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Abstract

The cellular telephone success story prompts the wireless communications community to
turn its attention to other information services, many of themin the category of "wireless
data" communications. One lesson of cellular telephone network operation is that
effective power control is essential to promote system quality and efficiency. In recent we
have applied microeconomic theories to power control taking into account notions of
utility and pricing. Our earlier work has shown that this new approach to power control
for wireless data performs better than traditional techniques applied for voice signals.

However, the operating points of such a strategy result in an unfair equilibrium in that
users operate with unequal signal-to-interference ratios. Further, the power control

algorithms required to achieve such operating points are more complex than the simple
signal-to-interference ratio balancing algorithms for voice. In this paper, we introduce a
new concept, Network Assisted Power Control (NAPC) that maximizes utilities for users
while maintaining equal signal-to-interference ratios for all users. The power control

algorithm is easily implemented via signal-to-interference ratio balancing with the

assistance of the network that broadcasts the common signal-to-interference ratio target.
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1. Background

The qudity and bandwidth efficiency of wirdess communications sysems depend on
effective power control. A termind or base dation needs to transmit enough power to
deiver a useful sgnd to the receiver. However, excessve power causes unnecessary
interference to other recaivers, and in the case of tranamisson from a portable termind, it
drains battery energy faster than necessyry. Consequently in developing wirdess
telephone sysems the technicd community devoted consderable effort to devisng
power control schemes. The results of this work are embodied in cdlular telephone
sysems and documented in a body of literature (for example, see [1-4]) that describes
mathemeatically the properties of optimum power control for wireless telephones.

With cdlular tdephone communications a big success, an importat issue is the
tranamisson of non-telephone information to and from portable terminds [5-7]. In recent
work [8-11], we have demonsrated mathematicdly that the power control dgorithms
derived for teephone communications produce sub-optimum results for wirdess daa
transmisson. This concluson is based on the properties of a utility function for wirdess
data sysems defined as the number of information bits ddivered accurately to a receiver
for each joule of energy expended by the trangmitter. A power control system that
meximizes this utlity function maximizes the amount of information that can be
trangmitted by a portable termind over the lifeime of its beatteries. As in telephone
systems, our work has concentrated on distributed power control agorithms, in which
each trangmitter adjusts its power on the basis of locd information. The agorithms do not
rly on a centrd controller that keeps track of the entire network of interfering
tranamissons. However, we find that when dl interfering tranamitters adjust their powers
separately to naximize the utility of each link, they converge to power levels that are too
high. Using the framework of game theory to study power control, we find that the set of
power levels obtained in this manner represents a Nash equilibrium point of a norr
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cooperative game. We have shown tha if al terminds reduce ther powers incrementaly
relative to the Nash equilibrium powers, they al increase their utility.

In our past work [8-11], we introduced a pricing mechanism to lead terminds to
operating points with higher utility than the Nash equilibrium utility. With pricdng dl
terminds am to maximize the difference between utility and price. Specificdly, the
pricing function we dudied is a linear function of transmitter power. This function drives
users to a more efficient operating point compared to the dgorithm without pricing.
While linear pricing of trangmit powers is an effective policing mechanism tha
influences user behavior towards a more efficient operating point, it does result in an
unfar equilibrium in that users setle to unequa sgna-to-interference ratios. Our results
in [811] indicate that users with better channd conditions obtain higher utilities, use
lower transmit powers and aso achieve higher sgnd-to-interference ratios. In addition to
the issue of fairness, the other aspect of such linear pricing of transmit powers is that the
implementation of didributed power control is no longer achievable through the use of
sgnda-to-interference ratio balancing schemes [3-4].

