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Abstract

Closed-loop power control is considered as an important component
in the management of radio resources in cellular radio systems. The al-
gorithms are typically based on feedback information, which for practical
reasons is outdated. These time delays in the system, hamper the perfor-
mance and might even result in unstable systems. Several power control
strategies have been proposed in order to improve the capacity of cellu-
lar radio systems, but time delays are usually neglected. Here, time delay
compensation is introduced as a means to improve the dynamical behavior
of power controlled cellular systems, despite time delays. The improve-
ments are validated both in theory with respect to global convergence and
stability and in some illuminating simulations.

Keywords: Cellular radio systems; Power control; Time delays;
Time delay compensation; Convergence analysis; Stability



Power Control with Time Delay Compensation∗

Fredrik Gunnarsson, Fredrik Gustafsson
Div. of Communications Systems
Dept. of EE, Linköping University
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Abstract

Closed-loop power control is considered as an important
component in the management of radio resources in cellu-
lar radio systems. The algorithms are typically based on
feedback information, which for practical reasons is out-
dated. These time delays in the system, hamper the perfor-
mance and might even result in unstable systems. Several
power control strategies have been proposed in order to im-
prove the capacity of cellular radio systems, but time delays
are usually neglected. Here, time delay compensation is in-
troduced as a means to improve the dynamical behavior of
power controlled cellular systems, despite time delays. The
improvements are validated both in theory with respect to
global convergence and stability and in some illuminating
simulations.

1 Introduction

While the demand for access to services in wireless com-
munications systems is exponentially growing, an increased
interest in utilizing the available resources efficiently can be
observed. A consequence of the limited availability of ra-
dio resources is that the users have to share these resources.
Power control is seen as an important means to reduce mu-
tual interference between the users, while compensating for
time-varying propagation conditions.

The powers are controlled using feedback, and feedback
results in a dynamical behavior that critically affect the per-
formance. Among the most troublesome are effects from
using outdated feedback information, resulting in time de-
lays in the control loops. The objective with this paper is to
develop methods for eliminating or at least reducing these
effects, and to study stability and convergence properties.

∗This work was supported by the graduate school ECSEL and
the Swedish National Board for Industrial and Technical Development
(NUTEK), and in cooperation with Ericsson Radio Systems AB. They are
therefore gratefully acknowledged.

Power control has been an area subject to extensive re-
search in recent years. Some surveys of previous work in-
clude [14, 12, 7].

If full information of the propagation conditions between
mobiles and base station are known, the transmitter pow-
ers of every transmitter could be computed in a centralized
fashion. Aein [1] focused on satellite communications sys-
tems, and introduced the termSIR balancing, for a power
control strategy aiming at the samesignal-to-interference
ratio (SIR)at every receiver. Zander [19] interpreted these
algorithms as “optimal solutions” in the sense that there ex-
ist no other transmission powers yielding a higher SIR for
all receivers (i.e., no higher balanced SIR). If such trans-
mission powers exist providing the required SIR:s at the re-
ceivers, the power control problem is said to befeasible. In
the former paper, ideal receivers are assumed. When the
receivers are non-ideal, a fraction of the transmitted power
cannot be utilized by the connected receiver. This fraction is
instead experienced as interference –auto-interference[5],
resulting in a smaller optimal balanced SIR.

To actually implement a centralized power control so-
lution is not plausible in practice due to the signaling
overhead. Instead, such schemes serve as performance
bounds, to implementationally appealing distributed solu-
tions. These include theDistributed Power Control (DPC)
algorithm [4], which converge to the centralized solution if
the power control problem is feasible. Other important de-
centralized proposals include [6, 15, 18, 2, 17] aiming at
different perspectives of power control, such as constrained
power levels, fixed-step power updates, measurement re-
lated issues and problems when the power control problem
is infeasible.

These algorithms perform well, when relying on the lat-
est measurements. However, when subject to outdated mea-
surements, stability problems and oscillatory behaviors can
be observed [8]. In that analysis, the distributed power con-
trol algorithms are seen as interacting local control loops,
providing a framework in which the time delays are nat-
urally expressed. It is argued that stability of these local
loops is a necessary condition for stability of the overall,



global system. A natural design approach is therefore to
optimize local performance with respect to stability, see
e.g., [11], where linear design methods are used.

