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A Simple Generalization of the CDMA Reverse Link Pole Capacity Formula

Pete Boyer, Milica Stojanovic, and John Proakis

Abstract—A formula that computes the maximum number of to a level where users cannot compensate for less than the de-
users supported per base station in a cellular radio network is gen- sjred quality of service (QoS) by increasing their transmitted

eralized to considerthe frequency reuse number and arbitrary pro-  q\yer, Such a condition establishes a maximum on the number
cessing gains. The generalization quantifies a cost associated with

in-cell interference by accounting for the lack of interference from of users supported for a given QoS objective and in theory a pole

the desired user on the total interference and by considering the im- €Xists in the transmit power required to meet the QoS. The for-
pact of the frequency reuse number on the out-of-cell interference. mula solves for the number of users when all users at all base

This interference cost results in an increase in the received Eb/lo stations are exactly at the requirBg/ (I, +N,) needed to meet
relative to FDMA which shou_ld be Welghted against a reduction in a QoS objective such as a mean opinion score (MOS) or a frame
the Eb/lo requirement resulting from using CDMA. error rate (FER). This is a pole condition since any additional

Index Terms—biscount, markup, template. user would create interference that could not be compensated
for through increases in the transmitted power.

An assumption is commonly made in deriving various forms
of this formula (e.qg., [1]-[4]) that the number of interfering users
T HE EFFICIENT use of the RF spectrum serves as a fufy the serving cell creating in-cell interference (ICI) power is

damental design goal for cellular radio network engineefe same as the number of users in each of the other base sta-
The more calls that can be supported by a base station at angfrs that create (OCI) out-of-cell interference power. Such an
ceptable quality, the less base stations that are needed to SUPRQItimption counts the desired signal as interference which be-
a given subscriber demand. Since there are large fixed capiighes increasingly significant for lower processing gains. By
costs associated with base station deployment, it is desirableé[;hoving this assumption, the number of users for arbitrary pro-

maximize the number of subscribers that each base station gg8sing gains and frequency reuse numbers is found. The fol-

support. . _ . lowing generalization considers the impact of both allowing and
A formula from [1] is sometimes used to estimate the mafp‘rohibiting ICl in cellular system design.
1]

imum number of users supported by each base station. In
the number of users per CDMA carrier is given as

I. INTRODUCTION

Il. SPREADING WITH IN-CELL INTERFERENCE

n= Ws F <l <1 _ 1)) (1) Consider an idealized hexagonal lattice of base stations where
Ry v r the number of users supported by each base station is increased
where un@formly thr_ou_ghout the network_ until the interf(_arence plus
We RF spread bandwidth; noise power is ju§t at a level rqulred to meet a given QoS ob-
R, data rate: jective. At tr_ns p0|nt_, the n_etwork |deglly blocks additional _ca_lls
- B, ignal-to-naise ratio (SNR) per bit; due to quality considerations. Blocking due to resource limita-
; P +NN0) tions, a traditional blocking mechanism applying to any cellular
7o %{)0 rise above thermal, technology, is assumed to be insignificant.
Fe.. ﬁ frequency reuse efficiency. A bit stream after source coding @{, bits per second has

This formula applies to CDMA networks such as 1S-95 th%‘band&/wdth texp;grllsgonddu_zttho chhanneldcod':ng wghlc?de ra}:ﬁ,
are noncooperative in the sense that they do not exploit interfer<’ and a potential bandwidih change due to modulation wi

ence through multiuser detection. This formula has historicaf’fglSpeqr"’lI efficiency of modulgtiom;{, as shown in Fig. 1'_ A

been associated with CDMA networks when interference risagreadmg sequence of bandw!dﬂﬁ mgreases the bandwujth
before spreading3, by a spreading gaili; = W/ B. The posi-
tive bandwidth of this signal at RF is doubled due to the shifting
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Fig. 1. System diagram and signal bandwidths for a generic communications link in a cellular network that employs direct sequence spread spectrum.

without degrading the receivel, /(I, + N,) and correspond- denominator i/, + N,)B. Utilizing the bandwidth relation-

ingly the QoS. ship in Fig. 1 for(R,/B) = nR. gives
The total number of useray, in a given available bandwidth
at each base station is E, 1
VCUTIEN, - n-itnfiRd N, @
nry = Wa n (2) G * E,
'~ Kws

Solving forn in (4) and substituting it into (2) gives

where
n number of users supported for each carrier at a base
W, available bandwidth to the cellular operator; nR.KWsd \ v r G

K frequency reuse number (or cluster size).

The number of users per carrier can be found by directly When ¢ — 1) in the denominator of (3) is replaced hythe
writing the carrier-to-(interference plus noise) power ratio afecond term in (5) goes away and (5) reduces to forms in [1],
each user assuming that the interference is ideally spread {8idand [4] withW,, = Ws, G = W, /R;,, n =1, R. = 1 and

despread as K =1.
The rise above thermal is sometimes used to measure reverse
Carrier Power C link load [4] with respect to the total number of users at a pole in
L ICl + OCI + Noise Power Cln—1)d nfCd the carrier power when considering reverse link QoS with power
q q +N control. The pole capacity is the interference limited form of (5)