The work reported in this paper takes a different gpproach to designing power control
dgorithms that maximize utility. The gods of the work ae to provide a means of
achieving a farer (or more equitable) operating point and dso dlow implementation of
digributed power control using sgnd-to-interference raio bdancing. This approach
leads to agorithms that rely on a controller in the infrastructure of a wireless data system
to derive a power control parameter and broadcast this parameter to dl interfering
transmitters. This parameter takes the form of an optimum target sgnd-to-interference
ratio. When dl terminds am for this common target, each maximizes its utility over the
st of dgnd-to-interference-ratio bdancing dgorithms. In a CDMA system, the target
ggna-to-interference ratio depends on the number of users smultaneoudy transmitting
information to a base daion usng the same carier frequency. The number of users in
turn determines the throughput of the base station. We find that there is a user population
sze that maximizes base daion throughput measured in bits per second. This population
Sze can be viewed as the capacity of a wirdess data system. It corresponds to the
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cgpacity of a wirdess tdephone sysem, defined as the maximum number of
converstions that a base dation can handle within a dgnd-to-interference ratio
condraint. The maximum throughput is anadogous to the Erlang cgpacity of a wirdess
telephone system.

In the remainder of this paper, Section 2 summarizes the properties, derived in earlier
work, of the utility function for wirdess data transmisson. Section 3 derives the sgna-
to-interference ratio target that maximizes utility and congders the throughput of a base
dation. Section 4 conssts of numerical examples and Section 5 is a discusson of the

results and a description of work in progress.

2. The Utility Function

Congder a wirdess data system operating at a channd rate of R b/s. The information bit
dream is organized in packets, each containing L information bits Channe coding
increases the packet sze to M > L hits. We assume that the system contains a powerful
error-detecting code such that the probability of undetected transmisson errors is
negligible. When the receiver detects an eror in a packet, a selective repeat protocol
causes the packet to be retransmitted. The probability of a successful transmission, f(g),
depends on g, the dggnd-to-interference ratio a the receiver. For each packet
transmission, the number of information bits received accurately, K, is a random variable
with the probability mass function:

P«(0) = 1-f(g); Px(L) =f(g); Pk(k)=0; otherwise. 1)

The expected number of bits received accurately is

E[K] = Lf(g) bits. )

The energy consumed in the transmisson is
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Energy cost = PM/R joules, 3

where P watts is the transmisson power, and M/R seconds is the duraion of the packet
transmisson. The utility of the packet trangmisson is the ratio of the number of bits
transferred, Equation (2), to the energy cost, Equation (3)

u=R10) @)
M P

Zorzi and Rao use an objective that combines throughput and power disspetion in a Smilar

manner in astudy of retransmission schemes for packet data sysems[12].

We congder a wirdess data sysem in which N teminds share the same physca
channd. Each termina transmits data to a single base dation. The receiver for termind i
receives energy transmitted by al of the other terminds. The sgnda-to-interference ratio
g, depends on dl of the transmitter powers and on the locations of the portable terminas
and the base dations. In this paper we condder a single cdl of a CDMA wireless data
system with N terminds tranamitting data to the same base dation. The path gan of
termind i to the base dation ish, i=1,2,...,N and the sgna-to-interferenceratio is.

_ (5)

where G is the CDMA processing gain, R is the transmitter power of termind i, and s? is
the noise power in the base sation receiver.

The digributed power control problem seeks an adgorithm in which each termind uses
loca information about its own transmisson to choose a power level that maximizes the
utility of the termind. We observe that this approach corresponds to a non-cooperative
game because the actions of each termind influence the utility of dl the other terminds.

Network Assisted Power Control 5 6/15/00



This game has a Nash equilibrium, which is a st of powers P* that have the property
that no termind acting done can find a power leve tha increases its utility redive to
Ui*, the utility obtained when dl terminds use P*. When they reach this equilibrium, al
terminds operate with the same dgnd-to-inteference ratio g*, the solution to the
differentid equation obtained by differentiating Equation (4) with respect to P and setting

the derivative to zero:

f(g)=g%]’). ®)

However, we have dso found that this result is inefficient in the terminology of game
theory. A set of powers is inefficient if there is another set that produces higher utility for
one or more terminas, without decreasing the utility of any of the other terminds. In the
case of the powers that represent solutions of Equation (6), we can show that there are
power reduction factors a<1 such that dl terminas can increasse ther utility to U>Ui* by
admultaneoudy reducing ther transmitter powers from P* to Pi= aP*. The power
reduction causes dl of the terminas to operate & a common signa-to-interference retio
gi<g*. This, n turn, results in a lower vaue of f(g) in Equation (4). However, with respect
to utility, the advantage of a lower power outweighs the disadvantage of a lower vaue of

f(9).