Global properties of the distributed power control algo-
rithms, such as stability and convergence, are therefore of
upmost importance when subject to time delays. Yates [18]
provides a framework for analyzing convergence, but it is
restricted to situations when the latest information is avail-
able (i.e., no time delays). Therefore, it is necessary to ex-
tend the convergence analysis to also consider time delays.
Convergence properties for the specific case of fixed-step
power updates subject to time delays is in focus in [13].

Primarily, time delays hamper the performance in two
different ways

1. Delayed reactions to changes in external disturbances.

2. Internal dynamics of the power control loops.

In this paper, the focus is on the dynamical behavior and
stability issues (second item above). The first item (delayed
reactions) is addressed in [16, 7].

Based on the system model and notation in Section 2,
Time Delay Compensation (TDC)is introduced in Section
3 as a means to reduce effects of time delays. Theoreti-
cal stability results considering time delays are presented
in Section 4 were the benefits of TDC are founded in the-
ory. The dynamical behavior of power controlled cellular
systems with and without TDC are illuminated by simula-
tions in Section 5, followed by some concluding remarks in
Section 6.

2 System Model

To emphasize that the discussion applies to both the up-
and downlink, we consider a system ofm transmitters and
m receivers. In an uplink situation, the transmitters and
the active mobile stations are equivalent, while the base sta-
tions are seen as equipped with a number of receivers – one
per connected mobile station, and vice versa in the down-
link. Thereby, there is a on-to-one correspondence between
transmitters and the connected receivers. The base station
assignments are assumed fixed over the time frame of the
analysis, which is natural, since updates are much more in-
frequent than power level updates.

2.1 Notation

Most quantities in this paper can be expressed using ei-
ther logarithmic (e.g.dB or dBm) or linear scale. To avoid
confusion we will employ the convention of indicating lin-
early scaled values with a bar. Thusḡij is a value in linear
scale andgij the corresponding value in logarithmic scale.

Assume that them transmitters are transmitting using
the powers̄pi(t), i = 1, . . . ,m. The signal between trans-
mitteri and receiverj is attenuated by the power gainḡij(t)

(< 1). Thus the corresponding connected receiver will ex-
perience a desired signal powerC̄i(t) = p̄i(t)ḡii(t) and an
interference from other connections plus noiseĪi(t). The
signal-to-interference ratio (SIR)at receiveri can be de-
fined by

γ̄i(t) =
C̄i(t)
Īi(t)

=
ḡii(t)p̄i(t)∑

j 6=i θ̄ij ḡij(t)p̄j(t) + ν̄i(t)
, (1)

whereθ̄ij is the normalized cross-correlation between the
waveforms of useri andj, andν̄i(t) is thermal noise. In a
system with orthogonal signals, e.g., a FDMA or a TDMA
system,̄θij ∈ {0, 1}, while in a system with non-orthogonal
signals, e.g., uplink DS-CDMA,̄θij ∈ [0, 1]. To keep the
notation clear, we definēθii = 1, and redefine the power
gain to incorporate the cross-correlations:

ḡij := θ̄ij ḡij .

Depending on the receiver design, propagation condi-
tions and the distance to the transmitter, the receiver is dif-
ferently successful in utilizing the available desired signal
power p̄iḡii. Assume that receiveri can utilize the frac-
tion δ̄i(t) of the desired signal power. Then the remain-
der

(
1− δ̄i(t)

)
p̄iḡii acts as interference, denotedauto-

interference[5]. We will assume that the receiver efficiency
changes slowly, and therefore can be considered constant.
Hence, the SIR expression in Equation (1) transforms to

γ̄i(t) =
δ̄iḡii(t)p̄i(t)∑

j 6=i ḡij(t)p̄j(t) +
(
1− δ̄i

)
p̄i(t)ḡii(t) + ν̄i(t)

.

(2)

From now on, this quantity will be referred to as SIR. For
efficient receivers,̄δi = 1, and the expressions (1) and (2)
are equal. In logarithmic scale, the SIR expression becomes

γi(t) = pi(t) + δi + gii(t)− Ii(t). (3)

We will only discuss theQuality of Service(QoS) in
terms of SIR. The individual quality objectives at each re-
ceiveri are assumed expressed as target SIR:sγ̄ti (t), possi-
bly reconsidered regularly by outer control loops [7]. The
outer loop update rate is typically orders of magnitude
slower, and the target SIR:s will therefore be considered
constant.

