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Abstract

This paper models and analyzes downlink and uplink power assignment in code division multiple access (CDMA)
mobile networks. By discretizing the area into small segments, the power requirements are characterized via a matrix
representation that separates user and system characteristics. We obtain a closed-form analytical expression of the
so-called Perron—Frobenius eigenvalue of that matrix, which provides a quick assessment of the feasibility of the
power assignment for each distribution of calls over the segments. Our results allow for a fast evaluation of outage
and blocking probabilities. The result also enables a quick evaluation of feasibility that may be used for capacity
allocation. Our combined downlink and uplink feasibility model is applied to determine maximal system throughput
in terms of downlink rates.
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1. Introduction

The third generation Universal Mobile Telecommunications System (UMTS) employees code division
multiple access (CDMA) as the technique of sharing the network capacity among multiple terminals. Ina
CDMA system, transmissions of different terminals are separated using (pseudo) orthogonal codes. The
impact of multiple simultaneous calls is an increase in the interference level, that limits the capacity of the
system. The assignment of transmission powers to calls is an important problem for network operation,
since the interference caused by a call is directly related to that power.

Ina CDMA system the uplink (mobile terminal to base transmitter station (BTS)) and downlink (BTS to
mobile) have different characteristics, and must be analyzed separately. The uplink determines coverage
whereas the downlink determines capacity. As the downlink has more capacity (due to e.g. a higher
transmit power of the BTSs), in many studies the uplink has been investigated in detail. A successful
analytical uplink concept is the effective interference model developeflhywhich enables a fast
evaluation of network state feasibility. However, the analys{§jmequires a homogeneous distribution
of the users over the network cells.[8], feasibility is characterized via the Perron—Frobenius eigenvalue
of an interference matrix of the network state. Unfortunately, for the uplink the PF eigenvalue is not
available in closed-form so that it provides only a semi analytical evaluation of the uplink capacity. For
the downlink most studies are based on pole capdtity or based on discrete event or Monte-Carlo
simulation leading to slow evaluation of feasibility and/or capal@t}.

The objective of this paper is to develop an analytical model that allows a fast evaluation of the downlink
feasibility of CDMA under non-homogeneous traffic load. In particular, we aim for an analog of the uplink
effective interference model. Furthermore, we develop a feasibility model for determining the optimal
border location. The approach is based on maximizing the total utility of system. This is different from the
power allocation minimization problem discussed in some papers (se§l8.§2,4,3). Those papers
focused on the optimality in power control and rate assignments. A different type of optimality was
proposed irf18] where the optimality is based on maximizing the social welfare of the system of a single
cell. In this paper, we also aim to develop a model for analyzing the border location optimality based on
the feasibility model.

We focus on modelling BTSs located along a highway to include both non-homogeneity of the call
distribution, and mobility of calls. Users are located in cars passing through the cells. Due to e.g. traffic
jams (“hot spots”) the load of the cells will not be distributed evenly along the road. To characterize
the distribution of a single type of calls in the cells, we propose a discretized-cell model. Each cell is
divided into small segments. Then, the nonhomogeneous load can be characterized by the mean numbe
of calls and fresh call arrival rates in the segments. Taking into account interference between segments ir
neighboring cells and between segments within the cells, we express the generated downlink interference
per segment towards the other segments in a matrix form. The resulting matrix characterizes the feasibility
of each call configuration, which can be determined by investigating the Perron—Frobenius (PF) eigenvalue
of the matrix. Furthermore, a state space of feasible call configurations over the segments is defined, an
two performance measures, the outage and blocking probability, are derived from our model. The model
is also used to determine the optimal cell border in downlink CDMA. The applicability of our result is
illustrated by some numerical examples, in particular focusing in optimal downlink rate allocation taking
into account both uplink and downlink feasibility.

The remainder of this paper is organized as folld@extion 2describes downlink and uplink interfer-
ence models for persistent and non persistent calls. The performance analysis is preSaudgadnr8 In
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Section 4 we develop a combined down- and uplink capacity allocation mod&ettion 5we present
the numerical results, and, finally, Bection e summarize our work and draw conclusions.

2. Model

This paper focuses on a CDMA system consisting of BTSs located along a highway. For simplicity,
as we are primarily interested in the interaction between mobility of users along a road and the teletraffic
behavior of our wireless network, we focus on a two cell model, where only the area in between two base
stations is taken into account. The description can readily be generalized to larger networks.

Consider a linear network model consisting of two BT%gndY, say. Let the area between these
BTSs be divided into segments of length-or the description below, we fix the radii of the cells. Let
cell Xresp.Y containl resp.J segments, labelled=1,...,1,j =1, ..., J, respectively. Theh.; = I§
is the radius of celK, seeFig. 1 Let D = §(I + J), the distance between the BTSs. We assume that the
segments are small, so that we may approximate the location of subscribers in a segment to be in the
middle of that segment, i.e. for segmertdf cell X, users are located at distance= 5[(i — 1) + i]/2
from X. In this paper, we assume that the propagation model between a transmitter and a refiver is

P; = Po(d;)™7, (1)

whereP; is the received poweR, the transmitted powed; the distance between transmitter and receiver
andy the path loss exponent.

2.1. Persistent calls

A common measure for the quality of the transmission is the energy per bit to interferenceatig),(
that for the downlink terminal u, say, is defined as (see[&,§]).

(2)

Ep\ _ Wusefulsignal power received by user u
I/, R (interference powe# thermal noise)

whereW is the system chip rate anl is the data rate. We consider a single terminal type, where all
terminals have the same downlink data rRgeand the same uplink data rakg. The interference model

for downlink and uplink are different: for the downlink a few BTSs transmit to many terminals, where as
for the uplink, many terminals transmit to a few BTSs.
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Fig. 1. Discretized cell model.
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2.1.1. Downlink model

In our discretized model, |eX; resp.Y; be the transmit power of BTR resp.Y to terminalsx; resp.
y; located in segmenigesp.j (located at point* resp.j*) of cellsX resp.Y. Downlink transmission at
sufficient quality requires the energy per bit to interference ratio of a terminal in segrggit/o)P"",
to exceed a certain threshadg, i.e., a terminal in segmentequires the BTS to transmit enough power
such that

W X;(*)™”
Ro (D — ity S0y + i) (ShymXi = X:) + No

> €f, (3)

wheren; resp.n ; are the number of terminals in segmergspj of cell Xresp.Y, « is non-orthogonality
factor andNy is the thermal noise level. This expression can be rearranged as

D

— i\ J 1 1\ 77
X > I : Yomi¥i+aY mXi—Xi | +No (=) |, 4)
i j=1 =1 r

wherelp = €5(Rp/ W). By analogy, we also can express the required transmitted povedBTS Y to
usery; located in segmentof cell Y. The resulting system dq. (4)is

{Slxx > IpPx1yMY + alplyNX + IpNoDx (5)
>

SlyY FDPylxNX + aFDlyMY +FDNODY

wheres =1+ alp, X =(X1X2... X)), Y =1 Y> --- ¥;)T represent the transmit powers to the
segmentsN = diag@;) the diagonal matrix of sizé x I that represents the number of terminals in
each segment in cekX, and similarlyM = diag¢n;) is a diagonal matrix of sizeg x J that repre-
sents the number of terminals in each segment in5eRy = (pf§), Wherepf]‘. = (D —i*/i*)7" the
matrix of sizel x J that represents the inter-cell path loss from segmémicell Y and segmenit in
cell X, and similarlyPy = (p’), wherep’, = (D — j*/j*)77; Dx = ((1/1*) 7 (1/2*) --- (1/I*)7)T,
Dy = ((1/1*)77 (1/29)77 --- (1/J%)77)T representing the intra-cell path loss from the BTS to segments
within the cell;1 x (andly) be the identity matrix of sizé x I (J x J) and1y (1y) is a matrix of size
I x I (J x J) with all entries equal to 1.

This system can be rewritten as

(sl —T)zZP > ¢, (6)

where

Ix O I'plxN IpPxM X D
| — X . alply DFx ; 7D _ o= Nolp X
0 |y FDPyN OlFDlyM Y Dy
The system (6) is the downlink power control equation. If (6) has a non-negative solution then a feasible

power assignment can be found. Notice that under perfect power control, the system (6) is satisfied with
equality, se¢8]. We further investigated feasibility in Section 3.1.
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2.1.2. Uplink model
Consider the uplink in our discretized cell model. L&t resp.YjR be the received power at BTS
resp.Y from terminalsx; resp.y; in segments resp.j (at pointsi* resp. j*) of cells X resp.Y. Uplink
transmission at sufficient quality requires the energy per bit to interference ratio of a terminal in segment
i atthe BTS, Eb/lo)l“p, to exceed a certain threshady, i.e.,
XR

TR T 2 )

Ry (O 5oy m YD — j*/7)77) + 2pma i X — X7+ No
Under the assumption of perfect power control, BX$equires all terminals in the cell to transmit
enough power such that the received signal is the sameXfes X® andY = Y® (see e.g[9]). Thus,
the received signal should satisfy

J
XR>FU YR Zl’l’ljpj +XR(N—1)+NO s (8)
j=1

whereN = Z,ﬁzl ngandp; = (D — j*/j*)7" and Iy = €;(Ry/W). A similar system can be derived
for BTS Y. Combine these two inequalities, we have the following uplink feasibility condition:

(I —H)Z" >c, (9)

where

TUIN=1) 1, . mip; xR 1
H— u( 1 ) TuXj_amp; ; ZU=< R); c=FUN0( )
Iu) i_ynipi I'u(M — 1) Y 1

2.2. Non-persistent and moving calls

Consider the discretized linear wireless network with non-persistent and moving users. Let fresh calls
arrive according to a Poisson arrival process with rate proportional to the density of terminals along the
road, and let terminals move along the road according to the laws of road traffic movement.

