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Abstract  In this paper, the capacily and the interference
slatistics of the sectors of the cigar-shaped WCDMA mi-
crocells are smdied using the hybrid mode! of propagation.
A model of nine microceliz in a metro tunnel is wsed to
analyze the uplink capacity and the inerference statistics.
The capacily and the interference statistics of the micro-
cells in metro wnnels are studied in this work for differen
propagation parameters, aniennz side lobe levels, sector
ranges and bends losses,

Kevwords WCDMA - Uplink capacity - Shadowing -
Hybrid model of propagaron

1 Introduction

WCDMA systems are characierized as being interference-
Limited, so0 reducing the interference results in increasing
the capacity. Three rechniques are normally used to reduce
the interference; power conirol (PC) which 15 esseniial in
the uplink, woice activity monitoring and sectonization
which, for instance, can easily increase the macrocell
capacity by a factor of 2.2 using three sectors. Tt is well
known that urban microcell shapes may approximarely
follow the swrect patlern amd that iU is possible w have
cigar-shaped microcells This kind of microcells can be
deploved along metro tunnels and are the subject of this
paper. The conditions that describe the wunnel cigar-shaped
microeells under this stody are

* The number of directional sectors of the cigar-shaped
microcell basg station is two and a directional antenna
is used in each sector.

» The sector has typically a range R in berween 1 and
1.5 km.

o The tain within the mnnel can reach an speed of op to
L2 kmth.

The antenna radiation pattern of the sector and the cigar-
shaped microcetl are shown in Fig. 1.

In Min et al. studied the performance of the CDMA
highway microcells. Hashem et al. studied in the
capacity and the imerference statisnics for hexagonal
macrocells using g propagation cxponent of 4.4% In [4]
Ahmed et al. studied the capacity and interference statistics
of highway cigar-shaped microcells. Ahmed et al. studied
in the capacity and interference statistics of tunpel
cigar-shaped microcells using a modified two slope prop-
agation mode]l assuming uwniform distnbution of users,
perfect power control and very high transmitted power
ignoring the effect of the thermal noise of the receiver. In

Ahmed et al. studied the capacity of the cigar-shaped
micracells sectors in a long nnel assuming uniform dis-
tobution of users, perfect powcr control and infinite
ransminted power, Ahmed el al. studied in - the capacity
of the sectors 1o leng funnels assuming uniformm distibuation
of users, imperfect power control and infinite fransmitked
power, the W-CDMA uplink capucity and interfer-
ence statislics of cigar-shaped microeells in over-ground
wain service with imperfect power confrol and finite
transmilted power have been studied. It bas been shown
that in this scenario the capacity is minimum when trains
are in the midway between the base stations. the
W-CDMA uplink practical capacity and interference sla-
tistics of rurai highways cigar-shaped microcells with
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Fig. 1 Directional autenns radistion diageam (a) and micmeell
coverage (b}

imperfect powsar comtrel and Rrite tragsmitted power hgve
been given where the two-slope model of propagation has
been used to calculate the propagation loss. In [14], the
WCDMA muoltiservice (volce and deta) uplink capacity of
highwavs cigar-shaped microcells has been studied,

In this work, we will use a nin¢ ¢igar-shaped microcells
mode] to study the capacity and interference stakisticy of
the upling in & WCDMA system where the hybnd propa-
gation model iz wsed. Here the users are not uniformiy
distributed within the microcells since they exist only
within the metro trains.

The paper has been organized as follows. In Sect. 2, the
hybrid propagaion model is given, Section 3 explains the
method to obtain the capacity and the imerference statistics
of the uplink. Numetical tesults ace presented in Sect, 4.
Finally, conclysions are drawn in Sect. 5.

2 Propuzgatlan Madel

From the measurements presentad the propagation
mode] io the tupnels can be approkimated by a tWo ar more
slopes mode] applicable in the microwave frequency range.
A hwbrd propagation model with lognorma! shadowing is
used in our calenlations. The propagation exponent until
the break point R, is assumed to be 5. For a distance r
greater than 8, the signal 15 assumed to be afennated by a
specific attenvation factor of & dB/m, In this way the path
loss is given by:

Ly (dB) =K + 10log ¥
Tlgae +Li v 8 WrsH
L. (dB} = K + 1Hog B, + riv — Ry}
+L£|n“+£-2+§1 Ifr=rR,

(1}

wilere
o K ig the attenuation at 4 distapce of 1 m,

* 5 iz the propagafion exponent until 8y,
¢ s is the specific attenuvation after £,