2.2 Power Control Algorithms

The distributed power control algorithms are based on
local feedback information. Different protocols may be
used to feed back these measurements. We will consider
two important feedback situations:

• Information feedback. The mobile feeds back the ex-
act SIR measurements or the error

ei(t) = γti − γi(t),
(
ēi(t) =

γ̄ti)
γ̄i(t)

)
. (4)



The important characterization is essentially that real
numbers are fed back.

• Decision feedback.In a power control setting, we typ-
ically associate this with feedback of the sign of the
error in (4)

si(t) = sign(γti − γi(t)) = sign(ei(t)) = sign(ēi(t))
(5)

Thus, only one bit is needed for command signaling,
which makes the scheme bandwidth efficient.

Initially, we will consider a simple integrator as control al-
gorithm. Depending on feedback assumptions, the powers
will thus be controlled as

Information feedback: pi(t+ 1) = pi(t) + βei(t) (6a)

Decision feedback: pi(t+ 1) = pi(t) + βsi(t) (6b)

whereβ > 0. Yet simple, these two algorithms include
most of the proposed algorithms to date. For example infor-
mation feedback andβ = 1 yield the DPC algorithm [4] (in
linear scale)

p̄i(t+ 1) = p̄i(t)
γ̄ti
γ̄i(t)

. (7)

Furthermore, decision feedback in 6b yield theFixed-Step
Power Control (FSPC)algorithm discussed in [15] with
step-sizeβ dB

si(t) = sign(γti (t)− γi(t))
pi(t+ 1) = pi(t) + βsi(t). (8)

The actual time between consecutive power updates, the
sample intervalTs, varies from systems to system. For
exampleTs = 0.48 s in GSM andTs = 1/1500 s in
WCDMA. To avoid confusion, we define the sample in-
stants t as the power level updates in the transmitters.
Seemingly, this notation is equal to the assumption of syn-
chronous updates, but the only needed assumption is that all
transmitters update their power levels within the time frame
of one sample interval.

As seen above, the controller itself contains a delay of
one sample interval. However, both measuring and con-
trol signaling take time, resulting in additional time delays
in the system. A relevant model is that the measured SIR
available to the algorithm at time instantt, depends on the
power level att− 1. This is typically the situation in GSM
and WCDMA. The SIR at receiveri is thus given by

γi(t) = pi(t− 1) + δi + gii(t)− Ii(t). (9)

In general, time delays are primarily of two kinds. Firstly, it
takes some time to measure and report the measurements to
the algorithm, resulting in a time delay ofnm samples. Sec-
ondly, we have a time delay ofnp samples due to the time

it takes before the computed power level is actually used in
the transmitter. These time delays should be considered as
additional time delays, since the discrete-time control algo-
rithm is assumed to always provide a delay of one sample.
For example, when subject to time delays, DPC in (7) be-
comes

p̄i(t+ 1) = p̄i(t)
γ̄ti

γ̄i(t− nm)
. (10)

As stated before, the typical example isnm = 0 and
np = 1. Note thatnp andnm are integers since they re-
fer to update instants at the transmitter.

The output powers are considered to be unconstrained.
Appropriate modifications when considering constrained
output powers are discussed in [6, 10].

2.3 Power Control from a Control Theory Per-
spective

Since the time delays affect the dynamical behavior, they
have to be naturally represented by the framework. Intro-
duce thetime-shift operatorq as

q−np(t) = p(t− n), qnp(t) = p(t+ n) (11)

For a more rigid discussion on aq-operator algebra, the
reader is referred to [3]. The intuitive relations to the com-
plex variablez of thez-transform are also addressed.

The integrator utilizing information feedback in (6a) can
be rewritten using the time-shift operator

pi(t) =
β

q − 1
ei(t) = R(q)ei(t) (12)

A general log-linear power control algorithm utilizing in-
formation feedback can thus be defined as a rational func-
tion R(q) in the time-shift operatorq. For design methods
of R(q), see [11, 7]. When subject to time delays, the local
power control loop (orlocal loop) can be depicted as in Fig-
ure 1. That figure also include models of quantization via
the additive quantization noisedi(t) and additive measure-
ment errorswi(t). The local loop dynamics can thus be de-
scribed by transfer functions between input and output sig-
nals. The relation between target SIR and resulting SIR will
be referred to as theclosed local loopγi(t) = Gll(q)γti (t).
Straightforward computations yield

