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The concept of a multilayer hierarchical cellular structure is explored for handling voice and
data teletraffic in a wide area mobile radio network. At the microcells in the first layer,
special attention is paid to handoff calls through channel reservation. The second layer is a
macrocell that overlaid a number of microcells. More attention is devoted to handoff voice
call and data session through reservation and queuing at the macrocell layer. The
mathematical analysis of the proposed structure is presented and its performance is
evaluated in terms of the blocking probability and the handoff failure probability of both
voice and data traffic at the end of each layer.
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1. Introduction

Third generation systems may include
more than one layer to accommodate traffic
generated from users with different densities
in different cell sizes [1-3]. The concept of
multilayer cellular systems appears to be a
logical extension of the cellular system.
Densely populated areas are more suitable to
be covered by microcells that form the first
layer, while the macrocells (i.e., layer 2)
provide a continuous coverage of the service
area. The macrocells work as a backup to
handle overflow traffic from microcells in
addition to serving users dispersed in zones
without adequate coverage by microcells.
However, working with microcells results in an
unbounded handover. The interruption of a
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call in progress is annoying and frustrating to
the users. So, special attention has to be paid
to handoff attempts on designing a multilayer
cellular system [4-7].

An efficient design for hierarchical cellular
structure is still an open research issue. An
adaptive overflow policy is required as well as
a provision of uniform Grade of Service (GoS)
between layers. The current paper aims at
designing a more realistic multilayer cellular
system considering the number of users in
each layer and handling new and handoff
voice and data traffic between layers. A
priority is given to handoff attempts at both
layers. The GoS is measured in terms of the
blocking and dropping probabilities of voice
and data traffic at each layer. The effect of
overflow traffic is taken into consideration.
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The remainder “of this paper is structiired as”

follows: section 2 gives-a general view of the .

multilayer architecture model. The analytical
analysis of the proposed model is carried out
in section 3. The results and its discussion are
drawn in section 4. The paper is concluded in
section 5.

2. Multilayer model architecture

The proposed atchitecture of the multilayer
cellular structure is“*composed of two layers.
The first layer includes ‘'a number of
microcells, which overlaid "by an umbrella
macrocell representing the second layer. Each
microcell and macrocell has its own base
station, namely BS; and BS;, respectively, see
fig. 1. The offered traffic to the base station of
a microcell depends on the number of users
per microcell and the mobility of each user.
The microcell is allocated a fixed number of
channels, N; Each BS, is supposed to provide
service to new voice calls, handoff voice calls ,
and new data session and handoff data
session. The new voice calls, the new data
session and the handoff data session are
served by one of the (N;-vi) channels. For each
microcell, there is a number of channels,v; are
being reserved exclusively for handoff voice
calls between microcells. When all the N;
channels in a microcell are busy, there are
four types of traffic transferred to the
macrocell, these are: 1) blocked new voice
calls, 2)blocked new data session, 3)blocked
handoff voice calls, and 4) blocked handoff
data session.

Fig.1. Two layer architecture model.

L

In addition to the transferred traffic to the
mactocell, it has its own traffic'which consists
of new voice calls, new data session, blocked

handoff voice calls,”and blocked handoff data
session, see fig. 2. At this layer, priority is
given to both handoff voice calls, and handoff
data session through the reservation of vy and
dz channels out of the N2 channels for handoff
voice and data traffic respectively. If the
handoff attempt (voice or data) finds all the
channels occupied, it can be queued for a
limited time, which is the time elapsed
through the handoff area between two
macrocells. At the end of this time, the
handoff voice attempt is blocked if it could not
get a free channel. Because of the welling
desire for the continuation of handoff data
session, it will be transferred to the next
macrocell if the queuing’ time is expired
without getting a free channel.

HO data
new date
blocked new data

blocked HO dats - -

Fig. 2. Traffic arrival rate at‘each layer.
3. Analytical model

The following analytical’ model* considers
both the microcell layer and the macrocell
layer. The performance measurements at the
microcell layer is carried out by calculating
the blocking probability of both new voice calls
and new data session and the handoff failure
probability of handed off voice calls and data
session. At the macrocell layer the blocking
probability of voice calls and data session, the
dropping probability of handed off voice calls,
and the transfer probability of data session to
the next macrocell layer are calculated.