Signal
Powe:
dBr

n dBim

A, Rampa (m}

Flg. 2 Received power intensity profle

8 Lateer 15 the insertion 10ss through the rain windows and
are assumed to be 4 dB,

» £, 1s the mnnel bend loss, if applicable, between the
source and the ohservation point o,

« &y and £ are Gaussian random vanables of zero-mean
and standerd deviations of o and 73, respectively,

For the tunnel environment, * is the distance between the
base station of the microcell © and the mobile aod the
breakpoint distance R, is given by:

a? B
Rg. = IMBX (’: ,T) I:?ﬂ}
where ¢« i5 the wonel height, & is the wnnel width and 2 is
the wavelength,

Twpical value of §is 2 and the value of 7 is in betwesn
N0l and 002 dBfm [11] .

Figurc 2 depicts the general shape of the propagation
loss profile for the tunnel microgell,

3 Uplink Analysis

Figure 3 shows the configuration of the multi-microcelis
madel. Each microcel] cottrols the transmitted power of its
ugers. The sector range is assumed to be R, If the inter-
fering user § is at a distance r, from the ncarest base
station and at p distance ry from the miceece!l J, as shown
in Fig. 4, then the pormalized foss Ly, Fwdy d02 10 the
distznee and bends only, is given as:

s If ':rllf and Fim = Rflj then L 1;rr"rn'l- i‘I'N‘i} is

|l 1t ~Leim] 10

Litig, Fan} = W (4
¢ Iivg > Ryond ri, = Ry then L (rig fig) 15

: 1 gl 1, +Loen ] 10 _
Liru, fim) = )

1l 19108R; +nlna—Rel+Lea] 110

¢ Hry= Ryand r, = Rythen L (ryg rim) 18
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Fig. 3 Microcelis model (only five microcells are showm)
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Fig. 4 Schematic diagram of base statigns and mobiles for unnel
nricrocetls
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Lirg, fim) = l:ﬁ}
o Ifrg = R, and rig > R, then L (ri fiwd is
in':n[rh—ﬂ&]-i-ﬂhn]flﬂ

Litie: im = o R VT &)

where Ly is the bend oss betwsen the user f and the base
station /.

Now the normalized loss I dr, rod due o the dis-
tance, the bends and shadowing is given by:

Laa(rig, rim) = 10997800 (0 i} (8)
£ur and £, are given as:

Tn case of {ryand ry, = Bpdthen fy = & and §i = {10
If g > Ry and < R, then £y = §2 and & = 1.
When rma = K, and | T i then {ld' = lf| and
éim = 62'

s In case of {rp and #,, > Ry then &y =<2 and
Sim = Q2.

In order to calculate the sector capacity, we have [o
caleulate the expected value and the varance of the inter-
ference, Interference could be intracellular, due to the users
in the sector under stdy, of intercellular, doe to the psers in
other sectors,

We will divide the total imercellular interference {fippe)
inko the interference from psers in the 50 cegion (fend and
the imterference from users in the $1 region {f5;} where
these regions are shown in Fig 3. We will find the

interference at the dght sector (drawn in blank) of the
central microeell C) oassuming it to be the mieroce]]l d.
Users in the regions 30 and &1 are assumed 10 communi-
cate with the best (with lower propagation loss) of the two
nearest microcelts. Thus, users within the 51 zone will not
commueicate with the microcell onder study and their
signals will always behave as an intercellular interference.

Let the power level of desired signal received at the base
station be P, The interference from an active ustr com-
municating with the home microceil will be alsa P, A uzer
{ in the 0 region will not communicate with rhe home hase
station o, but rather with the base station s, if & (&=
Fidrim] = 1, Whets

P{E — ém;-"‘u.-"-"im}'
3 { 1, if Li{rg, i) 100 —3e) 10 2] {9)
=<0

otherwise.
Assuming a uniform density of users within the train that
has a length of L., the density of users in cach sector is
g = N /Ly vsers per unit tength, [F the activity factor of
the user is &, then for the right part of 50 the expected value
of I i5 given as;
Fig

Elfs),= xp f Li¥ia, rbnlf(r) Uir) dr {109
o -

where

£(22) = B[10%- 0 — turafrl] (A1

- E[ﬁ‘vﬁ’ﬂg[ﬁa - ?1ugm{lﬂ.{m,rm}}] (12)

where ff = (In10)/10 and £5¥) is ap indication fupction
given as

w0 = {g

Now the vaiue of ¢° is given as:

if the train exists.
atherwise,

{13)

»  When {ry and rin = Ry} then g = &y, also Ty = th
then

& =21 — Can}s {14}

where Cg, is the inter-sites (base stations) corelation

coefficient of shadowing.

