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Abstract —Pilot power optimizationin WCDMA net- power is not an efficient solution from the power consump-
worksisreceiving increasing resear ch attention. In this tion point of view. There is therefore a need of mechanisms
paper, we propose a mathematical programming ap- that can determine the optimal levels of the pilot power.
proach for this problem. In particular, we present a There is an increasing interest in the literature for con-
novel mathematical formulation for minimizing pilot trol and optimization of pilot signal. In [6], for example, a
power subject to full coverage. In the formulation, the cost-minimization method is used in network simulations.
optimal power levelsaredetermined simultaneously for  Based on target values for coverage and traffic load, the
all thecells. Wefurther enhancetheformulation by uti- method attempts to minimize the deviation from the target
lizing the discrete nature of the power levels. Our case values by adjusting the levels of the pilot power using a
study shows that optimized power levelsyield substan- gradient decent procedure. A similar approach is used in
tial savingsin total power consumption when compared [7]. The authors of [4] consider the problem of pilot power
to using a uniform pilot power. minimization subject to coverage constraints (similar to the

problem studied in this paper), and present a (heuristic) it-
erative method that adjusts the pilot power for one cell in
. INTRODUCTION each iteration. A rule-based optimization of the pilot pow-

Pilot power control and optimization is a crucial engi£rs is embedded into a simulation tool in [5], where the
neering issue in Wideband Code Division Multiple Accesauthors obtain results that outperform manually-designed
(WCDMA) networks. The problem of choosing the Opti_solutions both in terms of deployment time and cost. The
mal levels of the pilot power is a challenging task, whiciuthors of [8] and [9] consider power management for load
involves the trade-off between full coverage on one hanfalancing, and show that network performance can be en-
and the power consumption on the other hand. In this pg&nced by proper adjustments of the pilot powers. _
per, we address the problem of guaranteeing full coverage!" this paper, we propose a mathematical programming
with a minimum amount of power for the pilot signals. ~ @Pproach for pilot power optimization. We consider the

In a WCDMA network, a pilot signal is associated Withproblem of minimizing the total amou_nt of plllot power sub-
each cell, and is used to provide channel estimation to theet to full coverage, and present a linear-integer formula-
mobile terminals for cell selection and handover. A motion, where the levels of the pilot power are simultaneously
bile terminal measures and compares the pilot signals tHtimized for all the cells, thus avoiding sub-optimal solu-
it can detect, and is typically attached to the cell with thlOns that may occur when the pilot power is optimized for
best quality of the pilot signal. Factors that determine tH€ Cell at a time. Our case study shows that, compared to
level of the received pilot signal include the transmittind!Sing & uniform level of pilot power, optimized pilot pow-
power used for the signal, the signal attenuation betwe&FS Yields substantial savings in the power consumption.
the base station and the mobile terminal, and the effect of | € remainder of this paper is organized as follows. In
the thermal noise. The power of the pilot signal influences&ction I we describe our system model. The optimization
the coverage area of the cell, and can therefore be used’fgPlem is formalized in Section Ill. We develop the math-
balance the traffic load between cells. ematical models in Section IV, and present a case study in

In a simple propagation scenario, where the signal a\f,rectmn V. Fmally, in Se_ctlon VI we draw some conclu-
tenuation is essentially determined by distance, the moioNS and outline some directions for future research.
bile terminal will be attached to a cell that belongs to the
closest base stationf, all the cells use the same level of Il. SYSTEM MODEL
pilot power. With fairly uniformly distributed traffic and  Consider a WCDMA network withn cells, and le? !
equally-spread base stations, the sizes of the cells will be the total transmission power available in @ell This
roughly the same. power can be allocated to the pilot channel and other sig-

However, in an in-homogenous planning situation (e.gnaling channels, as well as user traffic. For ¢elve user;

a mix of rural and downtown areas), a uniform level of piloto denote the amount of power allocated to the pilot signal.



