ratio of the receiver power over noise and interferences must be equal or 
greater than the required SNR: 

r 
xij 

intra inter ~ SN R j 
(Iij + [ij + OJ) 

(2) 

with intra, [inter, and 0 the intracell, intercell and background noise interference, respectively. 

Consider mobile unit j in cell i. In a CDMA scheme using PN codes for signal spreading, the 
intracell interference is comprised of two parts: the interference caused by the delayed paths of 

X~j and the interference caused by other signals transmitted by base station i: 

(3) 

where N i is the number of mobile units in cell i; 1C is the ratio of the first path to the sum of all 

other paths (the Rician K ratio); PG is processing gain of the system; Pij is the transmission coef

ficient from base station i to mobile unit j; and Xij is the transmitted power from base station i to 

mobile unit j . 

If the signal is modulated with a PN sequence followed by a Walsh code, the intracell interference 
is comprised of the delayed paths of all signal transmitted by base station i: 

Ni 

[intra = poo(.!.)(~) ~ xOl 
'J 'J 1C ° PG £.. , 

J I; 1 

(4) 

In the environment such as indoor where the first path is much larger than other paths, Walsh 
codes significantly reduce the intracell interference. 

When multiple base stations transmit on the same channel, the mobile, unit receives interfering 
signals from other base stations in addition to the signal transmitted from its connected base sta
tion. This type of interference is termed intercell interference. In a DS-CDMA system with fre
quency reuse of one, the same channel spectrum is used by every cell in the system. Thus, mobile 
units in each cell receive interference from all other base stations in the system. 

Signal transmits from base station k and received by mobile unit j is subjected to the path trans

mission coefficient, P kj' Furthermore, the intercell interference from base station k as experi-
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enced by mobile unit j (of cell i) is reduced by a factor of the processing gain due to the 
spreading effect of OS-COMA. 

(5) 

where M is the number of base stations (cells) in system; N k is the number of mobile units in cell 

k; PG is the processing gain; P kj is the transmission coefficient from base station k to mobile 

unit j; and xkl is the transmitted power from base station k to mobile unit t. 

Two types of noises are considered in a wireless environment: thermal noise and external noise. 
Thermal noise is generated within the physical layer components and is quite small compared 
with other noises and interferences. Thermal noise is the baseline power level at a mobile unit 
because without any other types of noises or interferences, the mobile unit still needs a minimum 
power level to overcome the effect of this noise. All noises or interferences that are not classified 
as intercell interference, intracell interference, or thermal noise are considered external noise. The 
most common type of external noise is the power generated by equipment that operates in the 
same frequency bands, such as microwave ovens. Typically, all external noises are ignored. 

Re-writing the equation of the transmitted power (2) using the results from (4) and (5) yields: 

(6) 

3 BUll...DING BLOCKS OF THE LINEAR PROGRAMMING PROBLEM 

As we shall see in subsequent sections, IDPCS determines the transmitted power levels of the sys
tem by solving a set of linear programming problems (Luenberger, 1989). Before proceeding, we 
need to establish the blocks upon which the linear programming problems are built, the objective 
function and the constraints. 

3.1 Objective Function 

The overall objective of IDPCS is to minimize the transmitted power to each mobile unit in the 
network so as to minimize its interference to other mobile units: 

M N j 

Minimize L L Xjj 

j = lj = 1 

(7) 
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3.2 Constraints 

The system has three overall constraints: 

1. Power constraint: A base station cannot transmit more than its maximum power level. An 
upper bound on the transmitted power guarantees that a base station does not cause excessive 
interference to other users in the same frequency band: 

Nj 

L xij~Pmax 
j=l 

(8) 

2. Single base station assignment constraint: Each mobile unit is assigned to one base station: 

M 

L Zij = 1, Zij E {O, I} 
i = 1 

(9) 

3. Mobile unit constraint: A base station cannot accept more than its maximum allowable mobile 
units. This upper bound is a system parameter that is set based on the capacity of the base station, 
such as its processing power or its number of DS-CDMA codes: 

N 

L Zij ~ N7ax, Zij = 1 if xij > 0, Zij = 0 if xij = 0 
j=l 

4 PROPOSED SOLUTION 

(10) 

The goal of power control algorithms is to detennine the power levels a base station needs to 
transmit so that all mobile units in its cell meet their required SNRs. This requirement is met by 
the proposed control system - the InfoPad Downlink Power Control System (lDPCS). It is a global 
optimiwtion system comprising of three algorithms: Global Minimization, Local Minimization, 
and SNR Renegotiation. 