The prediction of the location of subscribers used in this paper requires an estimate of the density of
terminals. For the purpose of this paper, a simplified model as providd@®]ns sufficient. Letk(x, 1)
denote the density of terminals at locatioat timet. Then the traffic mass conservation principle states
that

ok(x,1)  ok(x, D)v(x, 1)
+ =
ot ox

whereu(x, ¢) is the velocity on locatiox at timet.

In a mobile network the number of terminals making a call is typically substantially smaller than the
number of terminals not making a call. Therefore, it is natural to assumééshtcallsin segment are
generated according to a Poisson process with non-stationary arrival rate

0, (10)

Bi(t) = ﬂ/'m k(x, t) dx, (11)
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proportional to the density of traffic in segmerdt timet, whereg is the arrival rate of fresh calls per
unit traffic mass, and; andr;,, are the borders of segmeintLet the call lengths be independent and
identically distributed random variables, with common distribut@®mand mearnc independent of the
location and traffic density.

3. Performance analysis

In this section, we first establish downlink and uplink feasibility for persistent calls via the Perron—
Frobenius (PF) eigenvalues of the maffiandH, that is explicitly provided in Section 3.1. Section 3.2
considers the model with non-persistent calls and discusses the time-dependent distribution of calls ove
the segments, and corresponding blocking and outage probabilities.

3.1. Persistent calls: feasibility

Feasibility of the power assignment for the downlink and uplink are characterized by the matrix
inequalities (6) and (9), resp. In this section, by analogy y@jhwe investigate feasibility via theory of
non-negatives matricg46].

3.1.1. Downlink feasibility

Under the assumption of perfect power controlslf£ T)ZP > c then the equation is satisfied with
equality, i.e., {| — T)ZP = c. According to the Perron—Frobenius theoren{i6], feasibility is then
determined by the Perron—Frobenius (PF) eigenva{ti¢ of the matrixT, i.e.,

> 0 exist an =l —-—T)y ce= A <s.
ZP> 0 exi dzP = (sl = T)?! (T) (12)

Thus, downlink feasibility of our cellular system is characterized by the m@tnixhere the distribution
of calls over the segments appear¥ ifThe system and user characteristics in this matrix can be separated
as

Il IpP N O
T (*phx fDFx _su, (13)
FDPY O{FDly OM

where

U= NO
\om)’
represents the distribution of the number of calls in each segment, and

S OlFD].X FDPX
- FDPY O{FD].Y

contains the system parameters. The entrieS afe fixed for given system parameters. TA(¥) is
determined by the distribution of calls over the segments (&), := A(U).
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The characterization (12) provides a clear motivation for the discretization into segments as we ob-
tain a downlink interference model that is very similar to uplink models such as studigj7ig]
where feasibility of the uplink power control algorithm is characterized via the Perron—Frobenius (PF)
eigenvalue of a matrix containing the number of calls in the cell (not in segments). Effective in-
terference models such as developed7hallow for a characterization of feasibility based on that
total number only, but they assume a homogeneous distribution of calls over the area covered by
a cell.

The following theorem provides an explicit expression of PF eigenvalue of niatrix

Theorem 1. The Perron—Frobenius eigenvalueDis

r I J r I J 2 I J
A(T):EQ Zni—i-ij +E a? Zni—zm/‘ +4Zpinizpjmj- (14)
i=1 j=1 i=1 j=1 i=1 j=1

Proof. The PF eigenvalue of matrix T is determined from the characteristic polynomial of nigtrix
i.e.,|T —Al| =0.AsT = SU, we find

IT — Al =|S— AU (15)
U is a diagonal matrix so that déty is the multiplication of the diagonal elements, i.e.,
1 J
Ui =[]n]]m (16)
i=1  j=1

Hence, it remains to calculai® — AU~1|. Notice thatiS — AUl | has a block matrix structure,

IS— AU = AB (17)
—cD/’
where
ol — — fori=j,

A= a(i,j) = ( ni) / B= b(i, j) = Ipi;

i=1,...,1; j=1,....,1 ol for i  j: i=1,..0; j=14+1,.. I +J

ol — — fori = j,

C=  cij) =Ip; D= di. j) = ( n,-) /

i=I+1,...,1+J; j=1,..., 1 i=I+1,..., I+7; j=I+1,..., I1+J al’ fOI’ i ;ﬁ ]

For block matrices with de) + 0, the determinant is (s¢£0])

det(é E) = det(A) detD — CA~1B). (18)
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Straightforward algebra gives

J 1
1 1
S— AUl = (-2 — =
| =TT T

J 1 1 J
X aFijA) (aFZniA>FZZpin[ijmj) (29)
i=1 =1 j=1
Hence, from (16) and (19)