3.1. The microcell layer

The microcells are generally characterized
by small size, so the number of users can be
statistically defined. On dealing with a finite
number of users with respect to the number of
connections already in service, a more realistic
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approach is adopted through analyzing the
teletraffic model in this layer by Engset
formula [8]. We assume that the traffic offered
to any of the microcells is symmetrical, so the
analysis is focused on one of these micorcells.
Each microcell in this layer has its own fixed
number of channels, N;. Handoff voice calls
are privileged with reserving vy channels out of
the N; channels. We consider that the
microcell is of circular shape with radius Rm.
The new voice and data call origination rate in

a microcell are denoted as Ay, and A,
respectively, and are given by:

7\nvl(j) = oMy = jRijv1 (1)
And1(i) = BMy = )id1s 2)

where o denotes the fraction of M users that
generate voice calls and P = (1 - o) denotes the
fraction of M, users that generates data
sessions. The number of users M, is related to
the user density D,as M, ==R?D,. The call

arrival rate per user per unit area for both
voice and data are given by MAgpand Ay,

respectively.

3.1.1. Channel holding time in a microcell

The channel holding time of a new voice
call originated in a microcell, Tuivi, is either the
total call duration, Tmvi, of a mobile user that
completes the call within the microcell, or the
time, Tn1, spent in the microcell by the mobile
user from the beginning of the call until he is
handed over to the next microcell, whichever

is least [9]). Then Tuiv: is given by:

Thivi= min (Tumvi ,Tai), (3)

and consequently the CDF of Thiv is

Fry,1 (t) = Fry,y + Fry (1 Py, (8) - (4)
The channel holding time of a handoff

voice call, Tuni is either the remaining

message duration Twy1 or the mobile user
residing time Th; in the cell, whichever is least.

Then:

Thhv1= min(Tmv1,Thi) . (5)

The CDF of Tunwiis,

Py () = Fryy, (604 Pry, (00 -Fr, (0). (6)
In a similar approach the CDF of the

channel holding time of new data session
B, dl(t)a\nd handoff data session Fr, .. (t) are

given by :
Fryiar () = Fryg, (4 Fr, (00 - Fry,, (4), (7)
Fruna 8 = Frygay (0 + Py, (01 — Py ()« (8)

Assume that Ty, Tmdls Tnls Thy are inde-

pendent negatively exponentially distributed
random variables with mean values of;

Tyl = 1/ pmy1, TMdL = 1/ pmdrs
Tnl =1/pny, Thl = 1/ ppr-
The CDF of the average channel holding
time Fr, (t)ina microcell is given by:
Py, (0=
Bt~ P 0+ AL~ PP, )

+ A1l = Pty g (1) + At = Pt P 0]
where:

Ami1 = Apvi(l = Pay1) + Apvi(l — Pmvi)
+ And1(l = Padi1) + And1(l — Pma1)- 9)

Where Py and Pmy are the blocking
probability, handoff failure probability of new
and handoff voice calls respectively. The
probabilities Pga1 and Pmai are the blocking
probability, handoff failure probability of new
and handoff data session respectively. The
probability density function fp, (t)of the

channel holding time is given by differentiat-
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ing the CDF value. The mean value of fTHl (t) is

given by:

2 t

TH, = IthHl (t)dt
0

1 | Apvi(l-Pgyp) 4 Ahvi(l = Phy1)
Ami| KMyl +Hnl

HMVI + Hh1

A lnd1(1~PBd1)+ Ahd1(l = Pphd1) L (10)

- BPMdl tHy Mymdr FHhl
Let P,y denote the probability that a

successfully established new voice call may
need handover before completion, and
Phyi represent the  probability that a

successfully handover voice call may need
further handover before completion. These are
given by: e

Pavt = Pe{Tyy > Tuw} = (I) [1 o (t)}Tn, (t)dt

T MMyl Pnl (11)
= e Mmvify (t)dt = Mol
0 . MMyl + Hnl

o0
Phvi = Pr{Th1 > Ty} = (I) [1 g (t)]"rhl (tidt

Ty Bhi (
= [e MMvifp (tdt=—DBL 12)
0 m 4 MMl + Pl

The handoff rate of voice call
microcell is given by:

)‘hvl in a

;thl = Ayl - PBVI)anl
+ Anvi(l = Pay1)Pnyilll = Pyy1)Phyi]
+ ny1(l = Pey1)Pny1ll = Pry1)Pho1]
[ - Pray1)Pro1 ]+ ..
¢ Anvi(l - Ppy1)Povi : (13)
1 - (1 - Py1)Phva

In a similar way, the handoff rate of data
session in a microcell is,

p = —ndi0 e Pag g hput (14)
1-(1 -~ Pma1)Phai

Where Pygjis the probability that a
successfully established data session may
need handover before completion, and Phqp is
the probability that a successfully handover

data session may need further handover
before completion.

