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Antenna Gain Against Interference in CDMA
Macrodiversity Systems
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Abstract—in a multiantenna system, there is a potential an-  There are many assumptions made in [1] some of which may
tenna gain against interference, in addition to the diversity gain not be practical; it is important to note, however, that these as-
achieved against fading. It is well known that in order to attain sumptions (which correspond to logical limits) are crucial in

most of the diversity gain (against fading), the antenna elements ) . .
should be placed apart with a distance (many times) greater than understanding the dynamics of a CDMA multi-antenna system

the wavelength= [speed of lighi /[frequency] of the carrier. The and in evaluating its performance upper bound. Once the upper
results presented in this paper indicate that in order to attain most bound is obtained, the assumptions can be removed or relaxed

of the antenna gain (against interference) in the reverse-link of and the performance returns in more realistic systems can be de-
finite-bandwidth interference-limited CDMA systems, the inter-

. . termined.
antenna distance should be (many times) greater than a new pa- e - . . .
rameter which is defined as the chiplength = [speed of ligh{/ The key condition in attaining a linear capacity gain in such a
[chip rate] of the spreading code. macrodiversity system is that the interference picked up by dif-

ferent AEs have to be uncorrelated. This condition is satisfied,
irrespective of the user and AE positions, only when the spread
spectrum bandwidth goes to infinity since in that case the inter-
ference behaves like white noise.
. INTRODUCTION It will be shown in this paper that the consequence of a fi-
HE CDMAL! reverse-link capacity of a network of antennaite bandwidth, on the other hand, is the possibility of corre-
elements (AEs) is investigated in [1]. It is reported therkiated interference, the severity of which would depend on the
that the capacity increases linearly with the number of AEs anelative positions of the AEs and users. This would degrade the
it is further stated that this linear gain is valid irrespective gierformance by yielding a mean output SIR (signal-to-interfer-
the usetr and AE positions (as long as neither AEs nor useence ratio) which is less than the sum of the mean branch SIRs
are located at the same poifat)his result is obviously very and therefore, would impose a dampening effect on the capacity
important due to its fundamental nature. increase with respect to the number of AEs used.
The assumptions, under which the above reported result (that . . o
the capacity can be increased linearly without a bound simpfly CDMA Macrodiversity System Description
by placing more AEs anywhere in the service region) is valid, We consider the reverse-link of a network bfomnidirec-
need to be investigated carefully, since such a remarkable p#gnal AEs which are physically distributed in a service region
formance return sounds, even intuitively, too good to be true fwe note that the reverse-link of a CDMA multi-antenna system
a practical system. is inherently different from its forward-link due to the fact thatin
the reverse-link performance gains can be achieved without in-
jecting extra energy into the system). The outputs of the AEs are
conveyed to a central station (CS) with separate feeders for de-
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Here are some further system-level assumptions. is collected through multiple AEs; this results in an increased

« The service region is isolated in the sense that there is figan value for the SIR at the combiner output in addition to
interference coming from outside. yielding a smoother SIR. This gain in the mean is simply due to

« The system is interference limited (thermal-type bactuilding a more effective antenna and is known as the antenna
ground noise is omitted). gain. Conventionally, the antenna gain is not incorporated in the
- Only a single-class service is considered for the sake Rgrformance returns due to diversity combining (for instance,
simplicity, but the results and discussions can readily tiefer to [14, Fig. 14.4-2], in the context of microdiversity); it is
extended to systems with multiclass services. understood that the antenna gain is in addition to the diversity
« An optimal power control scheme which yields SIR-balgain [14, eq. (14.4-34)].
ancing is employed [1], [6], [7]. Toward this end, it is as- In @ microdiversity system, in order to achieve diversity gain
sumed that: 1) all the link gains are known; 2) power leveRgainst multipath fading, the signal components at the com-
are adjusted precisely and instantaneously; and 3) there Bifer branches are not supposed to be significantly correlated.
no constraints on the transmit power levels. In a similar way, the extent of the antenna gain is inversely re-
The distributed (limited-knowledge) implementation of S|Rl_ated to the severity of correlation between the interference or
balancing through iterative power control algorithms is demoR©iS€ terms at the combiner branches, depending on whether the

strated in the literature for conventional systems with single anYStem is interference- or noise-limited, respectively. In a white

tennas [8]. The investigation of such distributed power contrBpiSe-limited system, the noise terms at the combiner branches
Wd' be uncorrelated no matter how close the AEs are as long as

algorithms in multi-antenna systems constitutes an interesti - v LIYs
research topie. they are not at the same point. It is this uncorrelatedness prop-
erty that yields a mean output SNR (signal-to-noise ratio) in an
MRC scheme which is the sum of the mean branch SNRs in
white noise-limited systems [15], [18].
) ) ~In this paper, we consider the reverse-link of an interfer-
The analytical treatment of macro- [11], [12] and microdignce-limited finite-bandwidth CDMA macrodiversity system
versitys [13]_—[15] schemes are different in the Il_terature SiNC&ith maximal ratio combining. As it will be shown in the
these two diversity schemes are conventionally implementeddfg e, there is a possibility in this case that the interference
different Wa?]’s' While clohgrent comb.m;]r?g IS possible in MICrQgmg a1 the combiner branches may turn out to be correlated if
diversity schemes, selection (o_r S\_N'tc ing) (_:omt_)lnlng IS us?lqe AEs (or the interferers) are too close to one another. In such
(mostly on aframe byfra”."e basis) in macrodiversity pres (e'%"case, the mean output SIR will be less than the sum of the
:\r/]ve SOf:hhaZ(jE%ﬁ acheme n _IS-95h[16]), due to _t(?e distance é’r‘?\'ean branch SIRs. In the logical limit of identical interference
een the - HOWEVET, Since here we consider a macro {'erms, the combiner would reduce to that which has only one
versity scheme with instantaneous coherent combining, the @fective branch; therefore, there will not be any antenna gain
alytical treatment for both cases would be similar. f '

In the macrodiversity system that we consider, at each brarfe auéségiiiﬁgfg;gggﬂzgsdgﬁiQ(Xégrr]etﬁseecf)hneteilt%f achievin
of the combiner, in the receiver corresponding to a particular g

user at the CS, there will be a term due to the signal from tﬁ@tﬁnna g?lntm fa mhgcrqd|v3r3|ty iVSte’.“ IS d"‘feTe"“ dt.han _tthat
user of interest (this term will be referred to as the signal corff! € CONEXL Of achiéving CIversity gain in a microdiversity

ponent) and an additional term due to the aggregate interfereﬁ@%e' Ina mlcrodllversny syst.em, the dlstance'between the AEs
(background noise will be insignificant in the interference-lim'S compared against the carrier wavelength—if the AEs are sep-
ited systems). arated in the order of a few wavelengths, the level of correla-