IT — Al = |S— AIUTYU| = det(d) detD — CA~B) detU) = (—1)/+/ D F()), (20)

where

1 J 1 J 1 J
F(\) = A2 — ral” Zni+sz —i—ozZFZZniij—FZZpininjmj (21)
i=1 j=1 i=1  j=1 i=1 j=1

Clearly|T — Al| = 0 has { + J — 2) zero eigenvalues and only two non-zero eigenvalues. These eigen-
values are determined from the solution/{i) = 0. The Perron—Frobenius eigenvalu€las the largest
root of F(1) = 0. O

Thus, by discretizing the cell we obtain an explicit expression for the PF eigenvalu¢hat can be
used to characterize the feasibility of the downlink connection for a non-homogeneous distribution of
calls over the segments. Using the explicit formulation of PF eigenvaltir{14, the feasibility of
a user configuratiotd is now readily determined by checking the inequality)) < s. The set of all
feasible user configurations is
Sp = {U|A(U) < 5, U =e N/}, (22)

Itcan readily be shown th&; is a coordinate convex set, so that we may invoke the theory of loss networks
[14] to characterize the distribution of non-persistent calls, which will be investigated in Section 3.2.

3.1.2. Uplink feasibility
Uplink feasibility via the PF eigenvalue &f was investigated if88], where the condition

ZY > 0 existandz" = (I — H)'c < p(H) < 1. (23)

was used. An explicit expression for the PF eigenvalue, however, was not provided. Theorem 2 below
provides this expression. As the proof is straightforward, it is omitted.

Theorem 2. The Perron—Frobenius eigenvaluetdfis

r 1 J r 1 J 2 1 J
pH) =5 | Dom =14 D =1 4o (| Dom =D omy | 4D pini Y pymj. (24)
i=1 j=1 i=1 =1 i=1 =1

Asinthe downlink, we define the set of all feasible user configurations in the uplink. Thus, by developing
a discretized cell model, we are able to derive an explicit formulation of PF eigenvalue not only for the
downlink but also for the uplink. If we compare the downlink and uplink feasibility, we see that for the
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expression fop(H) is similar toA(T) for « = 1. Thus, when there is no downlink interferences reduction,
i.e., the non-orthogonality factor is equal to 1 or it is completely non-orthogonal, the interference in the
downlink similar to the uplink.

Similar to the downlink, we define the set of all feasible user configurations in the uplink is

Su = {(U|p(U) < 1, U e N/}, (25)

This is a also coordinate convex set.

3.2. Non-persistent calls: outage and blocking probabilities

We may distinguish two ways of handling fresh calls that bring the system in a non-feasible state: we
may either block and clear the call from the systémsh call blocking, or accept the call in which case
the system is said to be in outagmifage probability and (some) calls do not reach their energy per bit
to interference thresholet, until completion of some (other) call. These ‘outage’ and ‘blocking’ cases
lead to different stochastic processes recording the number of calls in the segments.

When calls are blocked and cleared when the state is not feasible, the set of feasible states is the
finite setS as defined in (22). LetX(z), r > 0} be the stochastic process recording the number of non-
persistent and moving calls over the segments, which takes values in the finite staté.spastate
of the stochastic process is a vectbe= (n1, na, ...,n my ..., mo, mi), that will be labelled ad) =
(w1, uz, ... ugurs1, ..., u+5). When calls are not blocked, but instead all (or some) calls are in outage
when the system state is not feasible, then all vectors in the positive orthant

S® = {U|U = (N, M) e N'*/} (26)

are possible system states. L&°(r), r > 0} be the corresponding stochastic process.
We are primarily interested in the distribution of calls over the segme(is°(r) = U), andP(X(r) =
U). For the ‘outage case’ this distribution can be evaluated in closed form:

T e 270"
P(X*(@)=U)=[]e” (’“u—', (27)
s=1 s
where
P (t) = Tas(1) (28)

is the time-dependefadad offeredo segmens: the distribution of the number of calls in cslis Poisson
with meanp?°(r) proportional to the density of traffic and insensitive to the distribution of the call length
G except through its mean see[11] for a general framework for networks with unlimited capacity, and
[21] for a derivation of the insensitivity result (27).

For the ‘blocking case’ the distributioR(X () = U) cannot be obtained in closed form. However, for
the regime of small blocking probabilities, the distributiB(X (z) = U) can be adequately approximated
using the modified offered load (MOL) approximation:

1.5 e O ()" /u!)
Zues 51-:&-:{ efp?(t)(p?o(t)us/us!) .

P(X(r) = U) ~ P(X®(f) = U|X¥(t) € S) =
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The approximation is exact for a loss network in equilibrium. For networks with time-varying rates the
MOL approximation is investigated [42] for the Erlang loss queue, and is applied to networks of Erlang
loss queues ifil]. It is shown that the error of the MOL approximation is decreasing with decreasing
blocking probabilities and with decreasing variability of the arrival rate.