3.1.2. Performance evaluation of the microcell
layer
Let j denote the number of connections
being handled by BS; The state probability P;
of BS, is
{ Mu Ytgun +2 id1 + Ana)P
j (Aiv1 +Anva) + i + hdl)] %

Po/leJ...OSjSNl—Vl

M g ()
(j u)[[“ivl‘”‘hvl)*’()»idl + Apar) N g M vl)]

x Py /],lHlj....(Nl - )+1<ji<N,

(15)
where  py, =1/Ty, and :I‘H, is the average
channel holding time and Py is the
probability of BS, being idle, i.e.,

pel e Nli"l [Mu] [Rivi + Av) + Qs + M)
: ka1 k quk

Ny [Mu]
+ > X
k=N;-v;+1\ K

Ny~ (N, —
[(Riv1 + An) + Rign + Apg) V1 Ay <MV
d :

MH,

The blocking probability of new voice calls is,
N, My -1
Pgyy = . 2 .

_|=N1—V1 .]
Nl“’)
[(livl +Aid1) + (Ajar + 7~hd1)] x
Ahvr? ™ NVRG fpyy S, (16)

The blocking probability of new data
session, Ppq; and handoff failure probability

of data session, Pgyq; are equal to the
blocking probability of new voice calls, i.e.,
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Ppd1 = Pmd1 = Peu1 - (17)

The handoff failure probability of a
handoff voice call in a microcell Pg,y; when all

the N; channels are busy is,

P =
[Mu = 1) [(Miv1 + Apwa) + (g + a1 A" By’
N]_ qu Nl

(18)

The transferred traffic to the macrocell
layer consists of:
1. blocked new voice call rate, viz.,

m
AMiv2 = ZAnv1PBul » (19)

where m is the number of microcells overlaid
by a macrocell,
2. the rate of handoff failure of voice calls,

ie.,
m
AMmhv2 = Z AviPmvi » (20)

3. the rate of blocked new data session, which
is

m
AMid2 = X AndiPBd1 » (21)

4. the rate of failure handoff data session
which is,

m
AMhd2 = X AhdiPmhdl - (22)

3.2. The macrocell layer

The macrocell is supposed to serve large
number of users grouped from the covered
number of microcells in addition to zones
without adequate coverage by microcells.
When the number of users is large compared
to the number of channels at the macrocell,
the calls are requested randomly and are
independent of the number of busy users [9].

In this case Erlang’s loss formula is more
appropriate for handling traffic at this layer.
The new call rate in a macrocell of circular
shape and radius Rum is the aggregation of the

new voice call arrival rate, 4,,,, and the new

data session arrival rate, A

~d2» Which are given

by:
Anv2 = aMpAiy2, (23)
And2 = BMMmAig2, (24)

where the number of users in a macrocell Mwm
is related to the wuser density Dm as

My = anADM . Throughout the macrocell

layer, the handoff voice calls will refer to both
of handoff voice calls between macrocells and
blocked handoff voice calls transferred from
miceocells, and so is the case with data
session. Also, new voice calls at macrocell will
refer to both of new voice calls originated at
the macrocell and the blocked voice calls
transferred from microcells, and so is the case
with session.

3.2.1. Channel holding time in a macrocell

In a similar manner to that followed in a
microcell layer, the CDF of the channel
holding time in this layer is,

[Anv2 + Amiva)1 - anvz)]“'"rﬂivz (t)
TR (w2 + Anv2)d - Pmv2lFr;,,
Tha Amz2 [+ [(’»ndz + Mmid2)(L - 1’|3<12)}“THi =
+ [(And2 + Amna2)(1 - Pmdz)]FTHh v
(25)
where,

Am2 = (Anv2 + Amiv2) (1 = Pey2) + (Anv2 + AMhv2)(1 - Pmy2)
+ (And2 + AMid2)(1 - Peaz) + (Ahd2 + AMhd2)(! - Ptha2)-

The average value of the channel holding
time is,

TH,
(Anv2 + Amiv2)1 - Ppv2) | (hv2 + AMhv2)( - Pv2)
_ 1 HMv2 + Hn2 HMv2 + Hh2
T M2 , nd2 + Amid2)(1 - Ppaz) , (hd2 + AMhd2)( - Prhd2) :
HMa2 + Mn2 HMd2 + Hh2

(26)
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The handoff rate of voice call. and data session
are given by:

: ~ P, P,
Mg (Anv2 +Amiva)(L = Pava)Pava | (27)
1- (- