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ABSTRACT

In this paper, we propose a power control strategy for distributed
wireless networks by using a quadratic state-space control design.
Simulation results show the effectiveness of the proposed power
control algorithm. i

keywords: Power control, Rate adaptation, Wircless networks, Quadratic stochas-
tic control.

L. INTRODUCTION

The evolution of mobile wireless communication and sensor
networks has triggered an interest in efficient power control strate-
gies. Several power control algorithms have already been investi-
gated in the literature. For example, the strategies proposed in [1],
[2] balance the signal to interference ratios in a distributed way.
Related approaches from [3] and [4] include QoS requirements,
while the Kalman filtering approach from [5] uses admission con-
trol as the central QoS issue. However, these solutions may not
perform well when the desired rate of transmission varies due to
a rate adaptation algorithm or a congestion control algorithm that
might be in place in the wireless network. The motivation for al-
lowing such variable rates of transmission through rate adaptation
is due to the availability and affordability of newer wireless devices
that support multiple data rates. An effective power control algo-
rithm should meet a required Signal-to-Interference-Ratio (SIR)
and at the same time guarantee a desired rate commanded by the
rate adaptation algorithm. In addition, the power control algorithm
has to be responsive to congestion conditions in the network and,
therefore, should be able to adjust the power levels accordingly.
We address these issues in this paper and in {6], [7] by assuming
an M/M/m/m queueing model for each wireless node in terms of
its task arrival in the form of queries, data packets that need to be
routed, and any other messages that need to be handled. We also
allow the channe! and interference gains to vary. Extensive sim-
ulations illustrate the performance of the proposed power control
algorithm.

II. SYSTEM MODEL

Consider a wireless network operating under dynamic network
conditions. The nodes are organized into local clusters or cells
with one node acting as the cell master node. The master node
receives data from all cell members, arranges and processes them,
and then routes them to individual master nodes in adjacent cells.
The master nodes can perform additional important tasks like rout-
ing and congestion control for high data rate communications, as
well as handle some data processing and network information for
the other nodes connected to them. Master nodes communicate
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with each other using selective frequency bands. Being a master
node is power consuming and the nodes may take turns as mas-
ter nodes in some randomized fashion similar to that proposed in
{10]. Moreover, the multiple access control protocol that we adopt
in this paper is as follows. The space is divided into virtual geo-
graphical cells. A time slot is allocated to a node that wishes to
communicate in a cell, and the nodes communicating in the same
time slot in other cells cause interference with this cell. Given the
above, the Signal-to-Interference-plus-Noise-Ratio (SIR) for node
i at time k on an uplink channel is defined by

Gis(K)p:(k}
jEA Gij(k)ps(k) + o?

where G;; denotes the channel gain from the 7 — th node 1o the
intended master node of the ¢ — th node, p; is the transmission
power from the i — th node, and o is the power of white Gaussian
noise at the receiver of the master node that node 1 is connected to,
Moreover, A is the set of nodes that are interfering with node i. A
schematic representation with three cells, three master nodes, and
active and interfering nodes is shown in Figure 1.
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Fig. 1. A schematic representation with three cells, three master
nodes, and active and interfering nodes.
figure

Let f:(k) denote the flow rate at node i at time k. We shall
assume that each node in the network employs a flow-rate control
algorithm of the following form (see, e.g., [11]):

LStk + 1) = £i6) + pld®) B} ] @

where 1 is a positive step-size, c(k) is a measure of the amount
of congestion in the network, and d(k) controls the amount of rate
increase per iteration. In the absence of congestion (i.e., when
c(k) = 0), the rate is increased by ud(k). When congestion is
present, the change in the rate is decreased by pc(k)fi(k). The



parameter d(k} is modelled as a random variable with mean mgy
and variance o2. In Appendix A we explain how c(k) can be esti-
mated. Now in view of Shannon’s capacity formula, the flow rate
f:(k) demands an SIR level '}’;(k) that is given by

f:(k) !032[1 + 71(k)] (3)

This means that we need to design the power sequence p;{k} such
that the resulting SIR level ~y;(k) that is obtained from (1) ap-
proaches the desired SIR level vj(k) from (3).

Let Z;(k) denote the dB value of a variable x;(k), namely’

Zi(k) = 10log z:(k). Now, usually, during normal network oper-
ation, v{(k) 3> 1 and, hence, f;(k) in (3} is proportional to ] (k).
Substituting this fact into (2) we find that the desired SIR level (in
dB scale) should vary according to the rule

LSk +1) = [1— pe(5(k) + k) | @

where u' = 204/ log,(10). We assume initially that each node
in the network adjusts its power according to the power control
algorithm;

[ A+ ) =Btk +alfi) - %®] | &

where a; is some given step-size parameter that is allowed to vary
from one node to another, Let

B:(k) = Guilk)

— Gi(k)ps(k}y + of
JEA

denote the scaling factor that determines how p;(k) affects the
achieved y; (k) in (1), i.e.,

Yi(k) = Bu(k)p: (k)

or, equivalently, in dB scale,

| 3:k) = Bulk) + pik) | ®

We shall refer to Bi(k) as the effective channel gain. We assume
that 3;(k) varies according to the model;