Outage and blocking probabilities are now readily obtained. First consider the ‘outage case’. As the
number of calls in the system increases, all calls suffer a gradual degradation of their QoS. If the energy
per bit to interference ratio of a call falls below its target vadtighen the system is said to be in outage.

The outage probability?,: = P(X*°(¢) ¢ S), is defined as the probability that an (instant) outage occurs
to the system. The outage probability of a user in segmiera cell can be formulated as follows:

Pout = P(€; < €" for someyj). (29)

The outage probability cannot be evaluated in closed form due to the complexity of the feasifile set
and will be evaluated via Monte-Carlo simulation.

For the ‘blocking case’, the fresh call blocking probability must be determined per segment. To this
end, define the blocking set of segmkiaisS;, = {U € S|A(U + &) > s} wheree, is the unit vector with
entryk equal 1, and all other entries 0. Then, as is showfijnthe blocking probabilityB,(z), of a
segmenk at timet is approximated as

S ues, T e O () fu,t)
Y pes [T e 7002 (1) fuy)

Bi(t) = P(X™(1) € SilX™(1) € §) =

The blocking probability cannot be evaluated in closed form due to the complexity of the feasiS)e set
and will be valuated via Monte-Carlo simulation.

4. Downlink rate optimization

This section presents a model for system utility optimization based on the feasibility model. In particular,
the objective is to find the best border location for both downlink and uplink that maximizes the total
number of uplink users and maximizes the total downlink rate.

4.1. Uplink and downlink feasibility

Recall the feasibility condition for downlink and uplink, in (12) and (23) resp. Feasibility of power
control allocations have been investigated via PF eigenvalues. We are interested in feasibility when the
rate and the users distributions are not fixed. Given (14) and (24), the feasibility conditions in (12) and
(23) can be rewritten as

2w
)‘/(ni, m;, Rp) < — (30)
D
, 2w
Y (ni’ mjs RU) < ) (31)

*
€u
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where
I J

AM(ni,mj, Ro)=Rp | « ZnH—ij—Z

i=1 j=1

2
1 J 1 J
w ol (S| v oY | @)
i=1 j=1 i=1 j=1

I

2
J 1 J 1 J
p'(ni,mj, Ry) = Ry Zni+2mj_2 + Zni_zmj +4zpi”izpjmj
=1 j=1 i=1 j=1

i=1 j=1

(33)

Egs. (30) and (3represent the feasibility condition for downlink and uplink where the system parameters
W, €fy ande]; are fixed. Using those expressions, we investigate the relation between user distribution
(ni, m;), uplink rateRy and downlink rateRp. We observe that fox = 1, the expression for downlink
feasibility and uplink feasibility are the same. Moreover, since the downlink non-orthogonality factor has
a value between 0 and 1, i.e.<0x < 1, for the case okp = Rp = R we always have the following
relation:

AM(ni,m;, R) < p'(n;,m;, R) (34)

This means that the downlink rate can be upgraded while maintaining both uplink and downlink feasibility.

4.2. Border optimization

From (14) and (24), we observe that the PF eigenvalues can be related to the border location. This is
done by assigning users from a cell to other cells, i.e., assignamglJ given users distributiot) =
(n1,no,...,nymy ..., mp, mp). We observe that the downlink PF eigenvalue decreases as the location
of the border is located further from the middle of the traffic burst. Therefore, it seems optimal to handle
all calls in a single BTS. While in the uplink, the uplink PF eigenvalue decreases as the border is located
closer to the middle of the traffic burst. So, from the uplink point of view, it is optimal to equally divide
calls over two BTSs. From those two observations, we see that there is a trade-off between uplink and
downlink optimal border location. Therefore the border location should be determined by considering
both downlink and uplink properties. We formulate an optimization problem to solve the combined
downlink-uplink optimal border location in this section.

The arguments above suggest that the optimal downlink rate assignment may be to assign rate zero to
all segments except for the segment closest to a BTS. This is clearly not a practical solution. Therefore,
in our optimization problem, we add a practical constraint that the number of segments with non-zero
rates assignment should be maximized. This means that the rate assignment is fair in the sense that the
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maximum number of calls is carried with equal rate. The combined optimization problem is formulated
as follows:

Find borders locationd andJ, and downlink ratekp that maximize the system utility and

number of carried calls (35)
s.t. uplink feasible & downlink feasible

In this paper, the coverage of a cell is equal to the number of segments covered by the cell. Thus, the
border of cellX is defined as the point located after segmeamd the border of cel is defined as the

point located after segmedt Using the feasibility conditions expression in (32) and (33), the problem
can be formulated as follows:

1 J
maxRp E n; + E m;
Rp,1,J ’
i=1 j=1

2w
st )»/(I’l,', mj, RD) < —
€D
1 J
(36)
IJeargmax[ Y ni+ ) m;
i—1 =1

2w

*
]

i=12,....,I;, j=12,...,J
I4+J <K

st p(nimj, Ry) <

whereK is the total number of segments. Note that the constraints are non-convex functipagadim: ;.

