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Abstract— We analytically investigate coverage (determined by
the uplink) under non-homogeneous and moving traffic load of
third generation UMTS mobile networks. In particular, for differ-
ent call assignment policies we investigate cell breathing and the
movement of the coverage gap occurring between cells when a hot
spot moves among the cells. These call assignment policies mainly
differ in handling non feasible call configurations. To establish
the maximally possible coverage, calls at the cell borders will be
dropped such that the remaining carried calls establish their SIR
target. By assigning calls to different base stations according to
these policies, the coverage gap differs especially under moving
non-homogeneous load.

I. INTRODUCTION

The third generation UMTS network air interface is based
on the flexible and efficient CDMA multiplexing technique that
enables all calls to use the entire bandwidth. As a consequence,
users compete for power in the allocated bandwidth and a key-
factor for analysis becomes the interference level. The problem
of minimization of total interference in the network (or in other
words maximization of network capacity) remains one of the
major research topics in the field of DS-WCDMA. This prob-
lem has mainly two complimentary parts: (1) power control,
and (2) assignment of calls to base stations. In the analysis of
the second part it is sometimes overlooked that optimality of
some specific assignment strategies depends not only on non-
homogeneity of traffic load between cells but also on distribu-
tion of this load within the cells. Knowledge of the call distribu-
tion helps to choose an optimal assignment for a specific situa-
tion and gives the opportunity to optimize the available channel
space.

It is commonly agreed that (due to the asymmetrical nature
of data traffic) the capacity of the CDMA system is determined
by the downlink, but coverage is determined by the uplink [8].
The present study analytically investigates coverage under non-
homogeneous and moving teletraffic load, and therefore fo-
cusses on the uplink. In particular, for different call assign-
ment policies we investigate cell breathing and the movement
of the coverage gap occurring between cells when a hot spot
moves among the cells. The different call assignment strate-
gies considered in this paper are characterized by the following
optimization objectives: (a) minimal total received power, (b)
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minimal total transmitted power, (c) minimal total interference.
For comparison we also consider the situation with a fixed bor-
der in the middle between base stations. Our analysis is set up
for a general network configuration. For a simplified, yet rep-
resentative, two cell network we provide numerous numerical
results, which illustrate the performance of the different call as-
signment strategies under various traffic loads.

The rest of this paper is organized as follows. In the next sec-
tion, we discuss some related literature. Section III provides a
brief description of the modelling approach used in this paper.
In Section IV-VI we give a mathematical description of the op-
timization problems to be solved and derive and discuss some
useful properties. Section VII contains the numerical results
for the simplified two cell network. Finally, in Section VIII, we
summarize and conclude our study.

II. RELATED LITERATURE

A substantial body of literature focusses on the CDMA up-
link. However, most references consider either homogeneously
loaded cells or non moving calls. An important exception is
[14], where (via simulation) for non homogeneous but non
moving load the capacity (number of carried calls) is consid-
ered. The coverage, however, is not taken into account.

A nice overview of distributed power control algorithms that
minimize total transmitted power is provided in [8]. Recent
references on optimal power control are e.g. [12] and [10]. In
particular, in [10] the impact of the statistical variations of the
signals due to fading are considered, and the authors show that
well-known methods for allocating power (which ignore fad-
ing; often based on Perron-Frobenius eigenvalue theory) can be
used to determine power allocations that are close to achieving
optimal (i.e. minimal) outage.

Call assignment strategies are presented in e.g. [2], [7], [1],
[3] and [6]. In particular, in [2] several call dropping strategies
to be applied in case of congestion (and leading to coverage
gaps) are discussed and evaluated. Their analysis is based on
simulations. The authors of [1] also study and compare dif-
ferent dropping strategies for situations in which not all SIR
targets can be attained. They provide an analytical study for
homogeneous traffic loads and nicely point out the unfavorable
effects that may occur for certain dropping strategies.



III. MODELLING APPROACH

The focus of this paper is to derive a method to analytically
investigate coverage of UMTS networks. Therefore, a simpli-
fied network is defined by a set of base station positions, a spa-
tial user distribution, and a deterministic pathloss model that
takes into account only the distance between mobiles and base
stations. The addition of random components such as shadow-
ing will not qualitatively alter the results, as the resulting ran-
domness can be taken into account as a change of the location
of the subscribers cf. [13]. Macro diversity is not incorporated
in our model. We further assume perfect power control.

We assume that all mobiles use the same service with the
same constant bit rate, and therefore have the same SIR target.
We focus on data calls, so that transmission below the SIR tar-
get will result in the number of dropped packets exceeding the
error correction capability of the error correction code (which
is the nature of the SIR target). Therefore, reducing the SIR
target for all mobiles (soft capacity) dramatically reduces the
performance of the network, and it seems better to (temporar-
ily) drop some mobiles. Thus, in our study we investigate call
dropping due to coverage problems occurring as a consequence
of heterogeneous network load.