When the number of AEs with independently fading signdion between the signal components at the combiner branches
components increase, the mass in the probability density fuif§OPS to insignificant levels and almost all of the diversity gain
tion of the SIR at the output of the combiner concentrates mdfeattained [18], [21]. The major contribution of this paper is
and more around the mean value. In the limit the probabilitp introduce a similar parameter against which the distance be-
density function becomes a delta function at its mean; this céf.een the AEs can be compared in interference-limited CODMA
responds to the nonfading channel. This gain, as a result of fA@crodiversity systems in the context of achieving antenna gain.
elimination of fades, is known as the diversity gain. In botH will be shown that the parameter which we will define as the
macro- [16] and microdiversity [14], [18], most of this diver-chiplength([speed of light]/[chip rate]) of the spreading code
sity gain is attained by using only a few AEs and the returrays this role.
diminish quite rapidly by the addition of further AEs. The scope of this paper is not the diversity gain (which is al-

It is important to note that there is a potential for an addieady well known), but the antenna gain that can be achieved
tional gain when multiple AEs are utilized since more energf addition to the diversity gain, in the reverse-link of inter-

ference-limited CDMA macrodiversity systems. Therefore, we

41t can even intuitively be stated that the required power control dynamjc: . .
range will be less in a multi-antenna system [9], [10], therefore, the implemneW—III analyze the correlation of the interference components at

tation of such distributed power control algorithms is expected to be more féfie combiner branches, not the correlation of the signal compo-
sible.
°Although microdiversity can be realized in various ways, in this paper it 7w consider only the maximal ratio combining in this paper. It is important,
refers to the particular realization with multiple receiving AEs. however, to note that while the maximal ratio combining is the best combining
Svarious suboptimal macrodiversity schemes which utilizes multiple AE hatechnique in the presence of additive background noise, itis optimum combining
been suggested in the literature, such as the majority logic decoding [17]. that yields the best performance in the presence of interference [19], [20].

B. Antenna Gain Against Interference Versus Diversity Gain
Against Fading
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Fig. 1. The baseband transmitters and receivers with the propagation delays in the system.

nents. Since the nature of the antenna gain and diversity gainsinewing the bit and chip durations, respective{y);. } denotes
different as explained in this section, we decouple the analyzbe chip sequence with values equaldtd andwv(¢) denotes
for these two types of gains and investigate here the antenna dhi rectangular chip shaping function as follow&t) = 1, if
only. Toward that end, we consider a multi-AE system where tifle< ¢ < 7 andwv(t) = 0, otherwise. The cross-correlation
diversity gain against fading has already been obtained and thustween the spreading codesaf andw,, denoted byR;2(q)
without loss of generality, where the fading is averaged out. whereq is an integer, is defined as

The rest of this paper is organized as follows. In Section Il,
the correlation coefficient analysis for the simplest nontrivial
case of two AEs with two usersyis presented thrpough theuse of 102(0) =(alt+arje(t) =7 > cumrezn ()
the concept of caution zones introduced in that section. In Sec- =0
tion 111, a way of approximating the caution zones is shown; anshere (.) shows the inner product, i.e{ci(t)c2(t)) =
in Section 1V, the effects of system parameters on the cautigp c; ()cz(t)dt.
zones are discussed. The study of the spatial correlation effect¥he baseband signal transmitted by (refer to Fig. 1) is
is generalized to the case of many AEs with many users in Ségs;(t — A;7), whereb; is the binary data with equiprobable
tion V and the simulation results are presented in Section Waluest+1 andA,; is the code phase far; (asynchronous users).
A summary is given in Section VII with concluding remarksAt w- s receiver, the despreading at tfta branch is performed
Finally, the derivation of the correlation coefficient expressioby multiplying the received signal b (¢ — 1, — A1 7).
for Gold codes is provided in Appendix A and a systematic way We note that althougl, (¢)ea(t) # c1(t — to)c2(t — to)
of finding the approximate caution zones is explained in Afsince the right-hand side is the time-shifted version of the
pendix B. left-hand side), the following equation hold&: (¢)c2(t)) =

{c1(t —to)ea(t — to)). Fig. 2 illustrates the difference between
Il. CORRELATION COEFFICIENTANALYSIS FOR TWO AES the product and inner product of two spreading codes; note that

N—-1

WITH Two USERS the former is a time function while the latter is a number. We
. . also note that although
We consider a system with two AEs (AEand AE ) and g
two wireless usersuf; andwsz). In the sequel, the indices (er (E—t1) e (E—t2)) = (c1 (E — [t1 — t2]) ca(2))

andj are used to denote a user and an AE, respectively, with
i € {1,2},j € {I,1I}. We assume thaty is the user of in- (ca(®)ex (t =2 —t1])) ()
terest. The propagation delays in the system are illustratedyferet,, ¢; andt, denote some arbitrary delays

Fig. 1 along with the structure of the baseband transmitters and

receivers. The total propagation time framto the CS through (c; (t — t1) c2(%)) {1 (t — t2) c2(t))

AE j, 1+, is equal to the sum of the propagation time in the air, e (£ — Tt — to]) el )Y ler (oo (t 4
t;; and that in the cable;, . : ¢, = ti; +t; .. #la-lh -t et abal) @
The spreading code fap; is represented as for t; # to; but rather, the left-hand side in (4) depends on the
N1 actual values of; andt,.
ci(t) = Z canv(t — k) @ Now, let 7:2; be the interference component (after de-

spreading) at the branch of the MRC af;, due to ws,

corresponding to AE
whereN denotes the spread spectrum processing gain defined

as the number of chips per bit (i.6Y, = T/ with T and~ e = {1 (E—t10 — A7) baca (t — t251 — Aa7)) . (5)

k=0
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cl(t) cz(t—Azl‘t) t
Itis observed from (7) that»; depends only on the propagation

© T agy U 2% delays in the air.

the prod § duct of d ; Let us first consider the case whefe< t;5; < 1. For this
Fig. 2. Comparison of the product and inner product of two spreading codes;: . P
Alough e o AT en(t - Anry. () er(r = Avaryca(r) and (0 f&gion,n12; can be evaluated from (1) and (6) as (refer to Fig. 2
cr(t)ea(t — Any7), are all different time functions{e; (f — Ay7)es(t — @S Well)
As)) = (e1(t — AqaT)ea(t)) = (e (E)ea(t — Agy 7). N1
) . M2 = ba7 [tr2jct k1028 + (1 —t195) cLpcan]  (8)
A. Dependence of Correlation Coefficient on ’ kzzo ’ !