While IDPCS shares the same goal as other power control algorithms (Bock, 1964) (Foschini, 
1995) (Gilhousen, 1991) (Hanly, 1995) (Yates, 1995) (Yun, 1995) (Zander, 1992), the proposed 
methods differ in a number of important ways: 

1. All previously discussed algorithms determine whether the algorithm can converge and, if the 
algorithm converges, whether a solution exists and is optimal. The proposed system goes beyond 
this solution by considering additional algorithms required to change a non-convergent condition 
into a convergent one. 

2. The proposed system represents a comprehensive way to implement power control instead of 
single algorithm that only deals with a particnlar aspect of power control. 
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3. All previously discussed algorithms operate distributively on a per-cell basis. This means that 
each base station determines the operating conditions that are optimized for its own cell. The pro
posed system describes an algorithm that is also distributed but has a global minimization goal. 
This means that each base station determines the operating conditions that optimized he entire 
system and not just its own cell. 

4. All previously discussed algorithms assign mobile units to a base station according to a simple 
algorithm - the mobile unit is assigned to the base station where it experiences the least path loss. 
The proposed system employs a more sophisticated algorithm that guarantees the optimal assign
ment of each mobile unit. 

4.1 Procedures 

M 

Consider a wireless system with M cells and N mobile units, L N i = N • The implementation of 
i= 1 

IOPCS in this system can be divided into two parts: assignment of mobile units and allocation of 
power. First, the assignment of mobile units is solved using the Global Minimization algorithm. 
Once the mobile units have been assigned, the powers that base stations need to transmitted to 
their mobile units are determined by the Local Minimization and SNR Renegotiation algorithms. 

1. Assignment of Mobile Units: Using the global minimization algorithm, the mobile units are 
assigned to the base stations where the total transmitted power of the system is minimum: 

(11) 

The solution of the algorithm can be represented as an assignment matrix where each column rep
resents a mobile unit and each row represents a base station: 

if Xij>O 

if Xij = 0 

2. Allocation of Power: The allocation of power can be accomplished in two steps: Using the local 
minimization algorithm, the minimum power level required by each base station is determined. If 
the total transmitted power by base station exceeds P max' the base station negotiates with the 

mobile units to reduce the supported SNR level such that the power required can be reduced to 
meet the power limitation. There are two goals for the SNR Renegotiation algorithm: (a) meeting 
the power limitation at each base station and (b) providing an SNR that is closest to the desired 
SNR given constraint (a). 
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min(desiredSNRrsupportedSNRj ), Vje i (12) 

The solution of the algorithms can be represented as a power matrix where each column repre
sents the power allocation of each base station: 

[

XU x21 ... XMI] 
X = Xl2 X22 ••• XM2 

............ 
X1N Xuv ... XMN 

5 GLOBAL MINIMIZATION ALGORITHM 

The Global Minimization algorithm determines the optimal assignment of a mobile unit to a base 
station. The optimal base station-mobile unit pair is defined as the one that requires the minimum 
transmitter power level by the base station. This is also called the assignment of a base station
mobile unit pair. In other power control algorithms, an optimal base station-mobile unit pair is 
defined as one where the transmission coefficient has the largest value among the transmission 

coefficients of the mobile unit: {zij = 0, Zkj = 1, Vk* j: Pij > Pkj' Vk* j}. This policy does not 

always result in the minimum transmitted power and hence the Global Minimization algorithm is 
necessary to guarantee the objective of minimizing the total transmitted power levels of the sys
tem. 

