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Abstract

In this paper, we study the resource allocation problems for channelized wireless communication
networks considering generic cell configuration and obstacle shadowing effects. Resource allocation
mechanisms, consist of channel assignment, power control and cell configuration design issues, are to op-
timize spectrum utilization of wireless systems. For modeling generic architecture of real networks, we
allow each base station can be constructed by any number of smart antennas, whose radians and transmis-
sion powers can be adjusted as needed. Furthermore, we consider both the interference-shadowing and
coverage-shadowing effects due to radio propagate over topographical or morphographical obstacles.

We formulate this problem as a combinatorial optimization problem, where the objective function is to
minimize the total number of channels required subject to configuration, capacity, and quality of service
constraints. The solution approach to the algorithm is Lagrangean relaxation. In the computational ex-
periments, the proposed algorithm is shown to be efficient and effective. When compared with a number

of sensible heuristics, the proposed a gorithm achieves up to 25% improvement.



I. INTRODUCTION

Due to the rapid growth of wireless communication systems in the world, the scarcity of spectrum
necessitates efficient resource management mechanisms. One promising technique to improve spectrum
utilization and system capacity is sectorization technique, which uses smart antennas to sectorize the ef-
fect area and maximize the frequency reuse rate. That is, cellular systems are generaly recognized as
spectrum-efficient by increasing the frequency allocation, sectorizing the cells, and resizing the cells.

Efficient spectrum utilization is one of paramount importance when designing high capacity cellular
radio systems [8]. In this paper, we adopt base stations (BSs) allocation, sectorization planning, channel
assignment, and power control [10] mechanisms to optimize frequency resource alocation problems. Ef-
ficient interference management aims at achieving acceptable carrier-to-interference ratio (CIR) in al ac-
tive communication links and optimizing the system capacity.

Traditionally, cellular network design tools usually use omni-directional or 120° antenna at each BS.
This kind of regular architectures cannot model real network precisely [5]. In this paper, we develop a
generic sectorization model to construct multi-configuration sectorization networks, which use any num-
ber of smart antennas to increase spectrum utilization. For each BS in our model, several decision vari-
ables, consist of sector number, configuration type, transmission power level, channel assignment, will be
determined to optimize spectrum utilization.

Furthermore, we consider the obstacle shadowing effects in the resource allocation and quality of



service (QoS) assurance problems. Due to natural and man-made terrain, radio propagation is strongly

influenced by different kinds of topographical and morphographical environments. In our mathematical

model, the pros and cons of obstacle shadowing effects will be included. One of the advantages of obsta-

cles is interference-shadowing effect, which can decrease the co-channel interference when obstacle lo-

cated between two base stations. The disadvantage is service-shadowing effect, which will influence

homing decision of M Ts.

We mode the wireless resource allocation problem as an optimization problem, which is a

non-convex integer-programming problem. To the best of our knowledge, the proposed approach is the

first attempt to consider the problem with whole factors jointly and formulate it rigorously. This kind of

problems is by nature highly complicated and NP-complete. Thus, we apply the Lagrange relaxation ap-

proach [6][7] and the subgradient method [9] to solve this problem.

The remainder of this paper is organized as follows. Section |1 provides the problem description and

the obstacle shadowing effects for resource allocation problems. In Section 111, we introduce the solution

approach, Lagrangean-based algorithm and several primal heuristics. Section 1V is the computational ex-

periments. Finaly, the summary of this paper isin Section V.

1. GENERIC RESOURCE ALLOCATION PROBLEM

In this section, we describe and formulate the generic resource allocation problem. We also intro-

duce the pros and cons of obstacle shadowing effect.



A. Problem Description

Given limited number of available channels, candidate BS locations, traffic demand of each ori-
gin-destination (OD) pair, obstacle locations, call-blocking probability thresholds as our system parame-
ters, we formulate this problem as a combinatorial integer-programming problem. The objective is to
minimize the total number of channels required subject to capacity constraint, configuration constraint,
and QoS constraint. We wish to determine (1) total number of channels required, (2) configurations of
BSs, (3) transmission power levels, and (4) channel assignment policies. We define the notations for
given parameters and decision variablesin Table 1 and 2.

Table 1: Notations of given parameters

Given Parameters

Notation Descriptions
B The set of locations for candidate BSs
F The set of available channels
S The set of type of antenna s, means m" configuration and n™ sector
T The set of MTs
W The set of OD pairs
The set of configuration of BSs (In our simulation, the configuration of each BS in-
“ cluding omni-directional antenna, two-sector antenna, and three-sector antenna.)
D Distance between BSj and MT t




M Upper bound on total number of channels
N, Upper bound on number of channels that can be assigned to antenna s, in BS]
R, Upper bound of radius of antenna. s, in BSj

K, User demand of OD pair w (in Erlangs)
Bis, Call blocking probability of antenna s, in BSj by user required

e(gjskn’ﬂjskn)

Minimum number of channels required for traffic demand g,, such that the call

blocking probability shall not exceed g,

)

The function which is O if antenna s,.,, of BS |’ never effect antenna s, of BS]

o and D" otherwise (the detail of thisfunction isintroduced in next section)
G, An arbitrarily large number
Dy Distance between BSj and j’
O Indicator function whichis1if MT t belongsto OD pair w and O otherwise
Indicator function which is1if MT t can be served by antenna s, in BSj and O oth-
Hist '
erwise
a Attenuation factor (2< o <6)
Indicator function which is 1 if there is no obstacle between BS j and MT t and O
& otherwise
Indicator function which is 1 if there is no obstacle between BSj and j’ and O other-
i

wise




Table 2: Notations of decision variables.

Decision Variables

Notation Descriptions

h, Decision variable which is 1 if channel i isinstalled and O otherwise

Yis,i Decision variable which is 1 if channel i is assigned to antenna s, in BS | and O
otherwise

Mis, Transmission radius of antenna s, in BS]j

95, Aggregate flow on antenna s, in BSj (in Erlangs)

Z . Decision variable which is 1 if MT t is served by antennas s, of BSj and O other-
wise

a Decision variable which is1if BS| uses K" configuration

B. Problem Formulation

Objective function:
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Constraints (1) and (2) are to ensure that the number of channels assigned to each antennais large

enough to serve its slave MTs under certain call blocking probability constraint. Constraint (3) is to en-




sure that the number of channels assigned to each antenna is under its capacity constraint. Constraint (4)
isto ensure that for each channel, the sum of interference introduced by other co-channel BSsis less than
the CIR threshold. Constraint (5) isto ensure that an antennain the BS can only serve those MTsthat are
in its coverage area of effective radius. Constraint (6) is to ensure that the transmission radius of each

antennain the BSranges between O and R, . Constraint (7) is to ensure that if an antenna is not as-

signed any channel, it can't provide any service. Constraint (8) is to ensure that if an antenna does not

provide service to a MT, then the decision variable z._ . must equa to 0. Constraint (9) is to ensure that

St
each MT must be served by exact one antenna. Constraint (10) is to ensure that we must have a channel
installed before we can assign the channel to a BS. Constraint (11) is to enforce that each BS uses differ-
ent kinds of antennas according to their configuration. Constraint (12) is to ensure that each BS chooses
one configuration. Constraint (13) is to ensure that the antennas in the same BS cannot be assigned the
same channel. Constraint (14) is to enforce the total number of total channels required is less than the
number of available channels. Constraints (15)-(18) are to enforce the integer property of the decision
variables.
C. Shadowing Effects of Obstacles

Because transmission power is one kind of decision variables during optimization period, we intro-

duce an over-estimate approach for channelized wireless networks to ensure QoS. For simplicity purpose,

we suggest to use the maximum degree of transmission power to estimate inter-sector interference



) . By doing this, we can pre-calculate ® to reduce the uncertainty degree.

ISl 'sen ISl 'sen

Considering sectorization effect, we propose a multi-configuration sectorization model to decide
whether one antenna of BS interferes with another antennas or not. By introducing notation 7., we can
derive the advantage of obstacles from the interference point of view. That is denoted as interfer-
ence-shadowing effect. Whereas, notation p, denoted as service-shadowing effect, is the disadvantage
of obstacles from the coverage point of view. To pre-calculate both these shadowing effect, we must take
care of both sectorization situations of interfering and interested BSs and the locations of obstacles. For
example, obstacle M is located between BSj and BS |’ in Fig. 1. Obstacle N is located between BS j and
BSj’’. Thecell of BS|' is separated into two parts. One of the parts is in the shadowing area of obstacle
M and the other is not. In this situation, we defined that BS j interfered with BSj’. BS |’ istotally in the

shadowing area of obstacle N will not interfere with BS|"".