Propagation Delays i i )
) _ _ which can be rewritten using (2) as
As a starting point, we consider the case where the users are

synchronized, in other wordg); = A,. The general case, M2 = ba [t12R12(—1) 4+ (1 — t125) R12(0)]. 9)
whereA; # A, will be considered in Section 11-C and it willbe ) _ )
apparent that the results obtained for synchronous users in tHi 712; €xpression given in (9) fob < #,5; < 1 can be
section can readily be generalized with minor modifications. 9eneralized for any;»; value as
Forth f h impli
or the case of synchronous users, (3) can be used to S|mp77|}‘)2/j — bo[(F1a; — |f12; ) Ruz(—[t12,])

5, gi by (5),
"naj, gven by (5), as +([t125] — t12;)Ria(—[t12;])]  (20)

Mazj = bz (c1 (E — t1z;7) c2(1)) (6)
where ¥yhe|reL.J and].] denote the floor and ceiling functions, respec-
tiiv —tary (4 tie)— (ba;+t,0) 1 — to; Ively.
tio; =~ - SENGFRR/E) - (i Ese) _ s 2 It is easy to show thaE(n;2;) = 0, whereE(.) denotes

(7) the expected value, sindg is zero-mean. We are interested in
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evaluating the correlation coefficient of the random variables '
ni2r andnyarr, p12.7— 11, Which is defined as osh ‘
E (n2rm211) sl :
P12, 1—11 = . (11) ' o
VE 1f2) VE (1211 o7k /
In this sectioA we consider the case whefe;. } constitutes an i
equiprobable Bernoulli proceswith values equal te=1. In this osp !
case,R1>(q) will be a random variable. It can be shown from sl -
(2) that L
E (Ri2(q)) = 0, Vg, andE (Ri2(q)Ri2(r)) = N7%6,,
(12) 03k .-
whereé is the Kronecker delta. Then, it follows from (10) and  o2-
(12) that il /
E (nfy;) = N+* [(tm = |tu2; )? + (Ttzs] — tmjﬂ : N2 .

( 13) ) -ois

It can be observed from (8)—(10) and (12) tB&t);2771277) and
thuspi2 r—rr, will be nonzero only when ,

lt12r] — 1 < trorr < [tior] +1 (14) Ll el
whichis equivalent tQtlQ[[_] —1< 195 < |—t12[[—| +1. Finally, A - ::z::gig

from (11)—(13)p12,7—rr can be obtained as (15) at the bottom o8
of the page.

For the sake of illustrationp; ;77 is plotted in Fig. 3
for various values oft;»;, in the range of [0,1] and for

(2]

—1 < t1271 £ 2. InFig. 5, the general expression f@rn ;— ;1 Dost
given in (15) is plotted with respect tao; and¢;>7;. We note °
that in Fig. 5, the intersection of the vertiGals r—rr — ti277
plane with the three-dimensional plot at certain values, of 03
yield the curves shown in Fig. 8. PO P4
It is observed from (14), (15) and Fig. 5 that; is shown as
(16) at the bottom of the page. In (16),is an integer. S IS

B. Dependence of Correlation Coefficient on User
and AE Locations

Our goal in this section is to find the region fos which will  Fig. 4. Correlation coefficient as a function iz, for t1o; = 0.00, 0.10,
result in a nonzerop;» ;—;r, for a given set of AE and 0.25,0.50,0.75,0.90 and 1.00, for synchronous users (Gold codes).

8Most of the intermediate steps in the development of the expressions in this . s . . . .
section, especially those for (13) and (15), are omitted since they are straigkit- l0cations; this region will be formally defined as tbaution

forward. A more detailed discussion is presented in [22], but for a less genez@nefor «w; later in this section. The time domain requirements
case with a different notation. for this region is already known from (16). Therefore, the task

peQrLr;f:orrelatlon coefficient analysis for Gold codes is presented in Aﬁ)é to find the equivalent of (16) in terms of distances involved.

10similar curves for the case of Gold codes are shown in Fig. 4 (refer to Ap- As it is well known, the propagation time, dgpends. on the
pendix A). distanced, ast = d/c, wherec is the speed of light which will

p12,0-11 = (([tr2r] — trzr) (trzrr — [t1211)) 6trar) Ttanre]
+ [(Tt12r] — tiar) (Tti2rr] — tazrr) + (f12r — [f12r]) (fr2rr — [E1201 )]0t 100 ) 1t1srr)
+ (tiar — [t12r]) (trarr — [f12r7]) O1epar Ltlmj) /

<\/(t121 - Lt12IJ)2 + ([tiar] — t121)2\/(t1211 - Lt12HJ)2 + ([ti2rr] — t12H)2> . (15)
o =y s 4 12011 =0, fortio;r <m—1 and ¢1277 2 m+1
= 0<pr2r 7 <1, form—1<tg<m+l,

pi2,7—11 =0, fortiorr <m—1 and tiorr > m+2

0<p127[,[[S1, form—1<tgp<m+2 (16)

m<t121<m+1—>{
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Fig. 6. For synchronous users, the shaded area shows the following region:

0 < (h1s — har) < 0.075 and—0.075 < (177 — harr) < 0.15 (s = 400 . . o
andé:”: 102,\2,)@_ ’ 8 < (hurr —harr) <015 (s We will work on a unit square region with side length equal

to 1 meter. Distances in this unit region will be denotedhbin
other words}: is the normalized distance which is related to the
actual distanced, as

G =y (17) | o oo

cT wheres is the scaling factor. For instance= 500 corresponds
whered;; is the Euclidean distance betweenand AE;. There to asquare region with side length 500 m. Also, we define the
are two inherent assumptions in (17). First, it is assumed tYP rate.f., asR. = 1/7. _
the delay spread is much less in comparison to the propagatio/e Will first find the region corresponding t@ < #.2; <
time in the air. Second, a direct path between each user and 1. This region is a function of the locations af, and
is implied due to the Euclidean distance assumption. In gener4, @nd AE (but, not AEI). Then, we will find the region
especially in urban environments where multi-antenna systeffgresponding ten —1 < #,2;; < m + 2, which is a function
are more likely to be used, a user’s signal is likely to arrive to &1 the locations ofv; andw, and AELL (but, not AE[).
AE through a reflected path. In those cases, the caution zone§0" 7 = 0, using (17) and (18), we canc\;vnte
will not have such regular shapes as will be shown in Figs. 6-14. 0<t1p1 <1 —0< by —hor < — (19)
However, since the actual propagation times will be greater or cr 5 cr
equal to those corresponding to direct paths, the actual caution 1 Stizir <2 — T < harr = harr < 2?' (20)
zones will in general be smaller in real systems, which meahss observed from (16) that the intersection of these two regions
that our performance results are conservative. yields the nonzere;, r_rr region forw., form = 0.1In a

be taken as % 10° m/sec. Therefore, from (7),2; can be stated
as

t19; =
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would now be the area between the two circles marks as -1 and
similar way, the corresponding regions for othervalues can 2. The intersection of these two regions are shown by the shaded
also be found. We call the union of all such regionsehetion area in Fig. 6. Similarly, using (16)—(18), the corresponding
zonefor wy; because, the interference resulting from a user fagions for othern values can also be obtained. We realize
this zone, at theth branch ofw;’s combiner at the CS, will that form > 1, the conditions given in (19) and (20) do not
be correlated with the corresponding interference at/thed yield an overlapping region. In Fig. 7 tleaution zondor w,
branch. is shown, which is the union of the regions corresponding to

As an example, we consider a system with= 400 and , = —6,—5,... 0.