Gll(q) =
BG(q)
AG(q)

=
R(q)

qnp+nm +R(q)
. (13)

The following theorem addresses stability of the local loop

Theorem 1 (Asymptotic Stability)
The local loop in Figure 1 is said to beasymptotically stable
if the rootsqi to the characteristic equation

0 = AG(q) = qnp+nm +R(q) (14)

lie within the unit disc|qi| < 1 [8, 7]. The rootsqi are
referred to as thelocal loop poles.
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+ ++

wi(t)

di(t)

pi(t)γti γi(t)

gii(t)− Ii(t)

R(q)

Figure 1. The local loop dynamics when em-
ploying the general linear control algorithm
R(q). The measurements are subject to ad-
ditive errors wi(t), and the output powers by
quantization noise di(t).

For example consider the integrator utilizing information
feedback in Equation (12), subject to the typical delay situ-
ationnp = 1 andnm = 0. The corresponding closed local
loop is thus given by

γi(t) =
β

q2 − q + β
γti(t), (15)

with closed loop poles within the unit circle if and only if
β < 1, since the product of the two complex conjugated
roots is equal toβ. Hence, DPC (β = 1) is not locally
stable when subject to time delays, and consequently not
globally stable either.

Local dynamics in case of decision feedback is further
explored in [8, 9]. One central conclusion is that the up-
down device of FSPC (the sign function) together with the
dynamics result in an oscillatory behavior.

3 Time Delay Compensation (TDC)

The core problem with time delays is that the measure-
ments do not reflect the most recent power level updates.
However, these are known to the algorithm, and can be to
adjust the measurements. In this section we discuss such
a compensation strategy with respect to specific as well as
general power control algorithms. In essence, TDC moni-
tors the powers to be used by the transmitter (by considering
the issued power control commands that not yet have been
effective), to adjust the measurements in the receiver by in-
ternal feedback. TDC is further discussed in [7].

3.1 FSPC algorithm

The main idea is best illustrated by an example. Con-
sider the typical casenm = 0 andnp = 1 and the FSPC
algorithm in (8). In a delayless situation, the SIR is given

by (2)

γi(t) = pi(t) + δi + gii(t)− Ii(t).

When subject to time delays as in this case, we instead get
the expression in (9)

γi(t) = pi(t− 1) + δi + gii(t)− Ii(t).

Since the output powers are known, the following compen-
sation is straightforward to eliminate the effect of the out-
dated power level

γ̆i(t) = γi(t) + pi(t)− pi(t− 1) = γi(t) + βsi(t− 1).

In the general case with arbitrary time delays,γi(t−nm) is
the latest available measurement for power control. There-
fore, the following generalization is straightforward (now
also considering a limited dynamic range)

Algorithm 1 (FSPC with TDC I)

i) Adjust measurements:
γ̆i(t) = γi(t− nm) + p̆i(t)− p̆i(t− np − nm).

ii) Issue power control command:
si(t) = sign(γti − γ̆i(t)).

iii) Monitor output powers to be used:
p̆i(t+1) = max (pmin, min(pmax, p̆i(t) + βsi(t))).

By introducing the transfer function

H(q) = 1− q−nm−np ,

TDC can be seen as internal feedback in the receiver, see
the block diagram of the local control loop in Figure 2. To

ΣΣ

−

++ ei(t) pi(t− np)γti

γi(t)

β
q−1

β
q−1

gii(t) − Ii(t)
p̆i(t)

q−np

q−nm

H(q)

Receiver

Transmitter

Figure 2. Time delay compensation (TDC) can
be implemented as an internal feedback by
monitoring the powers to be used by the
transmitter, p̆i(t). The feedback transfer func-
tion H(q) = 1 − q−(np+nm) is obtained from
Algorithm 1i.

further illuminate the effect of TDC, some block diagram



ΣΣ

−

+ ei(t) pi(t− np)γti

γ̆i(t)

βi
q−1

gii(t)− Ii(t)

q−np

q−nm

q−nm

1− qnp+nmH(q)

︷ ︸︸ ︷
1 + qnp+nm(1− q−(np+nm)) = qnp+nm

Figure 3. By rewriting the diagram in Figure 2,
it is evident how TDC cancels the round-trip
delays in the control loop. External signals
and disturbances are still delayed before they
are reflected in γ(t).

algebra exercise is instructive. Most of the blocks in Fig-
ure 2 commute. Hence, the block diagram is easily rewrit-
ten as in Figure 3. The merits of TDC are evident, since the
internal round-trip delays are cancelled in the loop. How-
ever, external signals and disturbances are still delayed, and
for example it takes some time before changes inγti (t) are
reflected in the measurementsγi(t).