Clearly, a higher value of, means less power available toone cell. The definition of the optimization problem is as

provide services in cell. follows.
In planning pilot powers, predictions of signal propaga- Input
tion are carried out. Typically, this prediction is done over , A numberof cellsl. . . .. m.
a grid of bins (with a certain resolution) covering the en- , A number of binsl ’_ - 7n_
tire service area. Let be the total number of bins, and , The total power ;’avail7able in each cel’°!, i =
gi; be the power gain between the base station ofieid 1L...,m.
bin j. Thus, in bin; the power of the received pilot signal , The interference level for each pair of cell and bin,
of cell i is g;;xi. Here, we assume that the conditions of  je 1. i=1,....m,j=1,...,n.
signal propagation are the same across the entire bin (other;  An upper bound of the pilot power in cell P0,i =
wise the resolution of the grid can be increased to produce 1 . . (ParameteP? can be used to limit the pilot
a more accurate prediction). power from above, if this is desired. Otherwise we
In addition to the pilot signal from cell, bin j also can setP? = proty,

receives interfering signals, including the signals for user Objective
traffic from cell 4, and signals from some other base sta-

tions. The total interference for bjhcan be written as » Minimize the total amount of power used for the pilot

signals, i.e.min >\ | z;.
Iy = a(Pi = x:)gi; + > Pegrj + V5, (1)  Constraints
ki « For every binj, there exists at least one céllfor

wherea € (0,1) is the orthogonality to signals from the which~i; > .
base station of, P, is the power level used in cell (for « The pilot power of celii is limited by P?, i.e.,z; <
the pilot signal and user traffic &) , andv; is the effect of PYi=1,....,m.
the thermal noise in bif, ’

We will consider network scenarios with high traffic
loads. In particular, we assume that all the base statio
operate at full power, i.e., the amount of power consume
for supporting user traffic i1t — z; for cell i. Under
this assumptionP; = P1°t Vi = 1,...,m, and (1) thus

We use MPP to denote this optimization problem.

The theoretical computational complexity of MPP is for-
rlized in the following proposition.

Proposition MPP isNP-hard.

Proof See Appendix|.

becomes
B. Uniform pilot power
_ Tot Ny . Tot . . L. i
Lij = a(P7*" = i)gij + Z Py g + v (2) Instead of minimizing the total amount of pilot power,
ki one alternative objective functionis to minimize the highest
For binj, the quality of the pilot signal of cellis mea- level of the pilot signals, that is,
sured using the carrier-to-interference ratio (CIR), which is PU — min max .. (5)
defined as i=1,..,m
o e However, we observe that (5) can be calculated analyti-
vy = 24— G lly. Specifically, using (3) and (4) t
ij = = = . cally. Specifically, usin an , We compute
1ij (Pt — x;)gi; + ZPkT Yok + V4 Y- 5P Y 9 P
ki
®) ’YO(Z Bk + vy) + v0a P g
We assume that the pilot signal of céltan be detected p.o— K ©6)
in bin j if and only if the CIR is above a threshold, that E (14 v0)gi; '
is, if
Clearly, P;; is the minimum level of pilot power for cell
i > Y0 4) 8
_ o = @ to cover binj. Now let
Increasing the pilot power yields better coverage. How- U .
ever, at high traffic loads this will reduce the power that Py = min P (7)

can be used for traffic channels. The optimization problem . o .
presented in the next section is motivated by this interest- 10 cover binj, the power of at least one pilot signal in
ing trade-off — to ensure full coverage in the network witfihe network must be greater than or equalp. Conse-
the smallest amount of pilot power (i.e., most power wiluently, if we take the maximum d?/” over all the bins,

be available for traffic channels). we obtain the solution to (5):
U _ U
[1l. THE OPTIMIZATION PROBLEM PT = jiﬁlﬁ_’fnpj : (8)
A. Problem definition In fact, it can be easily realized that if all the cells use

We consider the problem of minimizing the total power uniform pilot power, this uniform pilot power is exactly
of pilot signals, such that each bin is covered by a leagtV for providing full coverage.