R. = 10 MHz (Megachips/sec), which resultsin/s = 0.075.

We assume that AE5 17 andw, are placed at the coordinatesC. Correlation Coefficient Analysis for Asynchronous Users

\(/.izcg, .rse)g,ji(().:]s”S), and (.375,.625), respeciively, on the unit S€"\We note that the analysis presented so far is for the case where

. . . he users are synchronized. In this section, we turn our attention
Fig. 6 shows the regions given by (19) and (20) as follows. [n . . . .
- o s . . 0 the effect of the chip phase in the correlation analysis.
the figure, the numbers “0” and “1” on the left circles indicate . . . )
. . We define (normalized) differential code phage,;, as the
that for anyws location on these circles,»; = 0 and 1, respec- . . .
. . . difference between the spreading code phases ahdws;i.e.,
tively. The region for whichd < (hi; — hoy) < 0.075 would - : . .
then be the area between these two circles, Similarly, the nufit>. — &1 — S2. Without loss of generalitya,» is modeled
R i .  circles. simuarly, as a uniform random variable in the interyél 1). With this
bers “~1" through “2” on the circles in Fig. 6 indicate that for ;" . .. :
. . definition and based on (5)—(%).2; can be written as
anyw- location on those circles;»;; = —1, through 2, respec-

tively. Therefore, the regior-0.075 < (hysr — heyr) < 0.15 ey = {c1 (T — tig;m — A127) (1)) . (22)
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L]
10 U: Correlation Matrix
« & 123456780910
3 . 1{0000001000
. 8 200001000100
7 310000000000
410100000100
® % 510000000000
. ! 1 60000000010
1 . 71000000000
2 810101000000
90000010000
0 4 16/0 000000000
* L
Fig.15. Asystemwitll = 2 andK = 10 and the corresponding correlation
matrix, U, for s = 400 meters andR. = 10 MHz.

6 07 o : and 5 are still valid provided that>; and¢;»;; are substituted

Fig. 13. The hyperbolic grid and approximate caution zonesfor 400, by 1, and?y,;;, respectively. . .
R. = 10 MHz, w, location (.375,.625) and AE & IT locations (.45,.5) and  Based on (22) and the above observation, (16) can be modi-
(.55,.5), respectively. fied as shown in (24) at the bottom of the page.

Following the same steps presented in Section |I-B, the time
domain region given in (24) for the nonzege 7y values can
be converted into the expressions in terms of distances on the
unit service region.

In Fig. 8, thecaution zondor w; is shown for the case of
: Ao = 0.5. The shaded regions in Fig. 8 correspondito=
1,2,...,7. Similar to Fig. 7, the numbers-4.5" through “0.5"
on the circles in Fig. 8, which have centers at AEindicate
i that for anyw, location on those circleg;>; = —4.5, through
“ 0.5, respectively. In the same way, the numberg.5” through
“1.5”, on the circles which have centers at AE, indicate that
T for anyws, location on those circles;o;; = —4.5, through 1.5,

respectively.

1
oof ST L Ty

o8

07 .
0.6""' N

05

I1l. A PPROXIMATION OF THECAUTION ZONES

We start by defining the differential delayt,2 7—r7, from

Fig. 14. The approximate caution zone, for= 400, R. = 10 MHz, w,  tio; @ndt|,;; (refer to (7) and (22)) as
| i .375,.62 AH IT | i .125,.87 .875,.12
ocation (.375,.625) and & ocations (.125,.875) and (.875,.125), Aty 17 =to; — thorr = (t121 + A12) — (f1217 + A1)

respectively.
_ (tir —tar) — (tirr — torr) (25)

-
Defining ,; as which can be rewritten as

tir —tirr) — (tar — torr
tl2j = t12j + A1 (22) Abizr-11 = : : T : L e
We remark based on (25) and (26) thett > 777 is independent
of the differential code phasa,;», thatis,Aty» ;_;risthe same
Mo = <C1 (t - t/mﬂ) CQ(t)> - (23) for both synchronous and asynchronous users.

Comparing (23) with that for the synchronous users, namely, We notice from (15), (16) and (24) that, ;_;; depends on
(6), we notice that both equations are in the same form withe actual values dfi >y andt;2;, rather than their difference,
the only difference thatio; in (6) is replaced wittt},; in (23).  Ati2 777 (refer to (4)). In fact, it is observed from Fig. 5 that
Therefore, we conclude that the, ;_rr expressions found in pi2 r— 77 exhibits periodicity with respect té\ti» ;—rr when
Section II-A[such as (15)] as well as the curves plotted in Figs 32 < Aty ;7 < 2. The correlation analysis would have

(21) can be rewritten as

flog =m — Ay —s p12,7—11r =0, for tiorr < (m—1) — Ay @andtiorr 2 (m+1) — Aqo
2 2 0<pro—rr <1, for(m—1)— A <tiorr < (m+1) — Ay,
pr2.7—r7 =0, for tiorr < (m—1) — Ay @andtiorr 2 (m+2) — Ao
m— A <tppr < (m+1)— A — ’
2 <har < (m+1) 2 { 0<pior—rr <1, for(m—1)— A <t <(m+2)— Ap.

(24)
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Fig. 16. A system with. = 4 and/{’ = 10 and the corresponding correlation matfix, for s = 400 m andR. = 10 MHz.

been much simpler if;» 7_ ;7 were constant (rather than beinghatp;» 777 is less than 0.5 in the shaded regions outside the
periodic) with respect té\t;» ;7. In that case, a two-dimen- approximated caution zones, therefore, the performance degra-
sional plot ofp12 7—z7, s a function oi\ty2 ;. ;; would have dation introduced by such an approximation is not expected to
been sufficient. be significant.

It is clear from Figs. 3 and 5 thdts; = ¢1277 corresponds  Note thatAt;, ;—;;r = —1 and 1 lines are hyperbolas. If we
to the worst case in the correlated interference analysis and tthetw all the hyperbolas for which¢,, ;7 is an integer, then
|t127 — t1277| > 2 guarantees uncorrelatedness. In other wordse construct dyperbolic grid The “origin” of the hyperbolic

it can be stated using (25) that grid is the hyperbola on whicty, is located. A systematic way
|At1o 77| =0 — pro_rr =1 (27) of finding the approximate caution zones on the unit service
|At1271 1l >2— p1271 =0 (28) region is presented in Appendix B (see Fig. 11).