As mentioned ealier, in our prior work [8-11], we introduced a price function,
proportiona to the power transmitted by each terminad and considered a non-cooperative
game in which each termind maximizes the difference between utility and price. We
found price functions that produce equilibrium powers such tha al terminds have higher
utility then Ui*. In contrast to the non-cooperdive game without pricing, the terminds
have unequa dgnd-to-interference raios a the equilibrium powers of the nort
cooperaive game with a price function. In this sense, the price function leads to an
inequiteble equilibrium. Further, there is no Imple way for the individud terminds to
determine thelr target sgnd-to-interference ratios. Instead of aming for a target sgna-
to-interference ratio, the dgorithm for distributed power control with pricing in [8-11]
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uses a gradient search procedure that exhibits dower convergence properties than the
sgnd-to-interference ratio balancing schemes that converge to the required power leves
in just a few iterations [2]. In the next section we outline an approach that addresses the
issues of farness and ease of implementation. We refer to this type of power control as
Network Assisted Power Control (NAPC).

3. Network Assisted Power Control with Balanced Signal-to-I nterference Ratio

The contribution of this paper is to examine power control schemes for wirdess data in
which dl terminds operate with the same sgnd-to-interference ratio. These schemes are
attractive because they are associated with a power adjussment agorithm used widely in
cdluar tdephone sysems. In this dgorithm, dl terminds adjust their power leves to
am for a common target sgnd-to-interference ratio gr. Each termind periodicdly learns
the current sgnd-to-interference ratio g and adjusts its power to am for gr, assuming dl
other terminds keep their power levels congant. Thus if the present power is P, the
adjusted power is Pgr/g. Each adjustment affects g, the signa-to-interference retio of all
other terminds, and causes them to change their power levels. However, if there are not
too many teminds in the sysem (i.e, the sysem is feasble), the sequence of power
adjusments converges to an equilibrium st a which dl terminds operate a sgnd-to-
interferenceratio, gr [2].

In a CDMA sygem, it is wel known [13] that there is an upper bound on N(gr), the
maximum number of terminds that can Smultaneoudy operate with g= gr:

N(or) £ 1+G/gr. @)

This is the feadhility condition described earlier. We can dso interpret this inequdity to
sate that in a sysem of N terminds, there is an upper bound on the sgna-to-interference
ratio that they can smultaneoudy achieve:

or £ G/(N-1)=B. (8)

Network Assisted Power Control 7 6/15/00



Here we introduce the symbol B to represent the ratio of processing gain to the number of
interfering terminds in a CDMA cdl. In this paper, we refer to B as the bandwidth
expansion of the cell. (The closdly rdated quantity, G/N, is the ratio of the CDMA chip
rate to the bit rate of a TDMA sysem with N terminds, each tranamitting R b/s) In
Section 4, we describe some key properties of network asssted power control as
functions of B. In cdlular tlephone systems, the target sgnd-to-interference ratio gr is
determined by speech qudity consderations. In our study of wirdess data transmission,
we seek a value of gr that produces optimum results with respect to the utility function in
Equation (4).