Fig. 1: Shadowing effect in Antenna Interference Model.



[11.SOLUTION PROCEDURE
The above resource alocation problem is NP-complete. The basic approach of the solution proce-
dure is Lagrangean relaxation method. That is, we would rather develop an efficient Lagrangean-based
primal agorithm than expect to develop an optimal algorithm for large-scale NP-compl ete problems.
A. Lagrangean Relaxation
By applying the Lagrangean relaxation approach, we relax nine complicating constraints, which are
Congtraints (1), (2), (4), (5), (7), (10), (11), (12) and (13). Therefore, we can formulate the Lagrange re-

laxation problem (LR) as follows.

1 2 3 4 5 6 7 8 9 H 1
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subject to: (3), (6), (8), (9), (14), (15), (16), (17), and (18).

In this formulation, notations v ,vZ ,v3 ., vt vo  vé v

9 .
I N R N M JSknlk’V ,Vji are non-negative La

grange multipliers. To solve Lagrange relaxation problem (LR), we can decompose (LR) into five inde-

pendent and solvable sub-problems.

10




B. The Dual Problem and the Subgradient Method

Dual Problem (D):

Zoy =maxZy, (Vi V2 V3V Ve VLY

Jsu S ? iSal TV ISt T St T ISl ? Jsuk’v V )

; . 2 3 4 5 6
subject to: Vi, Vi Vi Vi Vi o Vi o Vie o Vi Vi 2 0.

According to the weak Lagrange duality theorem [2], the objective of dual problem Zy is a lower
bound of primal problem Z;p. We adopt the subgradient method to solve the dual problem (D) [3]. We
denote a subgradient of Zp as a (|B|x(2x|Ix(1+[T[)+1+|F|x|Fx(2+[K])))-tuple vector g. In iteration k of the

1 ko2 k 3

subgradient method, the multiplier vector zk:(v. Vi VSV

5 6 7
IS T iSa 7 Sl T ISt ? v v

Visknt’ Sl ? JSkn'k !

v v ) is
updated by 7**'=z*+t"gk. The step size t* is determined by t*=5(2Z} - Zp(m,))/|0¥"
whereZ|), isthe primal objective function value for a heuristic solution (an upper boundon Z ) and &
IS aconstant.
C. Getting Primal Feasible Solution

When we use Lagrange relaxation and subgradient method to solve the problem, we not only get a
theoretical lower bound but also get some hints that are helpful for getting primal feasible solutions pur-
pose [6]. Owing to the complexity of the primal problem, we divide the problem into three parts by di-

vide-and-conquer strategy and develop primal feasible algorithm, denoted as Algorithm LR.

B BS Configuration Subproblem

When solving primal problem, we first consider to using homing decision z of each terminal to

st

11




determine the BS allocation subproblem. If ) >z

teT s, €S

st 1S equal to zero, we consider this BS does not

is

need to be allocated. Otherwise, we calculate )z, for each configuration of each BS. If >z i

teT teT

the maximum, let this BS use k™ configuration type and assign ajx to equal one.
B Homing Subproblem

After determining allocation of the BSs, we continue to determine MTs homing subproblem. We ad-
ditionally calculate two parameters, T1[j] and T2[j], for each BS. T1[j] means the number of MTs served
by this BS. T2[j] means the number of MTs only served by this BS. We use these two parameters to cal-

culate the rank of BSs in descending order of T2[j]. When the BSs have the same T2[j], we adopt de-

scending order of T1[j] as second matter. Then, we develop the following algorithm to decide new z; ..

Accordingto z._ ., we can determine the radius of each BS.

St ?

Step 1. For each BS |, we calculate T2[j]xQ+T1[j] where Q is alarge number to order T2[j] before T1[j].

Step 2. Arrange the BSsin descending order of the value T2[j]xQ+T1[j].