IV. MATHEMATICAL FORMULATIONS be ignored.) Moreover, we consider the sorted sequence of

A. A cdl-binformulation power levels in an incremental fashion:
" . Pl =P
In addition to the power variables;,i = 1,...,m, we i — P‘bl’ P
use the following binary variable for every pair of cell and’ib> = Lo = Piby
bin. e
| 1 ifcell i covers biny, (i.e.,7vi; > 7o), Pﬁ,l = P, — Piv,_,,
Yii 0 otherwise. cen

MPP can be formulated using the following cell-bin f Pibs, = Piva, = Pibs, -
can be formulated using the folowing cel-bin1or 26 any indext € [1, B,], the value ofP} is the ad-

mulation. m ditional power needed for cellto cover binb;. The pilot
[MPP-CB] P* — minZ:c- (9) Power of celli is thus>" /", P}, yir,. The total amount of

pt ’ pilot power can therefore be expressed as

m m B;

Sy =1, j=1,...,n, (10) P =>"%"Phyi. (14)

=1 =1 =1

Pijyij <@g, i=1,...,m,j=1,...,n, (11)  ysing (14) to formulate the objective function, the con-

yi; =0, i=1,...,m, straints (11) (which define the pilot powers) are no longer
j=1,....,n:P;> PY, (12) needed. In addition, constraints (12) can be handled when

defining the sorted power sequences for the cells.
Note that if celli covers binb;, then obviously the cell

In MPP-CB, constraints (10) ensure that every bin i&/S0 COVers bindy, b, ..., b—;. This fact is formulated
covered by at least one cell. By constraints (11), pild{Sing the constraints below.
powerxz; must be at leask;;, if cell < covers binj. If the
power needed to cover bjrexceeds the power limit at cell Yiv, <Yiby_,s 1 =2,...,B;,i=1,...,m. (15)

i, then obviously celi cannot cover biry (i.e.,y;; = 0). ) )
This is stated in constraints (12). (In fact, sughariables ~ Below we summarize the enhanced version of MPP-CB.

vij €{0,1},i=1,....m,j=1,...,n. (13)

can be eliminated from the formulation in a preprocessing m B
phase.) Note also that the non-negativity restrictionsonthe  [MPP-CBE] P* = min Z Z P} yin, (16)
z-variables are implicitly handled by (11). =1 1=1

(10), (15), and(13).
B. An Enhanced Formulation _ )
: . . . . The enhanced formulation, MPP-CBE, is much more ef-
MPP-CB is a quite straightforward linear integer pros;, . . : .
) o - ficient than MPP-CB, in terms of the solution quality of the
gram. However, this formulation is not efficient from

. . . . . P-relaxation. This is formalized in the following proposi-
computational point of view. In particular, the linear pro-;

. . . - tion
gramming (LP) relaxation of MPP-CB is very weak (i.e., Proposition The LP-relaxation of MPP-CBE is at least

the I__P-opt|mum IS f‘f” away from the integer optimum) s strong as the LP-relaxation of MPP-CB. In addition,
making the problem intractable for a standard branch-ang-

) ) . ere exist instances for which the former is strictly better
bound enumeration solution technique. In our case stugy,
. ) : an the latter.
a state-of-the-art integer programming solver [3] did no .
: . . . ... Proof See Appendix II.
manage to find optimal or near-optimal solutions within

any reasonable amount of time for a network with 60 cell% For the network used in our case study, the relative gap
We present an enhancement to MPP-CB that subst etween the LP-optimum and the integer optimum is more

. : . . Ran 50% for MPP-CB. Using MPP-CBE, the gap is re-
tially improves the LP-relaxation. We utilize the fact tha?duced to less than 1%, and the integer optimum could be

n an optlmal solution to MPP, the pl!Ot power of any ?elfound and verified in less than one second (on a computer
will attain a value that belongs to a discrete set. That s, In