(3) since atthe pole, th&, /N, goes to infinity with the power. The
pole can be seen by equating (4) with the requitgd(1, + N,,)
needed to meet the QoS objective,,, and solving forE, /N,

where
C  received carrier power of each user; as
N noise power in the despread signal bandwid¥h B); E, 1
f total interference from one out-of-cell user in all of the N, 1 (n—14+nf)nR.d’ 6)

other cells normalized to the carrier power;

G spreading gain;

d reduction in interference due to the voice duty cycle. As the number of users per base station per carrier produces

The processing gailty,,, defined bylWs/ R, can differ from interference that approaches the requirement, the received en-
the amount of bandwidth expansion resulting from direct sergy per bit goes to infinity. Setting the denominator of (6)
guence spreading, and thus arises the need for a spreading ggiral to zero, solving for,, and using (2) gives the interfer-
term. Also, reverse link (mobile to base station) values ffor ence limited form of (5). Note that (5) includes no assumptions
with power control can be found fd = 1in [9]-[17] and for about power control or access technique. It simply computes
K > 1in[16] and [17]. the number of users supported as a function of the received

Equation (3) can be written in terms &f,/({, + N,) by E,/(I, + N,). The interference limited form of (5) happens
noting the carrier power in the numeratotAs R, and the total to also be the pole capacity since at the pole capacity noise be-
interference plus noise power in the despread bandwidth in t@mes insignificant.

Yreq
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Fig. 2. Maximum number of users supported versus recelgld,, for the generalized pole capacity formula.

Ill. SPREADING WITHOUT IN-CELL INTERFERENCE handover solution may become difficult to achieve or infeasible.
Various studies have computgdunder a variety of conditions
n [9]-[17] with primary considerations being factors such as
shadowing margin, path loss slope, and the number of base sta-
W WanR. tions in soft handover. Representative valuesffare chosen
KW — K2GR, (7)  for the purpose of illustration.
The interference limited forms of (5) and (9) are plotted in

This is an FDMA limiting case when there is no reuse dfig- 2 for two frequency reuse numbers with= 0.74 for K =
the same channel within a base station. WHén= 2B, the 1 using the mean value from [9] and a valuefot= 0.148 for
spreading gain is unity and this lower limit is conventional cel = 3 from [17]. A value of 0.4 for the voice duty cycle is from
lular FDMA with a frequency reuse number &F. For nonunity [3]- The spreading gain, code rate, and the spectrum efficiency
Spreading gainsE'b/(Io + No) can be increased at the cost o‘pf modulation match that of 1S-95 reverse link traffic channels
a reduction in the number of users supported by increasing #i¢cluding orthogonal modulation. The available spectrum con-

spreading gain. The spreading gain from (4) whes 1 is sidered is that of an 800-MHz cellular operator deploying nine
CDMA carriers. The plot shows that ICl degrades Big'I,, for

ryR.nd CDMA. A hypothetical FDMA system with spread spectrum

Growa = (r—1) f>1 ®)  and no ICl is plotted until the FDMA spreading gain is unity

giving conventional FDMA at two points that correspond to the
Substituting (8) into (7) gives the total number of users supwo frequency reuse numbers. For By/I, requirement of 7
ported when spread spectrum is used with FDMA and a fréB, roughly 200 users are shown for CDMA wiit = 1. This

The following equation is a lower limit on (2) by considerin
only a single user per carrier in each base station as:

nr =

guency reuse strategy prohibiting ICI as is in contrast to roughly 360 users for the nine carriers using
[3]. The difference is that the spreading gain used here is less
1 1 Wa 9 than the processing gain used by [3]. Since the valugisthe
=G < B ;) 2K fdR, () same for FDMA and CDMA for each reuse number, the figure

shows a roughly 4-dB cost associated with the ICI relative to
At this limit, a value forf may require a different calculationusing FDMA with X = 1. The figure also indicates that there
than with CDMA. The OCI will be due to a smaller numbemould be a loss irF, /I, or a reduction in users if a channel as-
of users making the interference that is averaged throughowuignment for a reuse number of 3 were used to reduce the OCI
cellless indicative of the actual interference. Additionally, a sofor CDMA. For highE, /I, design objectives, the figure shows
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interference benefits of conventional cellular frequency assign-
ments for FDMA networks. BN

(2]

[3]

A formulathat computes the number of users supported under
peak load conditions was generalized and investigated undep;
different spreading and interference conditions. This formula
assumes an idealized hexagonal network of base stations, a urlf
form number of users in all base stations, and the same data
rate requirement for all users. By considering an FDMA limit [6]
without ICI, a fundamental cost of CDMA was observed due to
ICI. This cost should be offset by a reduction in the requirement[7
as a result of using CDMA. The influence of multiuser detection
on these results for CDMA is an area further research.

Frequency reuse through conventional frequency assignmennb)
with CDMA was observed to result in less users for the same
E,/I,. When spread spectrum is combined with FDMA to elim- [10
inate ICl, highetE, /I, and lower spreading gains result for the
same number of users. Benefits of spread spectrum resulting in
a reduction of thek, /1, requirement were not considered in [
the analysis but rather the costs associated with the received ip2]
terference for a peak network load using uniform geographical
assumptions. Spread spectrum and frequency reuse were con-
sidered jointly in this formulation as they both can significantly [14]
impact received interference and spectrum efficiency. The band-
width effects of channel coding, modulation, and spread SPegis
trum were considered as they impact the interference received
by all users under peak network load conditions.

IV. CONCLUDING REMARKS

[16]
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