Step 3. Now, we consider only first degree of radius of each BS. If the BS is used n-sector antenna, we
will consider the degree of radius of each sector at the same time.

Step 4. According to the rank decided in Step 2 of BS, we assign al MTs, which are under coverage of
current BS with such degree of radius and are not assigned yet, to this BS.

Step 5. If any MT is not assigned, we consider next degree of radius of each BS. Repeat Step 4 until all

MTs are assigned.

12



Step 6. For each antennain each BS, we find the maximum distance between this BS and its ave MTs.
Then, we take this value to fit the degree of radius.
B Channel Assignment Subproblem
In [4], the author took “Difficulty Degree” as the heuristics. According to the past experiment, we
know DD}% and DDZ% are more suitable to simple algorithm 1 and ssimple algorithm 2. The detail of
the two algorithms and each case are described in Section V. Because DDj, and DD are more
suitable Lagrange relaxation based algorithm, we take DD}% as our primal solution to compare the re-

sults with  others. DD}% is defined as aggregate interference to other antennas

(2 20 ) Py s, )-
j'eBo{j} semeS
IV.COMPUTATIONAL EXPERIMENTS

For comparison purpose, we develop two primal heuristics to solve the same problems.
A. Primal Heuristics
B Heuristic with Omni-directiona Antenna

We assume the omni-directional antenna is only configuration in the network and develop an intui-
tive simple heuristic, which only consider omni-directional antenna. We determine homing decision z; ,
by adopting shortest homing policy, which homes each MT to the nearest BS, and considering the ser-

vice-shadowing effect of obstacles. Then, we apply corresponding DD}% to solve channel assignment

subproblem. For convenience, we denote this heuristic as H1.

13



W Heuristic with Regular Three-sector Antenna

This heuristic is similar to H1 except the regular configuration of 120° 3-sector antenna. For con-

venience, we denote this heuristic as H2.

B. Lagrange Relaxation Based Algorithm

B Algorithm LR

Sep 1.

Sep 2.

Sep 3.

Sep 4.

Sep 5.

Sep 6.

Sep7.

Sep 8.

Read configuration file to construct MTSOs, BSs, Obstacles and MTs.

Calculate constant parameters, like 0(g;s B85 ) Pis js..r Hjser Pp» My and assign La
grange relaxation improve counter to equal 20.

Initialize multipliers.

According to given multipliers, optimally solve these problems of SUB3.1, SUB3.2, SUB3.3,
SUB3.4 and SUB3.5 to get the value of Zyya.

According to heuristics of Chapter 4, get the number of total channel required, the value of Zp.
If Zip issmaller than Zp*, we assign Zp* to equal Zp. Otherwise, we minus 1 from the improve
counter.

Calculate step size and adjust Lagrange relaxation multipliers.

Iteration counter increases 1. If interaction counter is over threshold of system, stop this pro-

gram. And, Z,p* isour best solution. Otherwise, Repeat step 4.
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C. Experiment Scenarios

We randomly generate initial experiment environment as 10 BSs, 4 obstacles, 40 MTs and 20
OD-pairs and depict in Fig. 2. The feasible degrees of radius are 0.5, 1.5, 2.0, 3.0, 3.5, or 4.0 km. Traffic
demands of OD-pairs are randomly generated and average 0.1 and 1.5 Erlangs for lower and higher traffic

load scenario, which denote as Scenario 1 and Scenario 2, respectively.

Fig. 2: Initial locations of the BSs, Obstacles, and MTs.
D. Experiment Results
At the run O, the initia distribution is shown in Fig. 2. At other runs, we randomly generate a pair of
coordinates to be the location of each MT. Each run is performed 100 iterations to get the best solution.
B Experiment 1

In this experiment, we apply the above three algorithms on Scenario 1 and the channel assignment is
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decides by DD}% . The result of run O is depicted in Fig. 3 and the comparison of each run is listed in

Table 3. As the results show, the proposed algorithm LR can achieve 15 % to 25% improvement against

above two heuristics.