We find the optimum vaue of gr by referring to a property of sgnd-to-interference-ratio
baancing power control schemes When dl terminds operae with the same sgnd-to-
interference retio, ther sgnals arive a the base dation with the same power level Prec.
Thus for baanced sgna-to-interference rétio:

Ph=Pe fori=12,...,N. 9)
With g=gr fori=1,2,...,N,
GP
= -~ and 10
gT (N _ 1)Prec +s 2 ( )
__ gt -
——T———=Ph fordli. (12)

F)rec_
G- (N- g,

We then refer to Equation (4) and use Equation (11) to find an expresson for the utility

achieved by termind i in terms of the common sgnd-to-interference ratio gr:
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u, _LR f(9r) _
M g;S°?
h[G- (N - 1)g,]

LRh Y
YT f(gT)gg (N-Dg (12

T

The right sde of Equation (12) displays an interesting property of signd-to-interference-
ratio baancing power control schemes. the utility of termind i is proportiond to the peth
gan h. Except for this proportiondity factor, the target signd-to-interference ratio, gr,
dfects utility in the same way for dl terminds Therefore, all terminals achieve
maximum utility at the same common value of gr. If we use the notation Qopt for the
maximizing velue of gr, we find gopt by differentisting Equation (12) with respect to gr
and setting the derivative to 0. The reault is the following differentia equation:

df@,)

Gf @) =[G~ (N - g 1oy =

(13)

T

The optimum target sgna-to-interference ratio, Qopt, is a solution of Equation (13). Like
g*, the equilibrium sgnd-to-interference ratio of the non-cooperative game, it depends
on the function f(g), which describes the dependence of frame success rate on sgna-to-

interference ratio. This function is a property of the radio propagation channe and the
trangmisson sysem including the modulaion technique, the receiver, and the channd

coding scheme. Unlike g*, gopt aso depends on N, the number of terminds and on G, the
processing gain of the CDMA system.

A closer ingpection of Equation (13) reveds severd interesting facts. It can be seen that
the left hand dde of the equation and the derivative on the right hand sde are both
postive. This is due to the fact the function f(g) is a postive, increasing function. This
implies that the quantity in square brackets is podtive a the vadue of gr that sisfies the
equation. This property is identicd to the feaghility condition in Equations (7) and (8).
Therefore, in contrast to the distributed power control scheme with a target gr=g*, the
dgorithm that ams for gr=gopt, Obtained by solving Equation (13), is necessarily fessible.
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Moreover, with G congant, we find that as N grows large, the feashility condition
implies thet that gr must be decreasing to compensate for the increase in N. Further, it can
a0 be seen tha in a gngle-termind system, Equation (13) reduces to Equation (6).
Therefore, the lone termind achieves the optimum sgnd-to-interference ratio when it
acts to maximize its utility, which implies that gopr=g* for N=1. When two or more
terminds tranamit to the same base dation, dl users am for the common target sgna-to-
interference  retio Qopt that results in esder implementation and dso farnes &

equilibrium.

However, the terminals need to cooperate in order to achieve the benefits of operating at
Oopt- This cooperation can be achieved by programming each termind to aim for a specific
Sgnd-to-noise ratio, Gopt rather than to maximize its utility. Because gopr depends on N,
Gopt Changes as erminds enter and leave the sysem. To keep terminds informed of the
correct current value of gopt, the base station can trangmit this value from time to time in
the associated control channd that exigts in wirdess sysems. In this way, the network
assists the power control system and thus, we refer to the agorithm as network assisted
power control (NAPC). The next section uses numericd examples to present some
properties of NAPC and compare them with the power control agorithm that corresponds
to the non-cooperative game.

4. Properties of Network Assisted Power Control

For N>1 termind in the system it is convenient to divide Equation (14) by N-1 and
subgtitute B=G/(N-1), where B is the bandwidth expanson varigble defined in Equation
(9):

df (9;)

Bf (9:) =[B- 9:19; dg. (14

Here we observe that for agiven f(g), Qopt, the solution of Equation (15) is afunction of
the bandwidth expansion, B. To further explore the properties of NAPC, werely on

numerical examples. To do so, we refer to the example system studied in our earlier work
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on game theory and utility [9]. The properties of that sysem are givenin
Tablel.

Note that each frame has M-L=16 redundant bits used for channd coding. We assume
that al of these bits gppear in a frame check sequence for error detection and that the
number of undetected errors is negligible. If binary errors affecting the 80 bits in a frame
are mutualy independent,

f(@) =[1- 0.5exp(-g/2)]”. (15)

The fird dep in sudying this sysem with NAPC is to solve Equaion (14) numericdly
with f(g) given in Equation (15) and B variable. The reault is the graph in Figure 1. At the
limit, the bandwidth expanson B = ¥, the number of terminas N=1, and Qopt=g*=10.75,
the target signd-to-interference ratio of the non-cooperative game. Figure 2 displays the
same information as Figure 1. It shows oot as a function of N, the number of terminals,
when the processng gain, G=100. As terminds enter and leave the cdl, the base dtation
could refer to the data in this greph to determine the best target signa-to-interference
ratio, and then trangmit this number to the active termindls.

The power transmitted by termind i is proportiond to h, the path gain between the
termina and the base dation, which depends on the distance between the termind and the
base dation. To examine the effects of transmitted power and utility on disance, we
adopt the familiar exponentia propagation modd:

h=cxd?, (16)
where d is the termind-to-base station distance measured in km, ¢ = 1.267x10* and
a=3.6. We sdected a=36 as an illudraive example, typicd of propagaion congants in

practicd environments. The vaue of ¢ normdizes the power leves in the following way.
We conddered a didributed power control sysem with terminas that maximize utility
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(non-cooperative game). The terminds am for g=g*=10.75, the solution of Equation (6).
Equation (8) implies tha with G=100, the maximum number of terminas that can
dmultaneoudy operate with g=10.75 is N=10. In a NAPC system with 10 terminals,
Gopt=7.725. With the propagation moddl of Equation (16), and ¢ = 1.267x10™*°, Equation
(11) impliesthat atermind a 1 km from the base dation transmits 1 W.

Figure 3 shows the reationship of transmitted power to distance for systems with 1, 5,
10, and 15 terminds. The four curves in Figure 3 are separated by a common retio. This
property is dso true of utility functions and it is evident in Fgure 4, which shows the
corresponding utility functionson alog-log scae.

4.1 Throughput

Figure 2 indicates that as more and more terminds enter the system, the optimum target
sgna-to-interference ratio, gopt, decreases monotonicaly. Figure 5 displays the impact of
this effect on T, the throughput achieved by each termind defined as the number correct
bits recaelved per second. T(N) is the same for dl terminds, regardless of thelr distance
from the base gtation. It is proportional to the frame success rate, f(Qopt),

T(N):%f(gom) bls. (17)

In our numerical example, RL/M=8000 k/s. Utility, defined in Equetion (4) is the ratio of
throughput to power. As more and more terminals use the system, each one has to am for
a lower dgnd-to-interference ratio and accept a lower throughput. On the other hand,
system throughput, Tys can be defined as the total number of information bits per second
received accurately at the base station:

Ty =NT(N). (18)
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Figure 6 displays the interesting fact that Tsys reaches its maximum vaue of 36.9 kb/s
when there are N=8 terminds in the system, each achieving T(8) = 4.49 kb/s.

4.2 Comparison with Distributed Power Control

With digtributed power control (DPC), the terminds play a non-cooperative game to
maximize utility. They dl am for g=g*=10.75, the solution to Equation (6). The utility
achieved by each termind is given by Equation (12) with gr=g*=10.75. By contrast, the
utility achieved with NAPC is Ejuation (12) with gr=gopt, Where gopt is a function of N,
the number of terminds tranamitting smultaneoudy. Fgure 7 shows the ratio of the two
utility functions:

U NAPC — f(gopt)l.G/gopt B (N B 1)J

= , 19
U f@EMle/g*-(N- 1 )

Recdl that for N=1, a sngle-teemind system, Equations (13) and (6) are identical and
0" =Qopt. Hence, with N=1, the ratio is 1. It increases as the number of terminas grows.
The utility ratio is approximately 2 for N=9, and for N>10, there is no comparison
between NAPC and distributed power control because didtributed power control is
infeesble for N>10. Figure 4 indicates that when a system is lightly loaded, in this case
N<7, there is virtudly no difference in utility between digtributed power control and
network assisted power control. It is only when the number of terminas approaches the
limit for distributed power control that the advantage of network asssted power control
becomes sgnificant.