We do not take into account the randomness of the call ar-
rival and termination process. As is shown in [15], this ran-
domness can be transformed into required capacity, so that for
our purpose of investigating the impact of heterogeneous load
on coverage it suffices to use a deterministic user pattern. The
examples of Section VII numerically reflect our findings for a
simple two cell linear network representing a highway, along
which traffic moves in one direction. We investigate inter and
intra cellular interference, and focus on the coverage gap oc-
curing when hot spots travel along the road. Coverage of a base
station is defined via the location of mobiles handled by the base
station. As a consequence, due to granularity of the distribution
of mobiles, there may seem to be a gap in the coverage when
neighbouring mobiles are connected to different base stations,
see e.g. Figure 1. This gap will be referred to as granularity
gap. A coverage gap occurs when mobiles are dropped due to
their SIR requirement: a coverage gap will contain a number of
mobiles, and all mobiles not contained in the gap establish their
SIR target.

Under the call assignment strategies (a) minimal total re-
ceived power, (b) minimal total transmitted power, (c) minimal
total interference, the size of the coverage gap (number of mo-
biles in the gap) is obviously the same, and depends only on
the density of mobiles. In a practical implementation, where
assigned calls travel along a road, these strategies may result in
considerably different behaviour, when among the already ac-
cepted calls some have to be dropped due to their constraint on
maximal transmission power while moving away from a base
station. To represent this dynamic behaviour of the call assign-
ment strategies, we first establish the feasible configurations not
taking into account the maximum on transmitted power of mo-
biles (e.g. the hot spot is close to a base station), and then in-
vestigate which mobiles have to be dropped when taking into
account this additional constraint.
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IV. FEASIBLE CALL ASSIGNMENTS

Consider a WCDMA system containing K base stations and
N calls. Let N denote the number of calls assigned to base sta-
tion k, k = 1, ..., K. In our uplink model, the received power at
base station k is denoted Py, and assumed equal for all mobiles
power controlled by base station k. Let h;; denote the path gain
from mobile 7 to base station k, i.e., mobile 7 received at base
station k with power P is transmitting with power Py, /h;i. The
Quality of Service (QoS) for a mobile power controlled by base
station k is then determined by the carrier to interference ratio
(C/D),fork=1,..,K:

(7).~ "
L)y (Ne=1)Pe+ 3,4 PO bk Py 4 W,

ey

where W denotes the processing gain, and 7y, is the power of
the thermal noise. Clearly, the assignment of mobiles to base
stations as reflected in the variables /Ny, and the location of the
mobiles as reflected in the path gains h;; play an important role
in this power control equation.

We assume that the required QoS is equal for all mobiles.
Lete = (%) ,, denote the target QoS requirement, equal for all
base stations. In a network consisting of a single base station, a

feasible power assignment exists only if

WP
e <

SINonPEwr @

or equivalently only if the required power P < P, Where
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which requires that N < Npoe = 1+ W/e, where Npole is the
pole capacity of a single base station. In addition, the power
budget of mobiles, pmax, is limited, resulting in the restriction
Pk/h’lk S Pmax- (4)
For a multi cell network, let ¢[i] denote the base station mo-
bile ¢ is assigned to under a power assignment policy, i =
1,..,N,and ¢ = (c[1],...,¢[N]). Then N}, = >, 1(c[i] = k),
where 1(.) denotes the indicator function. As a power assign-
ment accomodating all mobiles may not be feasible, we have
Zk N < N. An assignment of mobiles to base stations is

feasible if and only if
{ M(N)P=R ' )
PC[Z]/h/’LC[’L] < Pmax, 1= 11'-'7Zk Ng
where N = (Ny,..,Ng), P = (Py, ..., Px),

R=Wmn1,...,Wng), and the K x K matrix M(N) is
given by

—Lpp = — Yo e
Nk -1 —W/E

k#/L
Mk, ] =
k0= { e
Notice that for feasibility it must be that N, < Npge = 1 +
W/e, k=1,..., K. We will denote P € IF when P satisfies (5).
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The maximum number of carried calls is determined as max-
imizing argument, c[i], i = 1, ..., N, of the following optimiza-
tion problem

max N, st Np=>,1(c[i -k (©6)
B N st N = M L(el] = B
Let
C=ar max N, st Np=)> _.1(cli] = k
gC[z‘],z‘:l,...,Nzk: k P’;FZZ (cld] )

(N
The maximizing argument need not be unique, i.e., multiple
distributions of mobiles to base stations may yield the same
number of carried calls. Among these configurations, the fol-
lowing power assignment algorithms select an optimal assign-
ment.