B Experiment 2

In Experiment 2, we use Scenario 2 as experiment network. The channel assignment is decides by

DD, . Theresult of run 1 is depicted in Fig. 4 and the comparison of each runislisted in Table 4. We can

observe that our proposed agorithm can achieve about 13% to 25% improvement.

o f
I,. lI
) I8
) LI | -
——n kg |
- o, Iy
.l - —— - = o —
e TR~ L\ ;
1 \ -~
3 X " %
b i, LAY
. Y
3 Y O Ty
Ry L
. | "
i, 1';' —— g ¥ -
if b | : .\'-
/ " i | W
i ! .'l [}
k b
\ ' 1/
y |
| ! W, f
1 | Y !
LW 1, A
el -
- -'. .'\' b
L # o
T \
! - " .H'- - —
e , e _‘,.-"-
LS Y
-l. LY *

U AR AR R LR R R L Ih

Fig. 3: Result of Run 0 of Scenario 1

16

H'—
ll'.l'i
BH — e 127
¥ g
i ", .--"'i_:ul_
& i r
, P | - i
r i 3
g 1 I. .
| .I. o
L. J. . e T ,r".
L __.' [l ) ¢ | -, .-l."r
e - o
T T — by _t
- —= 3
F L -
- 7
X b \
I, '.‘1 1 ) [l
S | - | - B
1 4 . I|I | §
=500 I _'-|':.,:u.'1_.s.-.::r!_.--' e, o
i LR o ‘-..

Fig. 4: Result of Run 1 of Scenario 2




Table 3: The Result of Scenario 1 (unit: Total Channels Required)

Run # 0 1 2 3 4 5 6 7 8 9
H1 18 18 17 20 23 19 22 18 18 17
H2 20 20 22 22 24 17 25 18 22 19
LR 16 17 17 16 18 16 18 16 17 15

Improveto H1 (%)| 125 | 5.88 0 25 | 2778 | 1875 | 2222 | 1.25 | 5.88 | 13.33

ImprovetoH2 (%)| 25 | 17.65 | 2941 | 375 | 3333 | 6.25 | 3889 | 1.25 | 2941 | 26.67

Table 4: The Result of Scenario 2 (unit: Total Channels Required)

Run # 0 1 2 3 4 5 6 7 8 9
H1 78 77 73 88 93 89 97 73 77 75
H2 65 74 74 77 70 66 81 69 68 64
LR 58 56 61 55 68 65 67 60 64 S7

Improveto H1 (%)| 3448 | 375 | 19.67 | 60 | 36.76 | 36.92 | 44.78 | 21.67 | 20.31 | 31.58

Improveto H2 (%)| 12.07 | 32.14 | 21.31 | 40 294 | 154 | 1739 | 15 6.25 | 12.28

E. Computational Time

All the experiments are performed on a Pentium 1GB PC running Microsoft Windows 2000 Server
with 2 GB DRAM. The code is written in Java and is complied by Sun JDK 1.2.2. The computational
time is about 90 seconds per iteration. The direct proportion between the computational time and the
amount of configurations does not exist. Therefore, the computational time is the bounds of our experi-

ments.
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V.SUMMARY

The conclusions are presented in terms of formulation, sectorization and performance. In terms of
formulation, we develop a combinatorial mathematical formulation to model the resource allocation
problem for wireless communication networks with generic sectorization. At the same time, we consider
not only non-uniform size cell but aso non-uniform traffic demand. Specifically, we first consider the
cons and pros of the obstacles shadowing effects on multi-configuration sectorization systems. Because of
the complexity of this problem, we use Lagrange relaxation and subgradient method as our main method-
ology. In the computational experiments, the proposed agorithm is shown to be efficient and effective
and can achieve up to 25% improvement on the average.

In terms of sectorization, we find that sectorization is less useful when one BS needs fewer channels.
By increasing the number of channels required by one BS, the advantage of sectorization is more evident.
According to the experiments, in light load environment, we can say that the effect of spinning resourceis
more significant then the effect of reducing interference. Therefore, sectorization needs to pay the penalty
in reducing the number of total channels required. However, the number of channels required by H1 is
become bigger than H2 under higher traffic load. We can say that sectorization is useful in the real world
to improve the spectrum efficiency as wireless traffic demands grow up rapidly. In terms of performance,

our Lagrange relaxation based solution has more significant improvement than other sensible heuristics.
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