Using geometric series, it is easy to verify that

p̆i(t)− p̆i(t− np − nm) = β

np+nm∑
j=1

si(t− j).

Algorithm 1 can thus be rewritten as

Algorithm 2 (FSPC with TDC II)

i) Adjust measurements:
γ̆i(t) = γi(t− nm) + β

∑np+nm
j=1 si(t− j).

ii) Issue power control command:
si(t) = sign(γti − γ̆i(t)).

Further details of the dynamical behavior of FSPC with
and without TDC can be found in [9].

3.2 DPC algorithm

TDC for the DPC algorithm can essentially be imple-
mented as in Algorithm 1.

Algorithm 3 (DPC with TDC)

i) Adjust measurements:
γ̆i(t) = γi(t− nm) + p̆i(t)− p̆i(t− np − nm).

ii) Update the transmission power:
pi(t+ 1) = pi(t) + β (γti − γ̆i(t))

iii) Monitor output powers to be used:
p̆i(t+1) = max (pmin, min(pmax, p̆i(t) + β (γti − γ̆i(t))).

It is instructive to transform the unconstrained case of TDC
to linear scale, and combine with DPC in (10):

p̄i(t+ 1) = p̄i(t)
γ̄ti

˘̄γi(t)
= p̄i(t− nm − np)

γ̄ti
γ̄i(t− nm)

(16)

3.3 General Case

In a general case, power control commandssi(t) are
computed in the receiver by the control algorithmRi us-
ing SIR measurements and target SIR:s, i.e.,si(t) =
Ri{γti , γi(t−nm)}. The control commands are interpreted
at the transmitter side by the deviceDi to produce an up-
dated power level,pi(t − np) = Di{si(t − np)}. Time
delay compensation is then implemented as

Algorithm 4 (Time Delay Compensation (TDC))

i) Adjust measurements:
γ̆i(t) = γi(t− nm) + p̆i(t)− p̆i(t− np − nm).

ii) Issue power control command:
si(t) = Ri{γti , γ̆i(t)}.

iii) Monitor output powers to be used:
p̆i(t+ 1) = Di{si(t)}.

In the linear case, the powers are controlled using a lin-
ear controllerpi(t) = R(q)ei(t) (see Section 2.3). With
TDC implemented as in Algorithm, the closed local loop
becomes

Gll(q) =
R(q)

qnp+nm (1 +R(q))
. (17)

According to Theorem 1, TDC result innp +nm local loop
poles at the origin (i.e., stable), and the remaining poles
identical to the poles of a system without delays (cf. the
characteristic equation in (14)). Hence, it is possible to de-
sign the controllerR(q) to meet the requirements of a sys-
tem without delays, and with TDC the system subject to
delays will be locally stable.

As an example, consider DPC subject to the typical delay
situation as in Section 2.3, but now with TDC. The closed
loop system is obtained from (17) as

γi(t) =
β

q(q − 1 + β)
γti (t), (18)

which is locally stable forβ < 2 according to Theorem 1.
TDC thus stabilizes DPC locally (and globally, which is
proven in the following section).



4 Global Stability

4.1 Definitions

Introduce the matrix̄Z and the vectors̄p andη̄ as below

Z̄ = [z̄ij ]
4
=
[
ḡij
ḡii

]
, p̄

4
= [p̄i] , η̄ = [η̄i]

4
=
[
ν̄i
ḡii

]
.

To include auto-interference and individual target SIR:s
(possibly provided by individual outer control loops) in the
framework, we define the following diagonal matrices of
receiver efficiencies̄∆ and target SIR:s̄Γt:

∆̄
4
=diag

(
δ̄1, . . . , δ̄m

)
Γ̄t
4
=diag(γ̄t1, . . . , γ̄

t
m)

When individual target SIR:s are considered, feasibility
has to be defined more careful than in the balanced situa-
tion. Thefeasibility marginas defined below, can be used
to discuss this matter.