To the best of our knowledge, the only work in the litera-

ture on space-related interference correlation analysis in CDMA
1< Aty 7| <2 —0< pra—17 < 0.5, (29) widely-spaced multi-antenna systems is presented in [1, Sect. 7]

Obviously, itis desirable to hayes ;_;; = 0. However, itis  which is rather brief and qualitative.
important to note that even in the case gfia ;7 very close It is stated in [1] that the correlation will depend on
to unity, there will still be some gain against interference frofdti2 ;17| < 1. We have shown in this paper, however, that
combining, although this gain will be minuscule. In a practicaldti2,7— 17| < 1 corresponds only to an approximation of the
system, however, ib1», ;7 is close to unity, the insignificant areas where the correlated interference exists. The actual such
returns in mean SIR will not justify the increased processingieas (caution zones) depend on the valuesQfandtio;s
complexity and thus, cost. (refer to, for example, Figs. 3 and 5).

It would be efficient if a threshold value f@¥, ;_;; is deter- Also, in [1], a small area around a user is considered as the
mined, say,, such thatit can be argued thapif < p12 ;17 < caution zone (in our terminology). However, we have demon-
1, then practically there would not be much antenna gain. Ve&rated analytically and shown in numerous figures that the cau-
note that in order for the mean output SIR in a MRC schemetion zones are, in fact, much broader due to the geometry of the
be the sum of the mean branch SIRs, 7_r; should be equal to problem. Two usersthatare at different sides of the service region
0. Therefore, fopi2 711 = po, as described above, the meamay cause significant correlated interference to one another.
output SIR will be less than the sum of the mean branch SIRs.

We choose, = 0.5. Based to (27) and (29), settipgto 0.5 is IV. A NEW SYSTEM PARAMETER: CHIPLENGTH
equivalent to the following inequality:

One other important observation from Fig. 3 is that

It is obvious from the discussion so far that the existence and
|Atiz 11| > 1. (30)  severity of the correlated interference depend on the value of
The implication of (30) is that the caution zones (the shadéd¢,» ;_;7|. It is observed from (44) that\tis 777l in turn,
areas) in Figs. 9 and 10 can be approximated by the area depends on two factors: the tes®,./c and the relative posi-
tween theAt;o 1 ;r = —1 and 1 lines. We know from (29) tions of the users and AEs (which are captured thraugts).
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Itis noticed that for a certain value eft,. /¢, the actual values V. PERCENT CORRELATION ANALYSIS

of s and K. do not_ m_atter. Hence, as long as th_e correlated in- In this section, we further the investigation of the spatial cor-
terference analysis is concermed, a system with 400 and o |4ti0n analysis by considering, first, two AEs with many users
R = 10 MHz, for instance, is equivalent to that with= 1000 54 then, the most general case of many AEs with many users.
and R, = 4 MHz. S _ Due to the computational complexity, however, we work with

It is well known that in microdiversity systems, in order oy, jntermediate performance metric, which we call percent cor-
attain a gain against fading, the inter-AE distance should Rgation, instead of the correlation coefficient itself.
at least a few times greater than the wavelength of the carrier,
A = ¢/ f, wheref denotes the carrier frequency [18], [21]. In A, Two AEs With Many Users
CDMA macrodiversity system, a similar quantity which we Wi"ﬁu_pé

f he “chiol h” of th di q be defi n a system withi users, for each user, we determine whether
;z?;ﬁgazt e “chiplength” of the spreading code can be defin remainingk — 1 users are in the caution zone for that partic-
WS:

ular user. By this way, we construcfax K correlation matrix,
A= Ri m (31) U = {uw}, such that

{ 1, if wy is in the caution zone fou; (32)

It will become apparent through the simulation results presented  “# = 0, otherwise.
in Section VI that the rolé plays in macrodiversity systems (in .
regards to. gain. aga?nst interfgrence) is indegd sim'ilar toxhay\r/:ar;gt%ttgr?gfgnc:e gc,)l?ts:eh}iis'c;' ’i tff: 7&1 ?rll)cees?wgvsv?lrtﬂ(;;?isnm
playg in microdiversity types (in regards to gain against fadin - the caution zone fom thénw ;11ust be in the cautionlzone
With (31)’3-}26/-6 reduces t@,/-A' For alarges/A value, the or w;. It can further bekéhown tkhat ify is in the caution zone
hyperpohc grid will be Qensgr, In other words, thg hyper'bola%dr wy, andw,, is in the caution zone fow;, then this does not
for which (s —v»)s/A is an integer (see Appendix B), will be ecessarily rrrr:ean that,, will be in the céution zone fow
closer to each other. Since the approximate caution zone is %%reforeU isas mmétric nontransitive matrix ke
area between the hyperbolad and 1, this area will be smaller. In Fi 1’5 as g[em With, — 2 and K — 10 is. ilustrated
Therefore, it is desirable to have a largé\ value. In Fig. 12, and theg;:orr,espoyndirij matri;s given ¢ __400 mandR. —
the hyperbolic grid, the actual and approximate (thicklings) caly MHz). In Fig. 15, the caution zones are not drawn.cBut if
tion ZO”?S for, are shown_ for the ca;e 6f A = 26.67, with we were to draw the caution zone fog, for instance, them.
wy location (.375,.625). This may, for instance, correspond toafﬁdm would be in that caution zone. Consequently; = 1
system withs = 800 and K. = 10 MHz. We note thatinthe | ~_ 1 and all the other entries in the 8th row of thematrix
example given in Section II-Bs/A = 13.33 (see Fig. 11). are O's.
The density and orientation of the hyperbolic grid also de- | the worst case, all of th& — 1 entries in a row of will be
pend on the AE locations in the service area. For a gyl 1.5 and in the best case, all of those entries will be 0’s. Based on

value, the density of the hyperbolic grid will increase with thg,g observation, we define the percent correlationdgr ¢,
increasing distance between the AEs. Therefore, to minimigsg follows:

the caution zone (and thus, the effects of the correlated interfer-
ence), AEs must be placed as far apart as possiblan intu- b = 1
itively satisfying resuilt. T K1
We will demonstrate this result by two examples. Fig. 13
shows the hyperbolic grid and the actual caution zone forltds worth noting that although is not equal to the correlation
system where the two AEs are in very close proximity. In thigoefficient, there is a direct relation between them= 0%
case, the approximate caution zone covers almost half of ffed 100% correspond to (but not necessarily identicapte)
service area! Fig. 14, on the other hand, shows the hyperbdligndl, respectively.
grid and the approximate caution zone for a system where the )
two AEs are far apart. As expected, the corresponding appr£<- Many AEs With Many Users
imate caution zone is much smaller. Note that for both of the Obviously, the most interesting case is the most general type
systems illustrated in Figs. 13 and k4 A value ¢ = 400 and Of L AEs with K users. We assume that the AEs are evenly
R. = 10 MHz) and thew; location (.375,.625) are the same. Placed on the service region, so that the coordinates oftthe
In the rest of this paper, the terzaution zonavill be used to AE on the unit square region can be represented by the pair