Hence, the optimization problem above is not easy to solve. We propose a decomposition algorithm to
solve the optimization problem. From (34), we learn teY (; n; + Y"/_, m ) in the objective function

is mainly determined by the uplink. Hence to find the optimal solutiénJ*, Rf) of the problem above,

we construct the following algorithm:

1. First, given the traffic load, we label the number of users in each segment/ as
(u1, uz, ..., ug, ..., ug), whereKis the total number of segments.

2. Next, we assign users for a certain border location. For this purpose, we define an initial border at
segmenk, k =1, 2, ..., K. By putting the initial border at segmektthis means that we assign users
in the firstk segments to ce) and the nextK — k) segments to ceV, i.e.,

n; =1u;, i:1,2,...,k,
oty = | .
mj=MK,(j,1), ]=(k+l),,K,

where @, m’;) denote the set of assigned users when the initial border located at sdgreat
1,2,..., K. We denote the initial border ag’( J?).



A.l. Endrayanto et al. / Performance Evaluation 59 (2005) 225-246 237

3. Next, we check the uplink feasibility given the initial border at segrke@®’, J?), and the assigned

users ¢}, m%),k = 1,2,..., K. We check the an uplink feasibility given by the first constraint, i.e.,
2w
ek k
k , 37
p"(n; m’)<EBRu (37)
wherep”(n;, m;) = p'(n;, mj, Ry)/Ry derived from (33), i.e.,
R JP 1L JP 2 5 JP
CRTI D ST TS SURE AL D SIS oit) IR S1ott) oot
i=1 =1 i=1 j=1 i=1 =1
(38)

Thus, given the set of usersf(m’;) and the initial border setIK, J,?), the uplink feasibility is
checked as follows: o
if < —— thenthe borderisf, J?),
€u
p//(ni.{, m];) oW
if > — thendrop segments until feasible
€u

The dropped segment is the one that contributed at mp&¢id, m’;). From (38), we can see thatthe
dropped segment s located close to the cell border. If we drop the sedment?, then we sef;, = k
andJ, = (K — k — 1). If we drop the segmer}, = I , then we sef; = (k — 1) andJ, = (K — k).
Then, we obtain a set of bordef, (J;) with a gap of a segment. We repeat those steps until (37) is
satisfied. Finally, for eack we obtain a set of bordd#, = (I;, J;) that supports a maximum number
of usersU; = (n}, m*), under uplink feasibility constraints.

4. Next, we determine a set @&, = (I, /i), k = 1,2, ..., K, that maximize §_ , n* + Z]’.kzl m").
Thus, given the bordeB; from step 3, we choose* among allk, the set that gives either optimal
carried calls, ;*; nf + Y% | m*) or optimal carried segmentg(+ J;).

Denote the sets of optimal borders determined by the carried aalf as { By}, By, .. ., By, }. Denote
the sets of optimal borders determined by the carried segmedt as{By1, B, ..., By}

5. Given the set border locations that support maximum number of uplink feasible users, i.e.(He set
and 05, we determine the maximal downlink rate

2w

Ro < s O (nk, mk, I, Jy) (39)
where
1 J
Mmim;, LJ)=a Zn,- + ij -2

i=1 j=1

2

1 J 1
+ |a? Zni—ZmJ +4ZPiniZJijj~ (40)
i=1 j=1 i=1 j=1
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Thus we obtain a set fromY, i.e.,
PY = {(B{y, Rpy). (BY, RBy). - ... (Bx, Rp)}
and a set front/S, i.e.,
PS = {(B3. R, (Bip. RBp). - - (Bi. R3,)}-

6. Finally, we determine the maximal valuelbf_f,(sz:l nk + le.kzl m’;). This is done by checking all
in the setsPY and PS.

The above algorithm is numerically illustrated in the next section.

5. Numerical results

In this section, we give some numerical examples demonstrating the results of our model. First, we
investigate the relation between downlink performance and downlink border location. Second, we consider
downlink border optimization under uplink coverage restrictions.

The parameters that are used for this numerical results are those prov[@¢die system chip rate
W = 3.84 MHz, the required energy per bit to interference ratie= 5 dB, the downlink non orthogo-
nality factora = 0.3, and the path loss exponent= 4. The distance between the two BTSandY
is 2000 m, divided into 40 segments of width 50 m. We assume that all terminals use the same uplink
rate Ry = 32 kbps. For the downlink, we assume that initially all terminals use the same downlink rate
Rp = 32 kbps. Additional results for a system with lower ras= Rp = 12.2 kbps and lightly loaded
non-hot spot cells are provided |[i@].