Our earlier work [11] describes a power control technique referred to as NPGP, non-
cooperative power control game with pricing. In that technique, terminds operate
independently to maximize U;-cP;, the difference between utility and price. The price, cR,
is proportiona to transmitted power. Although NPGP is a digtributed agorithm, the effect
of a paticular pricing factor, ¢, depends on sysem conditions, including the number of
active terminals. Reference [11] describes the derivation of Gey, & best pricing factor for
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current conditions, and suggests that the base dation periodicdly tranamit the vaue of
Coest tO the active terminds. Thus NPGP relies on coordination smilar to that of the
NAPC technique derived in this paper. The utility improvements, reaive to DPC,
produced by the two schemes are gmilar in magnitude. However, in NAPC the
proportiona  utility improvements, Equetion (19), are the same for dl terminds. With
NPGP, the utility improvements decrease with increasng distance from the base sation.
This suggests that NAPC is more far than NPGP because it deivers equd utility
improvementsto dl terminds.

5. Discussion

The network assisted power control (NAPC) technique derived in this paper is attractive
because it uses an edablished power control agorithm (sgnd-to-interference ratio
bdancing) to maximize a utlity function that describes user satifaction in data
transmisson from a portable termind. It requires coordination by the network, which has
to inform terminas of the best target sgnd-to-interference ratio for current conditions. In
return for this network assstance, it achieves higher leves of utility than a digributed
gysem in which terminds act independently to maximize utility. It is adso atractive
relative to a power control scheme based on a non-cooperative power control game with
pricing (NPGP). In that scheme, the procedure by which terminals adjust their power
levels to arive a the maximum difference between utility and price, is more complex
than the dgnd-to-interference-raio bdancing dgorithm. Moreover, the utility levels
achieved with NAPC are comparable to those achieved with NPGP. Further, the
equilibrium operating points for different users are more equitable in the case of NAPC.

In addition to utility, the numericd example presented in this paper examines throughput,
one component of the utility function. While the throughput of each termind decreases
(increases) when other terminds enter (leave) the system, there is a number of terminds
that maximizes the totd sysem throughput. This suggests that an admisson control
dgorithm would do wdl to limit the number of teminds tranamitting Smultaneoudy to
the number that maximizes sysem throughput. However, the NAPC technique offers
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operationd flexibility (equivaent to soft capacity in CDMA voice sysems) by generating
ggnd-to-interference ratio targets that are feasble for any number of terminas. Thus an
admisson control scheme could choose to admit more terminas than the number that
maximizes tota base daion throughput, in the interest of reducing the probability of

sarvice denid.
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Information bits per frame L=64b

Totd bits per frame M=80b

Processing gain G=100

Bit rate R=10"b/s

Chip rate GR = 10° chipg's

Modulation/channel Non-coherent FSK in white gaussan noise with
binary error rate 0.5exp(-g/2)

Receiver noise power s?=5x 10w

Table |. Parameters of the numerica study.
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Figure 1. Optimum target sgnd-to-interference ratio as a function of CDMA  bandwidth
expangon.
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Figure 2: Optimum target Sgnd-to-interference retio as afunction of the number of terminas
amuitaneoudy tranamitting.
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Figure 3 Rdationship of transmitted power to distance in a system with NAPC.
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Figure 4 Relationship of utility to distance in a system with NAPC
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Figure 5: Throughput per termina as afunction of number of terminds
in asystem with NAPC.
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Figure 6: Totd throughput as a function of number of terminasin a sysem with NAPC.
The maximum is 35.9 kl/sin a sygem with eight terminds
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FHgure 7. Rdaionship of the utility of network asssted power control to the utility of

distributed power control
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