Bi(k +1) = Fi(k) + ni(k) el

where n;(k) is a zero-mean disturbance of variance a2 and is in-
dependent of 7;(k). Substituting this model for 3;{k) into (6), we
find that the achieved 7;(k) varies according to the rule:

| %k + 1) = (1 — a)nlk) +a¥i(k) +mulk) | ®

III. STOCHASTIC POWER CONTROL ALGORITHM

Our objective then is to design the power control sequence
{p:(%)} such that the actual SIR levels {v;(k)} will tend to the
desired SIR levels {7i(k)}. We shall address this design problem
by formulating a quadratic control problem as follows. First, we
drop the node index 1 for simplicity of notation (it is to be under-
stood that the resulting control mechanism is implemented at each
node). Second, we introduce the two-dimensional state vector:

k) ©
¥ (k)
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Then combining {4) and (8) we arrive at the state-space model:

Tkl = 1-a _ zr +
0 1 — pe(k)

" on(k)
u'd(k)
or, more compactly,
Thp1 = Axr + Wk )

where the 2 x 2 coefficient matrix Ay, is given by

-
* 1 elk) (10)

Ak= 0

and where wy is a 2 x 1 random vector with covariance matrix

2
Q= Ewuwl = n 102 (1

In order to drive y(k) towards the desired level ' (k) we shall
introduce a control sequence {uy } inte (9) as follows:

[ Tkl = Agzp + Bug + wp I (12)

for some 2 x 2 matrix B and 2 x 1 control sequence uy to be
designed. For example, let

Bu = )

denote the individual entries of Bu, to be designed. Then the in-
clusion of the term Buy. in (12) simply amounts to adding a control
signal u, (k) to the power update (5). Likewise, the control signal
us{k) is added to the desired SIR update (4) (and, consequently,
(log,(10)/20)uy (k) into the rate-flow update (2)).

In addition to employing a control sequence {ux }, we shall as-
sume for generality that we also have access to output measure-
ments that are related to the state vector as follows:

for some known matrix ' and where v, denotes measurement
noise with covariance matrix R,

Usually, C' = T so that the entries of yx correspond to noisy mea-
surements of the actual and desired SIR levels, {Y(k), ¥ (k)}.

We then seek a control sequence {uz} that minimizes the fol-
lowing stochastic quadratic cost function:

- -
MZaell? + luxl®

k=0

J = lim %E

Nooo

where A is a positive regularization parameter (chosen by the de-
signeryand L= 1 —1 | (or some other more general choice).
This particular choice of L results in

Lz = 5(k) — 5'(k)

so that || Lz, |? is a measure of the energy of the difference be-
tween {%{k), ¥ (k)}. In this way, the cost function .7 defined



above is such that it seeks to minimize, on average, the squared
Euclidean distance between the successive actual and desired SIR
levels, as well as the energy of the control sequence itself. By
varying the parameter A we can give more or less weight to the
term || Lz relative to [juk[|%; larger values of A give more rel-
evance to ||Lax||®. The problem we are faced with is therefore
to select the control sequence {ux} in order to minimize the cost
function 7 subject to the state-space constraint (12). Moreover,
the solution {wu } should be a function of the available measure-
ments {y: } only. The solution to this stochastic control problem is
well-known [12], [13] and is known as the LQG (Linear Quadratic
Gaussian) solution. The solution is given by the following mea-
surement feedback form. Start with & = 0,

Po=Ezozs 2 My, P =0
and iterate for all k > O:

Kex = {(I4BTPIBY 'BPfA,

Kok = AkPkCT(R + CPkC)_]
ur = —Kerdx

Pep1 = (A — KpaC)2r + Kpaue + Bug

Piyn = AwPAL + BQBT — Kpi(R+ CPOY Kpa
Pl = AIPI  Ac+ALTL- K], (I+BTP;  B)K.:

More specifically, the solution employs two Riccati recursions:
one is for P, and runs forward in time while the other is for P¢ and
runs backwards in time. The variable Py is used to compute the
gain matrix K &, which in turn is used to estimate the state vector
from the observations yx. On the other hand, the variable Pg is
used to compute the gain matrix K x, which is used to determine
the optimal control sequence . It should be noted that all matrix
variables involved in the above recursions are 2 x 2 and, hence,
the computational complexity involved in evaluating the solution
is not significant. '

The structure of the solution can be simplified if we assume
that the network is operating under stationary conditions, In this
case, the congestion control functior: c{k) can be assumed to have
reached some steady-state value, say c, and, consequently, the co-
efficient matrix Ax becomes a constant matrix A,

I o
A= 0 1 - pe {14}

Under these circumstances, we can simplify the construction of
the control sequence {uy} by replacing the Riccati recursions for
{ Pk, P} by Riccati equations, i.e., by replacing {Fx, Pf} by
their positive-definite steady-state values {P, P°}, which are ob-
tained by solving the equations ':

P = APAT + BQB" — K,(R+CPC)TK, (15)

P = ATPALAMTL-KI(I+BTP°B)K, (16)
where

K. = (I+BTP°B)"'BP°A un

K, = APCT(R+CPC)™! (18)

L Unique positive semi-definite solutions { P, P} are guaraniced to exist under mild stabiliz-
ability assumnptions on the pairs { A, B} and {.A, L}, and detectability assumptions on the pairs
{A, C} and { A, B}. Morcover, the resulling closed-loop solution (193-¢20) will he stable - see
[13).