Definition 2
Given a power control problem (Z̄, η̄, ∆̄, Γ̄t), the
feasibility marginΓ̄m ∈ R+ is defined by

Γ̄m = sup
{
x̄ ∈ R : x̄Γ̄t is feasible

}
The concept has been adopted from Herdtner and
Chong [13], where similar proofs of similar and additional
theorems covering related situations also are provided. The
authors used the termfeasibility indexRI and omitted auto-
interference. The motivation for introducing the namefea-
sibility marginis to stress the similarity to stability margins,
as will be seen below. In the following theorem we capture
the essentials regarding feasibility margins.

Theorem 3
Given a power control problem (Z̄, η̄, ∆̄, Γ̄t), the feasibil-
ity margin (of both up- and downlink) is obtained as

Γ̄m = 1/µ̄∗

whereµ̄∗ is

µ̄∗ = max eig
{

Γ̄t(∆̄
−1
Z̄ −E)

}
.

The power control problem is feasible if and only ifΓ̄m >
1. If the power control problem is feasible, there exists an
optimal downlink power assignment, given by

p̄ =
(
E − Γ̄t(∆̄

−1
Z̄ −E)

)−1

Γ̄t∆̄
−1
η̄.

The corresponding uplink power assignment is obtained by
replacingZ̄ by Z̄

T
.

Proof See [7]. 2

The feasibility margin can also be related to the load of
the system. When the feasibility margin is one, the sys-
tem clearly is fully loaded (only possible when unlimited
transmission powers are available). Conversely, when the
feasibility margin is large, the load is low compared to a
fully loaded system. Thus the following load definition is
logical.

Definition 4 (Relative Load)
The relative load̄Lr of a system is defined by

L̄r =
1

Γ̄m
(= µ̄∗ in Theorem 3).

Feasibility of the power control problem is thus equivalent
to a relative load less than unity.

4.2 FSPC algorithm

The FSPC algorithm result in an oscillative local loop, as
discussed in Section 2.3. Therefore, it will never converge
to an equilibrium. The local loop oscillations are reduced
when employing TDC [9]. Moreover, as will be shown in
this section, FSPC with TDC converges to a smaller region
than without. A comparative comment is provided in the
following remark.

Theorem 5 (Convergence of FSPC)
Consider the FSPC algorithm subject to a total time delay
of n = np + nm samples. Then there exists aτ > 0, such
that

FSPC, no TDC: |γti − γi(t)| ≤ β(2n+ 2), ∀t ≥ τ
FSPC, with TDC: |γti − γi(t)| ≤ β(n+ 2), ∀t ≥ τ

Hence, the longer the time delay, the more emphasized im-
provements using TDC. Note, however, that the fact that the
bounds are tighter does not imply that the error variance is
smaller.

Proof The convergence proof of FSPC without TDC can be
found in [13], while the result forFSPC with TDC is provided
in [7]. 2

4.3 DPC algorithm with TDC

The convergence of the DPC algorithm in (7) in a de-
layless case is proven formally in [18, 7]. As disclosed in
Section 2.3, the DPC gets unstable when subject to time de-
lays. TDC is seen in Section 3.2 to locally stabilize DPC,
but local stability is only a necessary, and not a sufficient
condition for global stability. Instead, global stability of
DPC with TDC is established for an arbitrary time delay in
the following theorem.



Theorem 6 (Convergence of DPC with TDC)
The DPC algorithm employing TDC (16) converges if the
power control problem is feasible to a unique equilibrium
p̄∞that meets the target SIR requirements with equality for
any initial power vector̄p0. The convergence rate isn + 1
times slower compared to the DPC algorithm applied to the
corresponding delayless power control problem.

Proof The updating procedure of the DPC algorithm with TDC
in (16) is

p̄i(t+ 1) = p̄i(t− nm − np)
(

γ̄ti
γ̄i(t− nm)

)
=

γ̄ti Īi(p̄(t− nm − np))
gii

.