s Wry=Ryand v Rporrg = Ry and by = R, then
the value of & is given by

o = (o1 — 015 + 2{1 — Cam)0102 (15)

& When (r;y and #,, = Ry then 6 = 73, 8lse o, = o2
then

ot =201 = Cam)os (16)

ix) is given by



Olx) = —= [ & iay (17)

The expected value of [y due to right part of the §1
Fegion (s given as

Elis],= xp f Lt rin) B[ 10%30/ 0| 0y (18)

¥r

The expected value of the intercellular interference from
the right side of the reglons §0 and 5! is

EYf],= E[fs],+Elis], (19
For the left part of the sector under consideration.
interference is injected through the back lobe (50 of the
antenna of the sector under consideration. Thus, for the left
part of 50 the expected value of Ty is given am

Elfsl,= & p 51 f L{ri, rim) F (:—“) Utr) dr {20
k1]

T

where S is the side lobe level {back lobe) of the direc-
tional antenna used in each sector,

The expected value of fg due to the left part of 51 is
given as

Elfsi] = wpSif f L{m,m}ﬂ[lr_‘r[‘frm“”]u[r)dr (21
£

Ther Ihe expected valve of the intercellolar interference
frem the left side of the regions $0 and $1 is

E[f),= Elfso|,+E[fn ] (22)

And the expected value of the total interference from the
left and right sides is given as

Elfliner= EI]+EI, {23)

Finally, the expected value of the total intercellular
interlerence power is given as

E['F]:iﬂl.ls= PrEm (24)

ineer
And the expected value of the intracellular interfercnce
power js given by

'E{‘Flllln.trah "I-FFNH{.] + SH]' (25}
Taking into account an Imperfecr power condro] with

standard devimtion etror of &, (dB) the {otal expected
interference power P, will be:

E[Piy] = 8 S/ BIP] yy + EVP e}

In the uplink only & £, of P, is used in the demodulation
ibeing = = 14/16 = 0.875 or &£ = 1516 = 0.9375). Thus,
the expected value of the uplink cammer-to-interference
ratic [Ty, i5 piven as

{26)

P,
1 =
E(CH),, Py 1, (27)

And the expected value of bit energy to the noise power
density (Ep/N by, is given by

[El'h"llNN:Iup = 'E{.Cflr"-}up GP {2’8}

whete &, is the basc station receiver thermal noise and &,
is the WCDMA processing gain.

For a user with a bit rate less than 15 khit's and moving
with an speed of 120 kemvh, the {(Eu/N,},, tatio has to be
TdB 1], The expected number of uysers E{N,) 15 calcu-
lated based on [285).

The fatercellutar interference varlance of fq dus to fght
part of 30 is given as

var[fm| =g f [J’U:J"uﬁ?’l'.m]]1
e ':29]

%, {p:xg (;;:) — gu?f? (:‘ji)} Lr(rdr
where

o( ) = B[00t ~ i) (30

Fim
— Fl g [2.5-:7 - g log, {1/Lisia, f‘rm”] o
p = et e
g = f'ﬁ:ﬂ.l- G

The mtercellokar interference varianee of Iy, dug to right
part of S1 is given as

var[fg |, = ¢ f [L':ﬁd.r.'p.]]z{pﬂE[{m{fr*r'n”m}z]
S1r

—g@®E? 104651 Vi) g

The intercellular interference varance of fop due o lefi
part of 50 is given as

var[fso], = pSH f [L{rid, tim)]
il

b {pﬂg (r’—d) — gaf? (ri)} Errldr
Fim Fim
The intercellular interference variance of f5, due 1o Jeft part

of 51 is given as:

vatlfs | = p SH f [L{rrd_.rm}]l{mﬁ [l[mffw‘*‘-"-}f’“f]
ST
- g2 E2 1084410 L U (riar (36)

{34)

{33}

Thus the taral intercellular interference variance doe to the
tatal region 50 and 51 is given by



vl [Tfiyer= {var{fso] +variin), } + {var{fa],+var[fs; ], }

37
The intracellular inferference variance is given by
varlf], .= Nao(1 + SH)(pe — ga?) {38)
The total variznce of the interference is calculated as
var(f],= var(f], . ¥ i (39}
The total inlerference power vartance is given by
var[Pray] = Plvasll, (40)
Finally, the cutage probability P, is calculaed s
P =0 ED), |y, o5, ~EUh |yon ()
=TT
The F factor is calculated as
_ Antercellular Interference .J'-:_EP']M=r (42)
Intracellular  Interference  ELF|
The effective interference power is given by:
[Puns) = EiProg], 5 fvar[Pag], } (43)

whvere o s the deviation factor which s o fuaction of (e
accepted outage probability. The practical value of ¢ is 2.05
ffor an oulage of 2% to 2.35 (for an owtage of 1%:).