K
> ur x 100,k =1,2,..., K. (33)
=1

indicate the approximate caution zone (that is, the area between ;
the hyperbolaa\t;» ;_;r = —1 and 1), unless otherwise stated. 2[(j — 1)modv'Z] + 1 | 2 ﬂﬁ} - (34)
These results are in agreement with those presented in [1]: in 2L ’ 2/L

the limiting case of infinite bandwidthi{, — oo, thusA — 0)
the caution zone reduces to a line and the probability.dfeing

on this line approaches zero. Now, for each user, a total

f o ) = L(L —1)/2 caution
o _ _ zones exist, each of which corresponds to a particular AE pair.
IThis is true for an isolated system. If, however, there are adjacent

neighboring systems, the effect of inter-system interference on the AE Iocaticﬁberefore' th&J matrix is C(_)mpo_sed_df,(L— 1)/2 submatrices
should be taken into account. (one for each antenna pair), with siz&sx K. Consequently,
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the correlation matrix{J = {u, }, is three -dimensional with
sizeK x K x [L(L —1)/2], and 09
1, if wyisinthe caution zone fow; 08

Uy = { with respect to theth antenna pair (35)
0,

otherwise.
Such a system, for the caselot= 4 andK = 10, is illustrated
in Fig. 16.

For awy, the most disadvantageous situation will occur if
all of the remainingk” — 1 users are in all of thé&(L — 1)/2
caution zones fotv;,. Obviously, this is an event with a very low i
likelihood! Such a situation will yield /& — 1)[L(L —1)/2] 1's o2k i
in the two-dimensionalth row of theU matrix. Based on this
observationg; can be stated as

30" 40 50 80

L<L71)/2 K percent
>3 wrer x 100,
I 11 I

r=1 =1
(36) xx

— k=50 |: &
- - k=100 2
T~ K=200 | | b,

- K=400 7

04

cumulative distribution of ¢
<3
n

2

1
P = L(L—1
(K_]')(Q )

k=1,2,..., K.
We note that (36) reduces to (33) for= 2.

Rc =10 Mcps
A =30 meters
s/A =3.33

x x

L— 400 m—

Re =10 Mcps
A =30 meters
s/A =133

VI. SIMULATION RESULTS

Simulations have been run to obtain th@alues for various
combinations of the system parameters with the assumption x x
uniform user distribution. For each such combination, a totz
of approximately 40 00@ values are collected and the corre-
sponding cumulative distribution function is plotted. E

It is worth noting that if the number of users are identical in
two systems which are compared, then the users in the systt I i oI

1000 m N
Rc=10Mcps A=30meters s/A=333

with higher (lower)¢ values will experience a lower (higher) () « N " x " N
balanced mean SIR value. In order to compensate for (explo
this effect, the number of users in that system has to be reduc x x x x x x
(can be increased).
. . . . 400 400 400
Before presenting the simulation results, we would like tc I':, m—| l“‘_ m—| L__ m—|
X i X c =25 Mcps Rc = 10 Mcps Rc=2.5 Mcps
make the following remarks for the proper interpretation. Ar A= 12 meters A =30 meters A= 120 meters
s/A=333 s/A=133 s/A=3.33

increase in antenna gain by a certain factor will yield an in
.Crease In.the. mean SIR .IeV?I by the very same factor, Wh'EB. 17. Cumulative distribution function of for various s/A values:
in turn, will yield a capacity increase almost by that factor agterpretation (a) chip rate is kept constant and service region size is changed:
well. The relation between the number of AEs and the antenintgrpretation (b) service region size is kept constant and chip rate is changed.
gain, on the other hand, depends on the severity of correlated
interference—an increase by the same factor will happen onlyA ratio: 33.3, 13.3 and 3.3, respectively. Fig. 17(a) and (b)
when the spreading bandwidth is infinite as stated throughqifovide two different interpretations for the above giveti
this paper. Therefore, a capacity penalty will be incurred dylues. In Fig. 17(a)A is kept constant at 30 meters (that is,
to the presence of the correlated interference effects when #e = 10 MHz) and the size of the service region is changed
bandwidth is finite. The simulation results given in this sectiopy reducings from 1000 to 400 to 100. Note that since the AEs
do not quantify this penalty; but, they rather show the degreee uniformly placed, decreasing the service region size results
of interference, in terms of, with respect to the key systemin decreasing the inter-AE distance as well. In Fig. 17(b), on
parameters (namely, the spread spectrum bandwidth [chip rate] other hand, the size of the service region is kept constant
and the inter-AE distance which itself depends on the service (g-= 400) and A is increased from 12 to 30 to 120 m (that is,
gion size). Obviously, a hig value implies a greater departurer, is decreased from 25 to 10 to 2.5 MHz).
from the linear capacity gain. In the limiting casejo= 100%, In order to investigate Fig. 17 closely, let us assume that
there will be almost no antenna gain from using multiple AB§e number of users is fixeds{ = 50, 100, 200, or 400).
instead of a single AE. The curves in Fig. 17 confirm our expectation that for a given
) ) ) ) ) number of AEs, decreasing/A (i.e., decreasing the service

A. Percent Correlation and (Service Region S|ze)/(Ch|pIengtFQgion size while keeping the spread spectrum bandwidth fixed,

In Fig. 17, the relation betweenand A is shown by fixing or decreasing the spread spectrum bandwidth while keeping
the number of AEs to 4. Each of the three sets of curves time size of the service region fixed) yields greater correlation
this figure, labeled as I, Il and lll, corresponds to a differeriietween the interference components received at different
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Fig. 18. Cumulative distribution function ef for various inter-AE distances.

AEs. Furthermore, the increase in correlation is relatively motistical variations and a&” increases the tails of the distributions
significant whens/A is reduced from 13 to 3.3, in comparisorbecome less significant. However, the median values remain al-
to when it is reduced from 33 to 13. This suggests a nonlineaost the same in each set, as expected.
relationship betweer/A andé.