. . . ith a 400 MHz Ul PU).
an optimal solution:; = P;; for some biry (because there with a 400 MHz UltraSparc CPU)
is no need to increase the level of the pilot power unless

additional bins can be covered). V. A CASE STuDY
We introduce the following notation. For céllwe sort The scenario in our case study has 22 base stations and
P;; in ascending order, and uée, bs, ..., b;—1,b;,...,t0 60 cells. The scenario represents a real network being

denote the sorted indices of bins. That#,, < P, < planned. The locations of the base stations are restricted to
... < Py, , <Py, <...,whereb; is the bin that appears positions where building permits are granted, and are con-
at positiory in the sorted sequence. We usgeto denote the sequently not optimized from the coverage point of view. It
total number of bins in the sorted sequence. (UsuBlly< is therefore important to optimize other system parameters,
n, because bins for which the pilot power exceéfscan such as the pilot power.



The service area consists of 1440 bins, and among them
1375 bins are to be covered. Each bin has a siZ® of 40
meters. Parametdr! ! is the same for all the cells. In
addition, all the bins have the same level of thermal noise.
We use (8) (see Section IlI-B) to compute the minimum
uniform pilot powerPY, and found thatP? = 1.087. A
summary of the problem parameters is shown in Table I.

TABLE |
PARAMETER SETTING.

Optimized pilot power, P?ZZ

Pilot power

Optimized pilot power, Ff:PU

Parameter m n  Pr°t 4 v a pPU
Value 60 1375 15W 0.015 107'®* 0.6 1.0873

05 1 15
Pilot power

The formulation MPP-CBE was solved using AMPL [1]
and CPLEX 7.0 [3]. We consider two different settings for
P? (the upper limit of the pilot power). In the first setting,Fig- 1. A histogram of the pilot power.
P? =2W,i=1,...,m. Inthe second setting, we set
P? = PV i =1,...,m. Using the former setting yields
the minimum total pilot power, but there are some cells
whose pilot powers excedd” . Using the latter setting, no
cell will use more thanP? in the pilot power. However,
the total pilot power becomes slightly higher. The results
are displayed in Table II.

TABLE Il ot cpmanait ot .7
RESULTS OF PILOT POWER OPTIMIZATION
Total Average
Uniform pilot powerPY 65.2384| 1.0873 Fig. 2. Pilot power distribution.
Optimized pilot powerpP? = 2 27.8689| 0.4645
Optimized pilot powerP? = PV | 28.0780| 0.4680

Pilot power

optimization problem concerns minimizing the total pilot
. . . . power subject to full coverage. The formulation was then
We observe that solving MPP yields substantial savin Shhanced by a discretization of the power levels. In our

inf the FljliI.Otl powehr. I% %a\;t/iculr?r,hthe averag?j pilot POWEE 3se study, the optimized pilot powers substantially outper-
Of ace 'E essoto/anh - W, Whic dﬂeﬁ;por&dg .to a ‘?\av"}grm the solution of using the uniform pilot power, indicat-
0 mor_et an s o when compare o h addition, t € ing that the proposed framework of methodology can be
totalopllot power differs by less than 1% for the two settlng‘s/ery useful for enhancing power efficiency for WCDMA
of P networks.