5.1. Downlink performance

This section investigates the downlink performance, i.e., the outage probability and the blocking prob-
ability per segment, for the case of fixed border and moving border. In the first case, we investigate the
downlink performance for a moving traffic hot spot for fixed border location. The performance is calcu-
lated as a function of the location of the traffic. In the second case, we investigate the downlink optimal
border for non-moving traffic. The performance is calculated as a function of the border location. We
will investigate results from Monte-Carlo simulation, and a prediction based on the Perron—Frobenius
eigenvalue obtained from the offered load in the segments. Sufficient samples are generated to have 959
confidence and 10% relative precision. To facilitate a graphical representation of our results, we will
depict blocking probabilities only for those time instances at which the hot spot enters a new segment.

5.2. Location of the hot spot: traffic types

Throughout this section, we assume that a block shaped traffic jam of width 10 segments moves from
BTS Xto BTSY at constant speed, se@. 2 The load in segments inside the hot spot is 5 Erlangs. The
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40 segments of width 50m

|
I
T 10 segments with load 5 T

|BTS X l | BTS Yl
| | | |

13 segments with load 0 17 segments with load 0

Fig. 2. Rectangular hot spot.

location of the hot spot after the (12:)th segment from BTX will be referred to as typetraffic load,
i.e.Fig. 2depicts type 1 traffic. In our numerical results we will only consider types.15, as the hot

spot location in the area roughly in the middle between the BTSs is most interesting. Notice that type 5
is the mirror image of type 1, with 13 segments between the hot spot and BTS Y.

5.2.1. First case: fixed border, moving traffic

First consider the commonly studied case of a fixed border located in the middle between the BTSs,
i.e. each cell consists of 20 segments. Blocking and outage probabilities can be obtained via Monte-Carlo
simulation. Below we will numerically investigate the blocking probabilities per segment for a moving
hot spot.Fig. 3depicts the outage and total blocking probabilities for traffic types 1-5, where the total
blocking is the fraction of blocked fresh calls over the entire area between BasgdY. Both the outage
and the total blocking probability do not discriminate between segments. Clearly, type 3 traffic with the
hot spot located in the middle between BTSs yields the largest value for the blocking probabilities, in
accordance with intuitiorfrig. 4 depicts blocking probabilities per segment for traffic types 1-5, that is
the fraction of blocked fresh calls counted for each segment separately. As can be seen from the graph,
when the hot spot is located more to the left, the blocking probability of the segments in the right is higher
(see types 1 and 2 traffic load) and vice versa. The type 3 case is symmetric. This result shows that as the
traffic jam moves closer to the border, the downlink performance gets worse. The result suggests that it
is optimal for the downlink to have all calls located in the same cell. This motivates an investigation of
the downlink performance when the border is not fixed.

5.2.2. Second case: moving border, non-moving traffic

Let us now investigate the optimal location of the border between the cells for a given traffic pattern,
i.e., the location of the border that gives the best downlink performance. For this case, we consider the
traffic of type 1.Fig. 5depicts the downlink PF eigenvalaeas a function of the offered load only. The
graph has a clear peak for a cell border between roughly 700 and 1100 m frotd. B\EShe feasibility
criterion isA < s (recall (12)), from the curve it seems optimal for the cell border to be such that the
entire hot spot resides in a single cell. Monte-Carlo simulation of the blocking probabilities per segment
for type 1 traffic and different locations of the border at 700, 900, 1000 m from B&S depicted in
Fig. 6support this observation: congestion in the downlink can be reduced by allocating the entire traffic
burst into one cell.

The conclusion of this section, based on the downlink only, is in clear contrast with the well-known
uplink result that indicates that the load should be evenly divided over the cells. Thus, there is a trade-off
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Fig. 3. Outage and total blocking.
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between downlink congestion and uplink congestion: the location of the border should be determined by

considering both uplink and downlink.
5.3. Border optimization

5.3.1. Persistent calls

This section investigates the optimal border location based on the optimization probkegm (36 .
In the first case, we fix the traffic load to be of type 1 a$ig. 2 This algorithm (in steps 1-3) first
investigates the possible border locations that give the optimal number of carried calls or carried segments
Fig. 7 depicts the optimal border location®}, = (I, J), as a function of the initial bor-
der location placed at segmemt Thus, the optimal cell borders (step 4) a@” = 0° =

x 10° Blocking probability per segment of 5 different traffic types
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Fig. 4. Blocking per segment.
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PF eigenvalue for a given traffic load as a function of border location
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PF eigenvalue
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250 500 750 1000 12 1500 1750
Border Location from BTS X

Fig. 5. Downlink PF eigenvalue.

{(U15, B]_5), (Ulﬁ, 316), cey (U22, Bzz)} obtained fork between 15 and 22, as indicated by the vertical
lines inFig. 7. Notice that there is coverage gap in the middle between B&SdY.