Let us reiterate one main point by considering scenarios | aBd Percent Correlation and Inter-AE Distance
[l depicted in Fig. 17(b) and by comparing them with scenarios

havi v single AE while keei Il oth The change i with respect to the number of AEs is investi-
aving only single AE while keeping all other parameters Ul g i Fig. 18 for a fixed/A value of 13.3. In a fixed service
changed. Whed. is increased from 1 to 4, there will be som

. : . . e . _tegion, increasind. means decreasing the inter-AE distance. In
diversity gain and in addition to that, some antenna gain Whl?ﬁ

) - . : R X s figure, the ratio of the number of users to AEs is also kept
is the topic of this paper. The cumulative distribution functlong0

P T nstant /L = 25).13 It is observed, as expected, thiatn-
for ¢ shown n Fig. .17 suggest that the antenna gain wil bc(?eases with the increasirdg however this increase in percent
close to 4 in scenario IK. = 25 MHz), but that gain will be

i . . : correlation is quite mild. For instance, the increase in the median
more modest in scenario I, = 2.5 MHz). However, as itwas values ofp for the L = 25 and K = 625 case, in comparison to
stated previously, the curves do not reveal the actual valuesﬂ? I — 16 andK — 400 and to thel, — 4 anéK — 100 cases

the antenna gains in those scenarios. are less than 1% and around 7%, respectively. This would mean

One other observation from Fig. 17 is the following: for 3hat the output SIR for a system with= 25 andK = 625 will
givens/A value, the effect of the number of users@is mar- only be slightly lower than that witti, = 4 and K = 100.

ginal in all three cases (I, II, and II}}. This is due to the fact 0 o1 sion from this figure is that in systems with rela-

that the user locations are taken to be two-dimensional un'foﬂvely highs/A values, even though the increase in antenna gain
random variables. Statistically, the percentage of users that ifh the increasing number of AEs will be less than linear, this

in a caution zone are determined by the size of that caution 2Qh€rease will not saturate rapidly. Therefore, there is room for

('.n percentage) In comparison to the total size of the service Sanificant capacity gains with the use of multiple AEs in such
gion. Therefore, increasing the number of users reduces the iems

120bviously, asK increases (decreases) while the other parameters remain
unchanged, the balanced SIR value that users will experience will decrease (if3We note based on Fig. 17 thatfif is varied for a giverL value, the tails of
crease) accordingly. the distribution will be affected, but the median value will not change noticeably.
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Fig. 19. Cumulative distribution function ef that shows the effects of pooling the resources.

C. Percent Correlation and Statistical Multiplexing We first analyzed the simplest nontrivial case of two AEs with

Finally, in Fig. 19, the effects of pooling the resources afWo users, in order to develop some insight into the problem
shown. In this figureA and & /L are kept fixed at 30 m and of correlated interference in the spatial domain. For this special
25, respectively, and the size of the coverage region is chan a3€, we were able to obtain the correlation coefficient as a func-
in such a way that the inter-AE distance (or the number of Ag@n of the distances involved in the service region. Hence, for
per unit area) is kept the same. It is observed from Fig. 19 i1y given user location, we were able to determine the portions of
a higherL and K pair yields a lowex) value due to statistical the service region in which other user(s) would cause correlated
multiplexing. Thus, if the maximum number of users a Systemterference to the given user; we called this region the caution
with L = 4 can accommodate is 100, then a larger service regi6fne for the given user. We then found an approximate expres-

with L = 25 (arranged in the way shown in Fig. 19) can actuall§io" (@nd an approximate caution zone) in simpler terms.
accommodate more than 625 users. Next, we investigated the most general case of many AEs and

many users. Due to the computational complexity, however, we
worked with a performance metric which we called percent cor-
relation, instead of the correlation coefficient itself. The direct
It is reported in the literature that in the reverse link of aelation between the correlation coefficient and percent correla-
CDMA macrodiversity system a remarkalilefold capacity in- tion is obvious.
crease can be attained by usib@\Es provided that the spread The results presented indicate that the distance between the
spectrum bandwidth approaches to infinity [1]. In a finite-bandAEs in interference-limited CDMA macrodiversity systems can
width system, however, the increase in capacity as a resultb&f compared against the parameter which we defined as the
the utilization of multiple AEs will be less than linear due to thehiplength ([speed of light])/[chip rate]) of the spreading code.
presence of the correlated interference effects. In this paper, thehis respect, it is observed that the inter-AE distance should
effects of the system parameters on the severity of the spalial(many times) greater than the chiplength. It can be concluded
correlated interference are investigated. Further research isthat in systems where this condition is satisfied, close to linear
quired for translating the correlated interference level into ttEmtenna gains can be achieved with multiple AEs placed as far
actual loss in antenna gain (and thus in capacity). apart as possible in the service region. We emphasize that this

VII. SUMMARY AND CONCLUSIONS
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TABLE | of Ri2(q)). The three-level normalized cross-correlation prop-
NORMALIZED CROSSCORRELATION PROPERTIES OFGOLD CODES erties of Gold codes is given in Table | [23 pp. 607—609].
Shift-Register | Code Period | Ris(q)/7 Approximate We model the normalized cross-correlation as an independent
Length, p (Length), N Frequency of Occurrence  three-valued discrete random variable with probability values
. = 9P _ — . . . .
p: odd N=2-1 _;ww L ggg equal to the corresponding frequencies of occurrence given in
2w+1/2 _ 0.95 Table I. In this case, it is straightforward to show that
p:evenandnot [ N=2P—-1 | -1 0.75
divisible by 4 —2p+2)/2 _ 1 0.125 R
26+2)/2 _ | 0.125 E <M> =-1,Vq (37)
T
i i inat i s iti E —R%Q(q) =24+1=N+2¥ 38
antenna gain achieved against interference is in addition to all 2 =2+ 1l=N+27vq (38)
types of diversity gains. If, on the other hand, the service region .
PEs ) Ri2(g)Ria(r)
size is not large enough to enable such a separation between the E 5 =l,q #r. (39)
T

AEs, then the returns in capacity (due to the antenna gain) will

not be as high. . : . .
Since the chiplength is inversely related to the spread speEcquatlonS.(37)_(39) are valid for a (sh|ft-_re_g!ster length) .
. ; ) ; . .Values which are odd, or even and not divisible by 4. It is
trum bandwidth, a wider bandwidth will enable the efficient u“bbserved comparing (37)—(39) with (12) that the probabilistic
lization of multiple AEs in a macrodiversity system, in addition panng P

to wideband CDMAs many other benefits reported in the Iiter%c?rzst_ﬁggeeg“ggrﬂgﬁl?réf dsecs)f Gold codes are not too different

ture (such as, the finer resolution of the multipath components).ltfoIIOWS from (10), (38), and (39), that when Gold codes are

