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ABSTRACT A common assumption in calculating these

L . interferences is that mobile station transmit power
The reverse link in-cell and other-cell mten‘erenceiS controlled by a serving sector belonding to a set
in power controlled cellular CDMA networks y g ging

X . . containing the sectors nearest the mobile (in the
determine the reverse link capacity, and thus to a_. . . :

) minimum reverse link path-loss sense) [2], [3]. This
large extent the overall network capacity. A

common modeling assumption is that a mobile isassumptlon is justified by the argument that in this

ower controlled by a sector belonaing to a set™V®: the interference level to all sectors is
P wrofied by : ging minimized. This is indeed true [4], [5] provided the
closest to it (minimum reverse link path-loss sense). R ; N

. effect of cell loading is included in the criterion for
However, in an actual 1S-95-based system the

. . i selecting the “nearest” cell. The hand-off
mobile transmit power is controlled by that among ; .
. . . . mechanism of the 1S-95 standard [6], combined
the sectorsn the active set which requires the

. : . with the reverse link power control algorithm, was
minimum transmit power to meet the reverse link

FER requirement. Therefore, the power controlling QeS|gned to approximate _the optimal solut|o_n of this
i . Yinterference  minimization  problem in a
sectors are not determined solely by reverse link . .
. decentralized manner and with reasonable exchange
path-loss, but also by system loading and forward ; . .
. " ) of control information between mobiles and base
link quantities. In this paper we model the reverse_, ..
stations. In an actual 1S-95-based cellular network

link in-cell and other-cell interference, jointly . T -
S . the mobile station is power controlled at a specific
considering reverse link power control and the. . : . )
; i . ,_instant by that base statidaelonging to its active
hand-off mechanism that defines the mobile’s

. X . set B, that requires the minimum mobile transmit
active set. This more accurate modeling can lead t : . .
) - power. The active set for each mobile is determined
improved performance predictions for CDMA . . .

networks by forward received pilot over interference/(5

measurements and a set of thresholds.

l. INTRODUCTION . .

In this paper we propose a practical approach to the
In interference limited systems, such as CDMA calculation of in-cell and other-cell reverse link
cellular systems, reverse link capacity is determinednterference of 1S-95-based cellular systems,
by interference levels caused to the serving baseombining forward link based hand-off, cell
stations by all mobile stations located in the samdoading effects, and other system parameters such
local area and sharing the same frequencyas maximum mobile transmit power. This model
spectrum. Unless multi-user detection schemes ardistinguishes between hand-off and the interference
employed, tight power control schemes areminimization power control mechanism, calculating
necessary in order to combat the near-far effect anihterference in three stages. First, receivetlo E
maximize system capacity. In order to calculatelevels and hand-off thresholds are used to calculate
interference and estimate system capacity of powethe probability distribution of events that different
controlled CDMA systems, the concepts of in-cell sectors belong in each mobile’s active &t
interference caused by mobile stations powerSecond, conditioned on the above events defining
controlled by a sector and other-cell interferencethe active set, received reverse link power levels
caused by mobiles power controlled by all otherand cell loading information are used to calculate
sectors were introduced in [1]. the probability of each of the sectors in the active

set power controlling the mobile. This is used in

determining the conditional mean in-cell and other-



cell interference contributed by the mobile. Third, plj =+ Sj (1)
desired mean in-cell and other-cell interference

levels are obtained by averaging conditional means h . tant ting th
over the probability distribution of all possible wnere £ s a constant representing ne average

active set events, and finally summing up thepath-loss_, and§ is a Gaussian random ‘.’af'ab'e
contributions of all network mobiles. (R.V.) with zero mean and standard deviatian

The R.V.’s§ (j=1,...,N) are identically distributed,
The paper is organized as follows: Section )| With correlation depending on the angles formed

describes the system modeling assumptions and thBetween pair of lines connecting p and the sectors.

three stages of interference calculation analysis. . L
g y Due to the independence of shadowing in the two

Section Il presents simulation results of the ; _ N

proposed model. Finally, Section IV presents the!"kS. modeling of the reverse link interference

conclusions. proceeds in three stages, as previously described.
I SYSTEM MODEL AND ANALYSIS A. Statistical Characterization of the Active Set

Consider an 1S-95-based CDMA cellular system The active seB, corresponding to each mobile is
with N sectors. A number of mobile stations causedetermined dynamically by using continuous
reverse link interference to each CDMA sector. measurements of received pilot over total
This loading is reflected in the required receivedinterference ratios (g and a set of thresholds
signal level (rsl_regj=1,..., N) at each sector. This (T_ADD, T_DROP, T_COMP, T_TDROP) [6].
is the minimum necessary received user signal leveWe characterize the complex hand-off mechanism
at a specific sector to meet the reverse link FERstatistically by considering a set of random
requirement, the value of which depends on therealizations, neglecting the transient part (time
noise floor elevation caused by all interfering users.dimension). The 1S-95 hand-off mechanism is
We assume that if a mobile is power controlled by aapproximated by considering that in every random
sector, its received power at that sector is equal t@ealization the active sé84 contains up to three
the sector’s required received signal level (rsl_reqg).serving sectors with the highest received|oE
The required received signal level is consideredratios, above a given threshold parametgr T
constant, although it may vary for different sectors.(T_DROP). We denote ik (i,j,k0{1,2,...,N},

To illustrate, we are interested in calculating theizj#k), as the event having an active set containing
average level of interference caused to each of theectors i,j,k. If the active set contains less than
base station sectors by a user at location p, athree sectors, the remaining indices are set to zero.

depicted in Figure 1. Also, let (E/lg); , j=1,...,N denote the R.V.s
(sl req expressing the received pilot over total interference
- . rsl_req power ratio (in dB) of sector j at location p.

. Lognormal shadowing and constant total forward

received power are assumed, thus/Ifk are
Gaussian, with mean and standard deviation
denoted e and o respectively. The probability
. distribution of events g is then described as
follows:

rsl_reqgy.,

1610 G /10, B 10 2B 1),
=== sl reg F{E,j,k}ng h¥3,...N} and E )
KB/ B/, BT, |

rsl_reg

Figure 1: System topology

Transmitted signals are assumed to experienc&he events described in (2) cover all possible
lognormal shadowing in both directions (forward combinations of sectors 1,...,N in groups of
and reverse link shadowing, although identically three (three-way hand-off), as well as cases

reverse  (forward) link path-lospl between  (cqrresponding to two-way, single hand-off, or
location p and each of the sectors j can beoutage respectively)
represented (in dB) as: '



B. Conditional Mean Interference H
Aj =§jDBA) and%gj =max{),}%nc{Qj 20)5(7)

Taking into consideration a mobile station’s irB
maximum transmit power (MAX_TX in dBm), we A
define R.V.’s Q, (j=1,...,N) to represent the reverse
link margin (in dB) observed at location p with The interference caused by a mobile station clearly
respect to sector j as follows: depends on which sector is power controlling it. If a
user is power controlled by a particular sector, it is
Q, =MAX_TX -y, =S, -rsl_req  (3) characterized as e_in_—cell interfer_ing user for that
sector, otherwise it is characterized a#rer-cell
interfering user. We determine the number of in-
cell and other-cell interfering users, or equivalently
the number of in-cell and total number (in-
cell+other-cell) of interfering users. The number of
other-cell interfering users for a specific sector is
expressed with reference to in-cell interfering users.
It is defined as the number of equivalent in-cell
In a real system, user mobility prevents the mobileinterfering users that would cause the same level of
station transmit power from reaching a steady stateinterference as that caused by all other-cell
thus making the received signal level at the baseénterfering users. For example, other-cell interfering
stations always transient. We assume perfecusers equal to one means that all other-cell
reverse link power control, and model this dynamicinterfering users cause the same interference level
system statistically by considering the ensemble ofto the sector as one in-cell interfering user. The
all random realizations, neglecting in each thecontributions of a user located at p to the in-cell and
transient part of the power control algorithm. We total number of interfering users of each sector |
assume that, given the active 9B, in each (j=1,...,N), given the mobile’s active s@&,, are
random realization of the shadowing R.V.% R.V.s, which we denote withIC{”|B, and
“perfect power control” forces a mobile located at p TOT,®|B, respectively. Based on the above, these
to transmit powelPry |Ba such that its signal is R.V.’s are defined as follows:
received at the rsl_req level of that sector belonging

From definition (3) it can be easily seen that R.V.’s
Q are Gaussian with standard deviationand
means

¢; =MAX_TX - u; —rsl_req 4)

to the mobile’s active seéBa, which requires the [1, withprob. P(A.)
minimum transmit power. If the minimum required ICJ(p)lBA:E)With rob 1—PJ(A-) (8)
transmit power is larger than MAX TX, we ' prob. l

assume that the mobile cannot be supported and its
transmit power becomes zero (in mW). Based on  1oT(P) B, =
the above, the R.\Prx B, is defined (in dBm) as ! A

follows: [1 PxBa-1;=S;-rsl_req
%.0 10 Jif maxQ,}=0
P 1B = ioB ©)
g min {MAX_TX -Q}},if min{MAX_TX -Q;} < MAX_TX U A
— ] 1 — —
Hios, |0B, (0 , otherwise
— , otherwise E
N | | )
The condition on the right hand side of (5) can beConsidering the definition of the reverse margin (3)
written equivalently as follows: and the transmit powd?rx |Ba (5), we can rewrite
(9) in a more useful and compact form:
max{Qj} 20 ©6) )
jUB, Q;—Q
TOT(” [B, =[10 10 ,with prob.P(A),Ci0B
We denote Aas the event sector | (j=1,...,N) is EY) , otherwise
power controlling the mobile. Using the above (10)
description of the power control mechanism and
(6), this event can be expressed as follows: We are interested in the first moment of R.V.'s