Given the optimal set of carried segmet, step 5 of the algorithm determines the possible upgrade
of downlink rate Rp using Eq. (39. Fig. 8 depicts the utility functionRp(Y_/, nf + Y 7, mk) as a
function ofk. The maximal utility value is denoted as staiHig. 8 Thus, the border location that gives
maximal utility is atk = 22. The optimal border location for cédlis at7 = 21 (950 m from BTX) and
the optimal border location for ceflis atJ = 18 (950 m from BTSY). The maximum is obtained with
the border located further from the center of the hot spot/traffic burst: maximal system utility is obtained
by putting the borders such that most of the traffic is covered in a single cell.

Notice fromFig. 8that the system utility can be increased when we let the system support less carried
calls, in this case the per call downlink rate is higher, but the number of carried calls is lower. This shows

Blocking probability per segment of different border location

0.012
s border location at 900m
0.01} * * from BTS X
0.008 -

@ .
% 4

Blocking probability
o
1
(=]

%
o
border location at 1000 m o, "
0.004 from BTS X U
5 o
puad®¥ ry 2
PR L e Ty
Lo ®” *
0.002f ,o%° =
@ border location at 700 m G
from BTS X
0 s s s e e e R s e s e s P i
0 5 10 15 20 25 30 35 40
Segment

Fig. 6. Blocking per segment.
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Border locations of Cell Xand Cell Y
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Fig. 7. Optimal border location.

the fairness trade-off between number of carried calls and the system utility: by serving less calls the
remaining calls would be able to achieve higher total utility. A similar result is fouritidfy where the
uplink is investigated, only.

Next, we investigate the optimal border location for the case of moving traffic. The objective is to
understand the optimal border location and its optimal system utility. For this purpose, we let the hot
spot of type 1 (se€ig. 2) moves from BTSX to BTS. In this example, we consider only five steps. For
each step, we investigate the optimal border location that gives maximal Higjty@ depicts the optimal
border locations in each step that gives the maximum system utility and illustrates that in this numerical
example there is no distinction made in our algorithm using the optimal number of carried calls and the
optimal number of carried segmenksg. 10depicts that the maximum system utility based on carried
calls and the the maximum system utility based on carried segments. As the traffic burst moves closer

x 10° Total System Revenue as a function of border location
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Fig. 8. Perron—Frobenius eigenvalue.
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Border Location as a function traffic type

1250
1200+ A
1150 - * 4
£ im - il
e L
[1:] g
E 1050 f pz
5 1000+ /
& /
8 a0 //
= / /
‘E 900} A /
850+ ; :
/J <~ optimal border of cell X
800 & + optimal border of cell Y
g
. -
50% 2 3 4 5
Type

Fig. 9. Optimal border location.

to the middle of the cell, the optimal total revenue decreases. Furtherfigrel,0indicates that it is
optimal to choose the border location such that most of the traffic burst is covered by a single cell.

5.3.2. Non-persistent calls

Now, we investigate the optimal border location for the case of non-persistent calls by Monte-Carlo
simulation for traffic type 1 (seEig. 2). For each realization, we perform the algorithm in Section 4.2.

Fig. 11depicts the probability that we obtain a location of the border in a particular place. The figure
shows that there are two peaks for the border ofXglk., at 650 and 1000 m, and by symmetry also two
peaks for the border of cell i.e., at 800 m and at 1150 m. The peak at 650 m forXmidominant. This is
in contrast with the result for persistent calls. The discrepancy is due to the algorithm, that starts including
calls in cellX from the left. In the case of a tie in revenue, it chooses the left border thus favouring the
left border location. These results show that also in the case of non-persistent calls the optimal border

x 10° Maximal Utility as a function traffic type
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Fig. 10. Optimal system utility.
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Probability of border location for left-skewed traffic
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Fig. 11. Simulated border location for left-skewed traffic.

Probability of border location for symmetric traffic
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Fig. 12. Simulated border location for symmetric traffic.

location includes most of the traffic burst in a single cell, i.e., either inXelt in cell Y. This is more
clearly visible inFig. 12that depicts the optimal border location for symmetric traffic (Type 3), i.e., in
the setting of non-persistent calls when two boundary locations around 750 and 1250 m yield the same
revenue, the algorithm selects the boundary at 750 m.

From those two examples, we can conclude that the optimal system revenue, i.e., with maximal number
of uplink users and maximal downlink rate, is obtained by covering most of the traffic in a single cell.

6. Conclusion

This paper has provided a model for characterizing downlink and uplink power assignment feasibility.
We have obtained an explicit decomposition of system and user characteristics, and have provided ar
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explicitanalytical expression for the Perron—Frobenius eigenvalue that determines feasibility and blocking
probabilities. Based on this result we have numerically investigated blocking probabilities and found for
the downlink that it is best to allocate all calls to a single cell. When also taking the uplink that determines
coverage into account, we have developed a downlink rate optimization algorithm and have investigated
the optimal cell border based on both uplink and downlink interference. The results indicate that the
optimal border location that maximizes the system utility (downlink rate) can be obtained by including
most of the carried traffic into a single cell.
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