V. FEASIBLE POWER ASSIGNMENTS

Selection of the optimal power assignment among the
feasible assignments determined by (7) requires a criterion
for optimality. Clearly, the first criterion as determined by
(6) is to carry as many calls as possible. Then, within the
set C assignment of calls to different cells may be carried out
optimally according to various power assignment criteria, see
Section II for methods used in literature. Below we collect
three call assignment protocols based on the maximum number
of carried calls determined by C. In addition, for comparison,
we also investigate a UMTS network of cells with fixed borders
located in the middle between base stations.

a) Minimal received power
The power assignment that minimizes the total received power
Prec =37, Py is determined as

arg min P,
& ceC Z ¢

b) Minimal transmitted power

The power assignment that minimizes the total transmitted

ZN c[z]
=1 hjcpq

is determined as

power Pirans —

¢) Mimimal total interference

The interference relation between base stations k£ and ¢ due to
mobile j can be expressed as the ratio of received powers due to
mobile j transmitting at unit power: Ilzk £ Clearly, the trade-
off in assigning a mobile to either base statlon k or £ can be
made on the basis of this interference relation, or on the sym-

P’“ he iy B h’;? The total interference then

metrical version

takes into account all moblles Thus, the power assignment that
minimizes total interference is determined as

argmini i Fefy hae +
ceC Py hic[i]

i=1 0=1,0cli]
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Py hicpy) >
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It is interesting to note that for a feasible assignment our

minimal total interference criterion coincides with the criterion

used in [7], where feasibility is characterised via the Perron-

Frobenius eigenvalue of the K x K interference matrix A with
. N

entries A[(, k] = y 5 L ¢

d) Fixed border

For comparison, we also provide a characterisation of the
optimal assignment under a fixed border that is located in the
middle between base stations. This requirement means that
icri) < ha, for all k # c[i]. Let us consider minimization of
received power. The power assignment that minimizes the total
received power P"° = )", Py is determined as

arg I mm Z P,

where C; = C with the additional constraints

Ricri) < ha for all k # cfi].

VI. POWER ASSIGNMENT ALGORITHMS

A practical call or power assignment does not re-evaluate
the feasible call configuration to accept non carried calls in
favour of carried calls (i.e. drops calls to carry new calls). In-
stead, a practical implementation will attempt to carry all exist-
ing calls, and drops existing calls only in favour of other car-
ried calls to meet their SIR requirements. To investigate the
behaviour of the power assignments described above, we in-
vestigate their behaviour for moving calls. In particular, we
will start with a feasible assignment not taking into account
the power limitation p,,,x of the mobiles (which mimics the
behaviour when a hot spot is not too far from the base sta-
tion). When the hot spot moves away from the base station, the
mobiles will increase their transmitted power until they reach
Pmax, and subsequently some mobiles will no longer be able
to reach the required transmission power. When this happens,
from the carried calls some calls will be dropped. Obviously,
the resulting call assignment is sub-optimal, which can easily
be seen from a mathematical consideration of the procedure
(recall (5)): We first consider an assignment of mobiles under
the constraint MP = R, only. Let C,, denote the correspond-
ing solution of (7) with P € F replaced by MP = R. Obyvi-
ously C ¢ C,. Now, among the assignments of C,, select the
optimal feasible assignments under the additional requirement
Peij/hiclij < Pmax, @ = 1,...,>, Ny. If this assignment
exists, then it is feasible for (6). If it does not exist, then drop
the call with largest P,[;) / h;[;) and re-evaluate the resulting call
configuration. Clearly, the resulting assignment is sub-optimal
under (6).

The sub-optimal call and power assignment introduced above
can be done based on local information. To this end, con-
sider the power assignment equation M (N)P = R. When
we shift mobile r from cell & = ¢[r] to cell ¢ feasibility of
the assignment is determined by the power assignment equa-
tion M(N")P' = R, where N’ = (Ny,..,N; — 1,...,N; +
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Coverage gap under (6), rectangular peak

- — border of the first cell
— - border of the second cell
—— number of dropped calls v ‘

1060

1020 -

980

Distance from the first BS
Number of dropped calls

940

900

1060 |
1020 |
980

940

900

1075t

1040 1

1005

970

935

900 : : : :
300 380 460 540

Time

Fig. 1. Coverage gap under the optimal (centralized) call and power assign-
ment determined by (6) and in case of fixed borders

1,..., Ng). Let AP = P’ — P, then substracting the power as-
signment equations for N’ and N yields

hei Py
M(N")AP = — —1|PH
( ) (hr[ Pk ) ¥ (T‘),
where H(r) = (ZT; s };L“:) Under the assumption

that a feasible power assignment exists for IN’, the sign of

(M& — 1) now determines the sign of AP. As a conse-

hye Py
quence, if ZT’Z %’i < 1 then the new assignment obtained by

shifting mobile r to base station ¢ results in a lower received
power for all base stations (and a lower transmitted power for
all mobiles). Thus, for minimization of transmitted power it
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Minimization of Received Powers
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Fig. 2. Coverage gap resulting from moving rectangular peak, under the sub-
optimal (distributed) call and power assignment strategies introduced in Section
V-VL

suffices to compare an assignment of mobiles with an assign-
ment with one mobile shifted to a neighbouring base station
to optimize transmitted power, resulting in a distributed im-
plementation of power optimization. Similarly, observing that