How often ShOUId a W|re_zless_5|gnal be collectétis impor- used, (40)—(41) is obtained, as shown at the bottom of the page.
tant to determine a practical figure for the number of AEs t0 ) . )
Now, p12 r—rr for Gold codes can be obtained by inserting

be placed in a given service region; such a figure should con- X 9 i
stitute a practical operating point given the law of diminishin rolseilonr?s(gilv)elnni|f(11(141)6)|r;r:zd?ﬂ;QJfZes?;:cgv(gIl;I?ﬁélgn?n)fs with
returns V.V'th the Increasing num_ber of AEs "’?”d the associa +2)72 factor will dominate whe,n compared té the terms with
complexity. The main resuilt of this paper, the idea of compari (%Iy 72 factor, for largeN. It then follows that the correlation

the inter-AE distance (which is determined by the size of the °.. . . X
. . . 2 : cgefﬂment for Gold codes will asymptotically approach to that
coverage region) against the chiplength (which is determin . .
. . or, Bernoulli codes asV increases. Therefore, although (14)
by the spread spectrum bandwidth), constitutes a step toward . . :
. : . ) . hich holds for Bernoulli codes is not valid anymore for Gold
answering this question. Our hope is that further research in this : .
. S . . i codes due to (39) (i.e., althoughy r_ rr will be nonzero for the
area will result in a “spatial sampling theorem. . ’
entiret,s7-t1277 plane for Gold codes), the value pfs r—rr
outside the region given by (14) will approach to zero asymp-
totically asNV increases. In Fig. 4s12 71— is plotted for Gold
codes with¥ = 127 (p = 7) for various values of; -y, in the
In Section Il, correlation coefficient is obtained for Bernoullrange of [0, 1] and for-1 < ¢15;;7 < 2. Comparing Figs. 3
spreading codes. In this section, a similar analysis is presengul 4, we conclude that the correlation coefficient analysis pre-
for Gold codes. sented in Section Il with Bernoulli codes can be considered as a
Let Ri2(g)/7 be the normalized cross-correlation betweeclose approximation of a similar analysis with the more realistic

the spreading codes af, andw- (refer to (2) for the definition Gold codes as long a¥ is not small.

APPENDIX A
GoLD CoDEs

E (1{s;) =(N +2)7° [(tmg’ — [t2;])* + ([t125] = tmj)ﬂ +27% (t125 — |t125]) ([t125] — t12) (40)

(72 (t1ar — |t12r]) (tr2rr — |t12r7])) + 72 (b12r — |t127])) ([t12r7] — t12r7)
+72 ([t121] — tior) (brorr — |tr2r1]) + 72 ([ti2r] — t12r) ([t12rr] — ti2rr),
for [tiar]| < [tizrr] — 1,01 [tior] > [tiorr] +1;
(N +2)72 (t12r — [tr21)) (brz2rr — [tr2r1)]) + 72 (t12r — |t121]) ([t12rr] — ti2rr)
+72 ([t12r] — tazr) (brzrr — [t12rr]) + (N + 2)72 ([ti2r] — ti2r) ([tr2rr] — ti2rr),
for |ti2r] = [t1217] ; (41)
72 (t121 — |t12r])) (br2rr — |t12r7]) + 72 (f127 — [t127])) ([ti2r7] — t12r7)
H(N 4+ 2)7% ([trar] — tiar) (trorr — |trerr]) + 72 ([ti2r] — taor) ([ti2rr] — ti2r1)
for [tior] = [ti2r7]
72 (t1or — |t121)]) (t12r1 — t1211)) + (N + 2)72 (t127 — [t121])) ([t1217] — t1217)
—1—72(( |—tlg|l—| —Lt121)J (tizrr — |t12rr]) + 72 ([ti2r] — t2r) ([t12rr] — ti2m1),

\ for tior| = |t1277]| -

E (121 m2rr) =
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APPENDIX B indicated by “0” in Fig. 11), the locations of the other hyper-
THE HYPERBOLIC GRID bolas and the approximate caution zone would still be the same.
Similarly, as far as the correlation analysis is concerned, as long

In this section, a systematic way of finding the approximatg,, is'on a particular hyperbola, it does not matter where it is
caution zones on the unit service region will be presented. WER that hyperbola

assume that AE locations are fixed and given.

For a givenw; location, we calculaté,; — hyyy [refer to
(18)] and denote this difference hi;. Since “a hyperbola is
the set of all points in a plane the difference of whose distanceg1] S. V. Hanly, “Capacity and power control in spread spectrum macro-
from two fixed points is a constant” [24, p. 595], for the given diversity radio networks,IEEE Trans. Communvol. 44, no. 2, pp.

. - 247-256, Feb. 1996.
w, location, a hyperbola can be drawn for representing all the[2] H. Yanikomeroglu and E. S. Sousa, “CDMA sectorized distributed an-

points which satisfy tenna system,” irProc. IEEE Int. Symp. Spread Spectrum Techniques
and Applications (ISSSTA'98%un City, South Africa, Sept. 1998, pp.
(42) r9ener. . .
[3] D. Tang, “Fiber-optic antenna remoting for multisector cellular cell
sites,” in Proc. IEEE Int. Conf. Commun. (ICC'92yol. 1, 1992, pp.
We note that for a given AE andiI locations, there is only a 76-81.

unique hyperbola through thﬁl location. [4] M. Shibutani, T. Kanai, W. Domon, K. Emura, and J. Namiki, “Optical

. . . fiber feeder for microcellular mobile communication system (H-015),”
For an arbitraryv, location, we similarly calculatez; —/ar IEEE J. Select. Areas Commuol. 11, pp. 1118—1126ySept. (1993. )

and denoted it by)>. A corresponding hyperbola can also be (5] H. vanikomeroglu and E. S. Sousa, “Antenna interconnection strategies

drawn for representing all the points which satisfy for personal communication systemtZEE J. Select. Areas Commun.
vol. 15/7, pp. 1327-1336, Sept. 1997.

[6] J. Zander, “Performance of optimum transmitter power control in cel-
lular radio systems,JEEE Trans. Veh. Technolol. 41, pp. 57-62, Feb.
1992.

The importance of the expressioAti, ;_rr has been [7] H.Yanikomerogluand E. S. Sousa, “SIR-balanced macro power control
; ; ; . ; ; ; ; for CDMA sectorized distributed antenna systems,Pioc. IEEE 9th

discussed in Section Ill; now, we will express this expression i ; .

. Int. Symp. Personal, Indoor and Mobile Radio Commun. (PIMRC’98)

in terms of¢,; and,. From (17), (18), (26), (42) and (43), Boston, USA, Sept. 1998.

Atng_n can be written as [8] M. Andersin, Z. Rosberg, and J. Zander, “Distributed discrete power
controlin cellular PCS,Wireless Personal Commuynol. 6, no. 3, 1998.
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