Consider two base station-mobile unit pairs (i, j) and (k, I) . Let Xij be the transmitted power level 

of each base station-mobile unit pair (i, j). This power level is experienced as an interference at 
mobile unit I. Base station k needs to provide mobile unit 1 with sufficient power to overcome 
this interference (Figure 2). IT k = i, base station-mobile unit pair (k, I) experiences an intracell 

interference of the amount (S;;I)(~)Xij' If k * i, base station-mobile unit pair (i, j) generates 

an intercell interference of the amount (;;I)(::}ij to (k, I). 

Define Y klij as the portion of the transmitted power xkl used to overcome the interference caused 

by Xij' The relationship of Y klij and Xij is an inequality 

Yklij > if k - . Yklij ... if k . 
SNR -Xij -I, ","xij *1 

( PG 1)(~) (;;1)(::) 
(13) 
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Base Station i Base Station k 

Mobileunitj Mobile unit I 

Figure 2 Base Ststion i 0UIp~ power Xiio to m~e ~ j. Base Station i must provide power 
Y tlij = V tlixij to overcome !he mtelference m mobile urut I • 

In the Global Minimization Algorithm, mobile unit I is (initially) assumed to be partially con
M 

neeted to all base stations. Its total transmitted power is x, = L Xtl. Define Y lij as the portion of 
t= 1 

X, used to overcome the interference caused by xij • Ylij can then be expressed as: 

M M 

Ylij = L Yklij = Yilij+ LYklij (14) 

k = 1 k~i 

Afeasible activity for f = (i, j) is a veetor of the form [xii'/] where I := (Ytlij) such that for 

each I 

M 
Yilij + Yklij ~ x .. 

(SNRI)(!) ~i(SNRI)(Pil) IJ 

PG lei PG Ptl 

(15) 

The power allocated to a mobile unit I must be large enough to overcome the interference caused 

by the base station-mobile unit pair (i, j) : 

(16) 

Furthermore, the net power of the base station-mobile unit pair (i, j) as received by the mobile 

unit j must be large enough to over come the noise experienced by the base station-mobile unit 
pair: 
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P ij(xij) - Pil L ~> ij,tl) - nij ~ 0 
k 1 

(17) 

where the total noise experienced by a mobile unit equals the sum of the noises of its base station
mobile unit pairs: 

M 

L nij = nj 

i = 1 

(18) 

We can fannulate the Global Minimization algorithm as a linear programming problem of the 
fann: 

Minimize 
i=lj=l 

Subject to M 

L nij = nj 
i = 1 

Xij~O 

Yijkl~O 

nij~O 

(SNRI)(l) (SNRI)(Pil) where 1Li/ = -- - and vkli = -- - . 
PG lC1 PG Pkl 

(19) 

The solution of the algorithm can be organized as an assignment matrix Z where 
Zij = 1 if xij> 0, Zij = 0 if Xij = O. Each column represents a mobile unit where all coefficients in 

a column except one are zero. Each row represents a base station where the sum of each row is 
less than or equal to it maximum allowable mobile units. 

With this assignment matrix, each mobile unit has been assigned to a single base station where its 
required transmitted power is minimum. Furthermore, the number of mobile units in each base 
station is less than or equal to its limit. The global minimization algorithm yields a feasible solu
tion. We are now ready to allocate power to each of these base station-mobile unit pairs using the 
Local Minimization Algorithm. 
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6 LOCAL MINIMIZATION ALGORITHM 

Once each mobile unit has been assigned to a base station, the system can be described as a matrix 
where each equation represents the transmitted power required by a base station-mobile unit pair: 

(20) 

The goal of the local minimization algorithm is to allocate the optimal power to each base station
mobile unit pair. This is an optimization problem that can be solved as a linear programming prob
lem of the form: 

Minimize 

Subject to 

M Ni 

L LXij 
i = Ij = I 

(21) 

The solution of the algorithm can be represented as the power matrix: X. Each column of the 
matrix represents the transmitted power levels of a base station. If the total transmitted power of 
each base station is less than or equal to its maximum power, a feasible solution for the local min
imization algorithm has been obtained. This solution is also the solution to the power control 
problem. Hence, if (21) yields a feasible solution, IDPCS has completed its task. 