Introducen = np + nm. Clearly, the update at time instantt+ 1
only depend on the powers at time instantt−n. This is essentially
the same as havingn + 1 algorithms operating independently in
parallel. Thus if the sample interval isTs, each of these algorithms
update everyn+ 1 sample interval. In essence, the situation is the
same as in the delayless case, but the sample interval is longer,
resulting in a factorn+ 1 slower convergence. 2

4.4 Linear Power Control Algorithms

The techniques in the previous section apply primarily
to structurally simple algorithms. When considering delays,
filters and general log-linear controllers, it is desirable to re-
late to the local loop analysis and design in Section 2.3 and
in [7]. The challenge is the nonlinear interconnections be-
tween the log-linear control loops. In this section we apply
a robust stability approach, based on a linearized interfer-
ence. Essentially, we aim at rewriting the global system, to
associate it with a setting where theSmall Gain Theorem
applies. Further details are provided in [7]. Omitting the
details, the following theorem can be proven

Theorem 7
Assume that the powers are controlled by the general lin-
ear control algorithmR(q) as in Figure 1. Then the global
system is stable if and only if the following holds

sup
w
|Gll(eiw)| ≤ 1

Proof See [7]. 2

The important conclusion is that it is possible to guaran-
tee global stability by proper local loop design. The crite-
rion in Theorem 7 tends to be rather conservative. There-
fore, the following relaxation is provided in [7]

|Gll(eiw)| < 1
L̄r

= Γ̄m. (19)

Note that this only should be considered as a rule of thumb.
However, it further motivates the namefeasibility margin.

This means that systems operating close to maximum ca-
pacity (L̄r close to unity) are much more sensitive to the
local loop behavior, while it is possible to employ more ag-
gressive control actions in sparse systems.

5 Simulations

Figure 4. Configuration in the simulation ex-
ample, where four mobile stations initially are
allocated to the same channel. At time instant
t = 0 a fifth mobile station (indicated by the
arrow) is allocated to the channel.

Consider the uplink situation in Figure 4, where four mo-
bile stations are connected using the same channel in a sys-
tem with orthogonal channels. The simulation is initiated
at time instantt = −10, and the four mobile stations are
initially using the optimal transmission powers correspond-
ing to a target SIR of 12 dB. The signal power gainsḡij are
constant throughout the simulation. At time instantt = 0,
the same channel is allocated to a fifth mobile station, ini-
tially using a transmission power of 1 dBW. The target SIR
is still feasible in the five mobile station case. Power control
is employed as either DPC described by (7) or FSPC (step
sizeβ=1 dB) given by (8). It is illustrative to see how these
algorithms recover in the changing environment when sub-
ject to delayed power control commands. In this case, the
power control command (FSPC) or the transmission power
itself (DPC) are delayed by one sample interval.

The performance using the two algorithms with and
without TDC is depicted in Figure 5. We note in a) that
DPC without TDC is unstable in the sense that the oscil-
lations in SIR are aggravated over time. Up tot = 0, the
powers are not updated since the target SIR and the mea-
sured SIR are identical. The system is thus at rest in an
equilibrium point. Then, the admitted mobile increases the
interference at each receiver. This disturbance reveal the in-
stability of the equilibrium point, and the SIR fluctuations
get worse over time. The difference when employing TDC
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Figure 5. The recovering ability of a. DPC,
b. DPC with TDC, c. FSPC, and d. FSPC with
TDC, when subject to the situation in Figure 4
and a time delay of one sample.

is significant, as seen in Figure 5b). TDC stabilizes DPC
and the original four mobiles are essentially not affected by
the entering mobile.

Despite being perfectly initialized, FSPC results in os-
cillations in the case of four mobiles. That is due to the
decision feedback, where the powers are either increased or
decreased each time instant. The oscillations are not that
much affected by the entering mobile station. However, one
might expect that this up-down device would result in small
oscillations (approximately 1 dB peak-to-peak) around the
target value. As seen in the plot in Figure 5c), the ampli-
tude is larger (3 dB peak-to-peak) than expected. When
employing TDC, the oscillations are significantly reduced
in Figure 5d), enabling the use of less fading margin.

6 Conclusions

Time delays hamper the performance of any system us-
ing feedback. In this paper, the effects of time delays on
stability and convergence of distributed power control algo-
rithms is studied. It is seen that the effects of time delays can
be eliminated or at least reduced by utilizing the introduced
time delay compensation (TDC). It is a general technique,
applicable to arbitrary power control algorithms within a
general class of algorithms. The benefits of using TDC are
exemplified for popular power control algorithms, and the
performance improvements are significant. Moreover, re-
sults on global stability and convergence are provided, to
establish the merits in theory. The operation of TDC is fur-
ther illuminated by simulations.
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