4 Numerical Resnlts

In our estimation iF has been assumed that the WCDMA
processing gain G, = 236 (voice service), For qur caleula-
tions some reasonable figures are applied. The azimuth side
lobe level is assmined o be —15 dB, the correlation coeffi-
clent 4, =035 5=2, n=1dB1¥m ¢ = 2dB
¢a=2dB, r.=15dB, e=05375, R, =250 m and
R = 1000 m unless other values are mentioned. The train
length L. is assumed to be 60 m. We assume that the
accepted outage probability is 1% and that the capacity of the
sectors is calculared at this probability. Also it is assumed
that the hase starion anternma gain is 14 dB and that the
thermal noise is — 102 dBm for the base siation receiver.

Firstly, we study the case of the veice service assuming
a voice activiry factor of 0.67 and a maxinmum ransmited
power by the mobile of 23 dBm. Figure 3 shows the vutage
prohability of the sector for the waorst case (users within the
Irain are in the midway between hase stations), The sector
capacity is 30 voice uscrs. Figure & shows the outage
probability of the sector for the best case (users are very
near to the microcells base station), The sector capacity s
5B voics users.
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Fig. 6 Hest case outage probability of the sector

Then we study the effect on the seclor capacity of
changing ihe attenuation factor o assuming n to vary
between 1 and 2 dB/1OO0 m. These values represent the
lower and upper practical values of atlenuaben factor
Figure 7 shows the change of the worst case capacity with
tespect to 4. Weo can notice that, the sector capacity
increases when n increases.

The eflect of the sector range on the seclor capaciry, for
the worst case, is represented in Fig. § for two differcon
valugs of m. It is noticed that, for a =1 dB/1H m, the
sector capacity increases with the increase of the sector
range when it is lower than 1,500 m. For a secwr range
between (1,500 and $.000) m, the sector range is almast
constant. For a sector range higher than 4,000 m, (he
capacity reduces with the increase of the sector range. For
A = 2 dBFLOD m, the rmaximum sector capacity is obtained
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Fig. 8 Sector capacity as a function of the seclar tange £ for two
differem #

when the sactor range iz in the onder of 1.000-1,500 m.
Practical sector range is in between | and 1.5 km, which is
half the distance belween Wwo melro stations,

The effect of the side lobe level on the worst case sector
capacity 18 depicted in Fig. % We can notice that reducing
the side lobe level increases the sector capacity. ADp
amenna with side lobe level lower than - 15 4B is used,

Mow we study the case when the bend losses L, #
{ dB. We assume that there is a bend berween microcell ]
and microcel]l 2 with a loss of 3 dB. Figure 11 shows 1he
seclor performance {or the worsl case. The seclor capacity
is 36 voice users, Thus, the sector capacity will be higher
wheneyes the bend losses ncrenses.

Finalty, we study the case of data users assuming that
the bit rate is 144 kbps, the required E N, is 2.8 dB [12]
and the maxirnum raosmiied power by the Jata mobile

1) 2 L . :
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Fig. % Sector capacity as a function of side lobe level {for the wors
case}
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Fig. 10 Worst case scolor performance with Ly, = 3 4B

transmicter is 28 dBm. Figure 1] shows that the worst case
sector capacity is four dala users.

Figure 12 gives the worst case mixed capacity of the
sector when we assume simultaneous voice and data users,
It can be noticed an inverse linear relation. between the
datz capacity and the voice capacity,

Figure 13 depicts the locations of the trains for the worst
case and best case, In practice, the sustained sector capacity
is little bit more than the worst case capacily since the
probability to be in this very bad sitvarion is low.

& Conclusions

We have presented a mode! that gives the capacity
und imerference statistics of an waderground  tunael
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cigar-shaped microcells WCDMA system. The capacity of
a sector is studied vsing a hybrid propagation model with
lognormal shadowing and bend loss. The effect of the side
lobe tevel of the directional antenna has feen studied, Also,
the effect on the sector capacity of the train position is
studied where we can distinguish betwesn two extreme
cases (the best and the worst one case),
It has been noticed that

s With an antenna side lobe level of —15dB, the
capacity is almost the maximumn possible,

* For a sector range between | and 1.5 km, the sector
capacity s almost the mpximum,
Higher bepd losses increases the sector capacity,
Although resules are not given, We have noticed also
that increasing o) and o3 reduces the sector capacity.
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