If, however, one or more base station fails to meet its power constraint, an additional algorithm is 
needed to convert this infeasible solution into a feasible one. This converted algorithm, called 
SNR Renegotiation, is discussed next. 

7 SNR RENEGOTIATION ALGORITHM 

If the total transmitted power by a base station exceeds its maximum allowable power limit, the 
power budget can be reduced by either removing one or more mobile units from the cell or by 
reducing the required powers of one or more mobile units. Assuming that the policy of the system 
is to maximize the capacity, IDPCS implements the latter option. 
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For each base station i whose total transmitted power exceeds its maximum power, its power bud

Ni 

get is set at the limit: L Xij = P IIIQX' When the total transmitted power of a base station 
j=l 

decreases, the power allocated to each mobile unit in that cell must also decrease. We need a crite
ria to determine the amount of power that needs to be reduced from each base station-mobile unit 
pair. 

Recall the transmitted power equation of a base station-mobile unit pair: 

SNR.(I~ +l~tra +0.) 
XiJ' ~ J 'J 'J J . Since SNR is the only parameter that can be modified in this equa-

Pij 

tion; to reduce the required transmitted power to a mobile unit, its SNR must be reduced. Natu
rally we would like to minimize the difference between the desired SNR and the provided SNR of 
each mobile unit. The goal of minimizing the reduction of SNRs must be balanced against the 
reduction of the power budget. This means the SNR renegotiation algorithm requires a solution of 
an optimization problem. 

Once again, the optimization problem can be formulated as a linear programming problem: 

Minimize 

Subject to 

Ni 

L «SNRo)j-SNRj) 
j = 1 

Ni 

L Xij = P f1UJX 

j = 1 

SNRj~O 

xij~O 

(SNRO)j-SNRj~O 

(22) 

where (SN Ro) j is the desired SNR of mobile unit j and SN R j is the SNR provided to mobile unit 

j. 

Unlike in previous sections, the linear programming problem expressed in (22) cannot be solved 
readily because the variables in the objective equation, SNRj , are not the variables in the con-

straint equation, xij' To solve the problem, we must first express the SNR of each mobile unit as a 

function of the transmitted powers of all base station-mobile unit pairs in the cell: 

SNRj = f(xij' 'rIje i). 

(22) can be re-written as: 
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Minimize 

Subject to 

Ni 

L SNRo- !(xij) 
j=l 

Ni 

L Xij = Pmru; 
j=l 

SNRj~O 

Xij~O 
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(23) 

SNR is a nonlinear function of xil V j e i. Thus, (23) is a nonlinear programming problem of the 

form: 

Minimize !(z.) 

Subject to h(!) = P mru; 
(24) 

Although the solution of the general nonlinear programming problem is difficult to obtain, this 
problem can be solved easily using the well-known Lagrange multipliers (Luenberger, 1989). The 

Lagrangian associated with the problem is: 1(1,6) = !(I) + 6T h(l) where 6 is the Lagrange mul
tipliers. The solution of the Lagrangian equation is derived by solving a set of equations of the 
form: V ;(I,~) = 0, VA,I(I, ~) = 0 where V is the partial derivative function. 

The solution derived from the Lagrangian equation can be arranged as a vector that is comprised 
of the new SNR of the mobile units in the cell. Each new SNR is the closest value to the desired 
SNR given the power budget constraint, and hence is the optimal solution. 

8 SUMMARY 

We have presented a global solution to the cell-assignment and power-control problem in wireless 
multimedia networks. The system is formulated as a set of linear programming problems, that can 
be readily solved in a distributed fashion, yet yield global solutions. Experiments with large sets 
of cells and terminals have demonstrated that the proposed. solution is robust and converges rap
idly. Current research includes a further simplication of the problem to reduce computational 
complexity. 
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