Pl hy Ricli] - . . .

e hh—lf] PL[@_] = is a convex function of cli], that attains

its minimum for —24 —h’_“’[f_] = 1, we see that comparing assign-
1cl

ments ¢ and ¢’ can be done in a distributed implementation, too.
Thus, ignoring the power limitation p,ax, the global (or cen-
tralised) power assignments of mimimizing transmitted power
or minimizing total interference allow a decentralised imple-
mentation.



VII. NUMERICAL RESULTS

To illustrate the coverage analysis described in the previous
sections, in this section we will present extensive numerical re-
sults for a simple two cell linear network. The traffic carried
by the network consists of a fixed number of background calls
homogeneously distributed over the two cells and a peak (hot
spot) moving at constant speed from the left base station to the
right one.

In our numerical examples we have considered traffic peaks
with two different shapes: a rectangle and an orthogonal trian-
gle with 90 degree angle on the right hand side. The values
of the system parameters used in our example are as follows.
The distance between the two base stations is 2000 meters. The
standard WCDMA chip rate (3.84Mc/s) has been used and we
have taken the thermal noise n = —169 dBm/Hz; the path gain
exponent is equal to —4. The background traffic and the traffic
peaks each consist of 100 calls; the traffic peaks have a basis
of 200 meters. Each call generates traffic at a fixed rate of 12.2
Kbit/s. The C/I target e = 3 dBm.

We have first (numerically) solved the global optimal call and
power assignment problem (6) such that the number of carried
calls is maximized at each moment in time. Figure 1 shows
the resulting movement of the cell borders (i.e. distance to left
base station) as a function of time. The coverage gap is indi-
cated in the figures by the gray area, where the cell borders di-
verge. The number of calls that is dropped in the coverage gap
is shown by the solid curve scaled along the right y-axis. Note,
that the ’gaps’ between the cell borders outside the gray area
are due to the granularity of the distribution of mobiles over the
cells (there is no call dropping, cf. the discussion in Section
IIT). Comparison of the figures for triangular and rectangular
traffic peaks reveals that for the triangular peak the coverage
gap (number of dropped calls) increases more rapidly than for
the rectangular peak, and, after having reached its maximum, it
also decreases faster than the gap resulting from the rectangular
peak. Obviously, this is due to the ’smoother’ shape of the rect-
angle. The total number of dropped calls for the triangular peak
is much larger than for the rectangular peak. For comparison,
the coverage results for the rectangular traffic peak in the case
of a fixed cell border in the middle between the two cells is de-
picted in the last graph of Figure 1. As expected, the coverage
gap is considerably larger than in the previous example with a
moving border (’cell breathing”).

Figure 2 shows the coverage gap (for moving rectangular
traffic peak) resulting from the sub-optimal distributed call and
power assignment procedure described in Section VI, for three
different criteria. The results indicate that, for our parameter
settings, minimization of transmitted power and intercellular
interference in a distributed approach are close to optimality.

VIII. CONCLUDING REMARKS

The main contribution of this paper is the analytical char-
acterization of the coverage gap in a CDMA network (uplink)
resulting from moving hot spots. To investigate coverage and
capacity, we have introduced and compared power and call as-
signment (to base stations) policies that minimize the coverage
gap under different additional constraints. The optimal assign-
ment policy requires a centralized approach, which may be too
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complex for implementation in real networks. Therefore, we
have also investigated a (sub-optimal) distributed approach, in
which decisions about call dropping are based on locally avail-
able information on the status of the network. The assignment
policies have been numerically evaluated for a simplified two
cell linear network representing e.g. a highway. The numeri-
cal results confirm our expectations concerning the occurrence
of the coverage gap, and illustrate the differences (with respect
to e.g. the size and ’shape’ of the coverage gap) between the
various power and call assignment policies. In particular, in
our example some of the sub-optimal distributed approaches are
only slightly less efficient than the centralized, optimal power
assignment strategy.

More numerical results (for more general settings of the net-
work and traffic load) have to be obtained in order to be able
to derive final conclusions about the performance of the various
power and call assignment policies. This is our first objective
for further research. Another issue for further research is call
admission control (CAC). Our results may be applicable to de-
velop enhanced CAC algorithms that take into account not only
immediate consequences of the assignment of (new) calls to a
particular base station but also the possible future positions of
the calls. Finally, we also intend to extend our present work on
uplink coverage to coverage in the downlink.
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