The optimized pilot powers are further studied in Fig- There are several interesting topics for future research.

ures 1and 2. The two figures show a histogram of the pll?ﬁ particular, we note that the size of MPP-CBE increases

powers, and the power distribution, respectively. It can br dlv with r he number of bins. For larae-scal
observed that very few cells use a pilot power higher th %\pdy th respect to the number of bins. For large-scale

. 7 . .. scenarios, therefore, it may become unfeasible to solve
1.0 W in the optimized solutions. In fact, for a majorltyMPP_CBE using a standard branch-and-bound enumera-
0 . :
(Tor:/:r ﬁgtb)of/)\tt:?f]acsegsstiﬁIglrk?jtist(r)ivk\)/ﬁtricl)sn Ifeosrst:gatr\:vg'gif_ fon, and other solution techniques, such as decomposition
priot p o o . schemes, need to be developed. We are currently investi-
ferent settings of’,’. However, when it is more desired to

limit the power of any individual cell, it is more referablegating a solution technique based on a Lagrangian relax-
0 setPOp— PU v y ’ P ation for large-scale instances of MPP. Another important

Figure 3 shows a histogram of the CIR of the bins. If th research topic is to consider traffic scenarios where the to-

uniform pilot power is used, the CIR values of most bingal power consumed by some cells (for the pilot signal and

ic) i imit i Tot
are greater thahy, i.e., there are many bins for which user traffic) is less than the upper limit, i.&, < b, " for

the margin between the CIR ang is unnecessarily large. somek. For such scenarios, pilot power optimization for

. A . 2~ the purpose of load balancing leads to more complex opti-
When the pilot powers are optimized, unnecessarily high.” ™ : :
. : ) . ization problems, for which models and solution methods
CIR is avoided, and most of the bins are covered with ClI

betweeny, andd-o. need to be developed.
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P?.Vi # j. (Thatis, cellj is the only cell that can
cover binj.)

e« Forcelli=1,...,mandj =m+1,...,m+ |B|,

]Dij = if Qi = 1, otherwisePz-j > PLO
It can be easily realized that choosing a parameter setting
with the above properties can be down in polynomial time.
Moreover, a feasible solution in the MPP instance is also
feasible in the set covering instance, and vice versa. More-
over, for any such pair of solutions, the two objective func-
tions have the same value. Hence the conclusion. W
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PROOF OFPROPOSITIONZ2

Proof: The first part of the proposition can be proved
as follows. Given any feasible solution in the LP-relaxation
of MPP-CBE, we observe that

1) this solution is also feasible in the LP-relaxation of
MPP-CB, and

2) the objective function value of MPP-CBE for this so-
lution is greater than or equal to that of MPP-CB.
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= =1 =1
J. Yang and J. Lin, “Optimization of pilot power management in &= P,;. ;. (The second inequality is due to (15).)

CDMA radio network,”Proceedings of IEEE Vehicular Technology

Conference, VTC Fall '00 pp. 2642-2647, 2000.

Because above inequalities hold for anyve have shown
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To show the second part of the proposition, it is suffi-

Vehicular Technology Conference, VTC Fall 02, pp. 936-940, 2000. .+ o give an example. Consider an instance of MPP

with two cells and four bins, wher®;;, = 1.2, P, =
APPENDIXI 0.8, Pi3 = 0.6, Py = 0.6, Py = 0.8, and Py, = 0.3.
PROOF OFPROPOSITION1 Assume also thaP,, and P»; exceed the power limit (and
Proof: We show that any instance of the minimum-are thus irrelevant to the discussion). In the integer opti-
cost set covering problem (which i&P-hard) can be mum,yi1; = y12 = y13 = Y24 = 1, and the total pilot
transformed to an instance of MPP. Consider an instancefdwer equals 1.5. The LP-relaxation of MPP-CB vyields
the set covering problem, whef&, Ss, ..., Sy} is col-  y11 = 0.5,y12 = 0.75,y13 = 1,521 = 0.6,y22 = 0.25,
lection of sets, and is a set of items. Each s6f is associ- y23 = 1, and the objective function value equals 0.9. (The
ated with a cost;. In addition, let an indication parameterrelative gap is therefore 40%.) However, the LP-relaxation
a;; be 1 if setS; contains itery, and zero otherwise. The of MPP-CBE yields the integer optimum. |
objective of the set covering problem is to select a subset of
{S1,Sa,...,Sm} at minimum cost, such that all the items