Moreover,

up = —K.ox (19)

Epp1 = (A-—KPC)ik + Kpyr + Bux 20

In summary, we arrive at the following statement,

Quadratic power and rate control algorithm. Given positive
scalars {A, a, £} and 2 x 2 matrices {4, B,C, L, R, @}, the fol-
lowing is an optimal joint power and rate-flow control strategy: .

1. Compute ue as in {19) by solving the 2 x 2 Riccari equa-
tions (15)-(16) for the positive definite solutions {P, P°}. Par-
tition Buy, as

2, Update the rate flow and the power at the relevant node as fol-
lows. Let & = (log,{10))/20. Then

(kY = filk)/x 21
Ppilk+1) = Pk)+ail% (k) — T(k)) + up(k) (22)
fitk+1) = filk)+ pld(k) — cfi(k)] + rus(k) (23)

where c is the steady-state value of the congestion control se-
quence c(k), which is estimated as explained in Appendix A.

IV. SIMULATION RESULTS

We use the model proposed in [9] for the channel gain from the
i — th node to its master node. The G;; has a lognormal distribu-
tion. Specifically, G;; is modelled as

1« = Sod;710%/1° (24

where Sp is a function of the carrter frequency, 3 is the path loss
exponent (PLE), and d;; is the distance of the node from its in-
tended master node. The value of 3 depends on the physical en-
vironment and changes between 2 and 6 (mostly 4). Moreover, o
is a zero mean Gaussian random variable with varfance o, which
usually ranges between 6 and 12. Based on these statistics, Gy
has the following Lognormat distribution;

B S € =0
fou(g) = o”g\/é;r-e ?

where 1 = In(Sy) — Bln(di;) and ¢’ = In10/10. In other
words, In Gy has a Gaussian distribution with mean log(So) —
Alog(d) in dB scale. We shall neglect the effect of fast fading
since the power update algorithm has a large time period. For the
shadowing effect, we shall use the model proposed in [9], which
assumes that the correlation between the In G;; at two different
time instants separated by & samples is given by

Ra, (k) = o2a®| a=10"F

where o ranges between 3 and 10 dB, v is the velocity, and T is
the time period for channel probing. Moreover, [ is the distance
at which the normalized correlation reaches 11—0. We will assume
the velocity of the nodes to be small so that we can approximate
a1

393



We consider 9 cells each with 8 time slots so that each'cell has
the capacity for 8 nodes. Queries through nodes arrive at the sys-
tem with a poison distribution with arrival rate of A and the service
time or holding time for each user is an exponential distribution
with average holding time of % We consider a traffic load be-
tween 5.5 and 11 Erlang per cell, where the ratio of arrival rate to

a5 denotes the traffic in Erlang per cell.
New nodes need to have 12 dB SIR to get admission into the sys-
tem. The system tries to keep the SIR close to 10 dB. Whenever
the SIR drops below 8 dB the system drops the node. To have uni-
form power distribution between nodes we change the head node
randomly between the nodes. Maximum acceptable power that a
node can transmit is the amount of power that causes SIR to be
20dB without any other user interference at a distance of 25 me-
ters. Figure 2 shows the error variance between the actual and the
desired SIR with and without the contrel law.
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Fig. 2. Error variance between the actual and desired SIR with and
without the proposed control law.
figure

V. CONCLUSIONS

In this paper, we proposed a distributed power control algorithm
for wireless networks that caters to a desired rate of transmission
between nodes. The algorithm was obtained by formulating a
quadratic control problem and by solving the ensuing optimization
problem by means of two 2 x 2 Riccati equations. A system level
simulation environment shows the superior performance of the so-
lution. More sophisticated rate and power control algorithms that
cater to uncertainties in network dynamics are given in [6] and {7].

APPENDIX A : CONGESTION ESTIMATION

We describe here a methodology by which c(k) can be esti-
mated at every iteration. Over a time period T, let :

A = Source Bandwidth — Estimated Network Bandwidth (25)
where “Source Bandwidth” is the flow rate at the source and the

"Estimated Network Bandwidth” is the end-to-end network band-
width as estimated in [14]. We can then evaluate an end to end
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congestion measure g(k) as follows:

If A>Awm, then gk)= Q‘TAEE

else q(ky=10

for some positive threshold A, and then compute c(k) as:

1-- ,qr)-(ﬁs.d—"n(k))"' 26)
eqlk) + (1 —e)t(k) - 2n

t(k)
c(k)
for some 0 < € < 1 and ¢» > 1, and where ;54 is 2 desired

steady-state SIR level and 4;(k) is a one step ahead predicted SIR -
attime k.

ft
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