IC{®|B, andTOT,"|B, given their definitions in (8)
and (10). It is easy to see from (8) that



e2:e3:e4:—30 dB

E{ICfp) |B,} =P(A) (11)

The probabilites P(A;)) can be calculated
analytically using the distribution of the maximum
among a set of Gaussian R.V( , although this
can become cumbersome. The analytici
calculation of the first moment offOT®”|B,
becomes more involved, because although, as it ¢
be seen in (10)JOT®|B, is lognormal conditioned
on each of the events; A the same R.V.'§), are
involved in the calculation d?(A)) (i=1,...,N) and

a simple expression of averaging of the condition:
means over the distributioB(A;) cannot be used.
The estimation of both moments, however, can
easily achieved through computer simulation.

Prob. sector 1 in active set

C. Average In-Cell and Other-Cell Interference

Prob. sector 1 in active set

Having characterized the distribution (2) of event
Ei;« that statistically describes the active Bgf we
can find the unconditional mean interference ¢
sectorm contributed by a mobile located at p by Figure 2: Probability of sector 1 imB
averaging over this distribution:

The solid lines depict the overall probability of

(P = ® = N sector 1 being in the active set as a function,of e
EICm™ g kD%_E{ICm 15 jat BB for different thresholds. This probability is the sum

- N - (12) of the probabilities of all events including sector 1,
E{TOTmp }= D;E{TOTmp |Ei,j,k}|P{ Ei,j,k} i.e. Boo Ei20 Ei3o Ei40 Ei23 Ei24 Eissa FOr
i,j,k{O1,....N} comparison the probability of the active set

containing only sector 1 is plotted with dotted lines
To calculate the overall in-cell and other-cell and the probability of outage caused by an empty
reverse link interference at each sector in theactive set with dashed. We note that, as expected,
CDMA footprint, we sum contributions of all users when ¢, &, g are much smaller thany Ttop) the

weighted by the spatial traffic load distribution. event koo dominates as;encreases, while when
they are comparable tq; bottom), the mobile has
lll. SIMULATION RESULTS a much larger probability of being in soft hand-off,

and the probability of event ko has a much
In this section, simulation results of the proposedsmaller contribution to the overall probability of
model are presented. In all cases we consider fousector 1 being ilBa. Another interesting remark is
(N=4) candidate sectors, and concentrate on the inthat, although in general the probability of sector 1
cell and other-cell interference caused to sector 1 byeing in B, increases with decreasingg, Tthe
one mobile. The lognormal shadowing with respectprobability of B decreases with decreasing, T
to all four sectors is assumed uncorrelated, withwhen g =e; =g,=-12 dB (bottom). This is because
common standard deviatian= 7 dB. As shown in  as T; gets lower it becomes more probable that at
Section Il, two main groups of quantities determine|east one of sectors 2,3,4 will also beBin
the level of reverse link interference: the mean
receivedEd/l, (denoted gj=1,2,3,4) at the location Figure 3 depicts the average in-cell (top) and total
of the mobile, and the mean reverse link marginsinterference (bottom) caused by a mobile to sector
(denoted;, j=1,2,3,4) observed by the mobile with 1 as a function of dor two cases. In the first case
respect to the four sectors. Several cases arall other e’s are kept at a low 2-30 dB level,
presented with varying;€; levels. Mean received Which results (see Figure 2 top) in high probability
EdJlo levels ¢ together with the value of threshold of single hand-off. Thus, the total interference
Ty determine the distribution (2) of eventsE  caused by the mobile is almost entirely in-cell.

Figure 2 demonstrates this, focusing on sector 1. Total interference increases with increasingaad
with decreasing ) because the probability of an



outage (empty active set) decreases (see Figure drced by the pilot power levels to be power

top).
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controlled by some of sectors 2,3, or 4.
IV. CONCLUSIONS

A new method of modeling reverse link in-cell and

other-cell interference in power controlled cellular

CDMA networks has been proposed. Reverse link
interference is calculated by jointly considering

reverse link power control and the hand-off

mechanism that defines the mobile’s active set.
Simulation results were presented for various
combinations of F, threshold levels, and reverse

link margins. By more accurately modeling the

hand-off mechanism effect on in-cell and other-cell
interference of 1S-95 based CDMA networks, better
performance predictions can be expected.
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Figure 4: Total interference of sector 1



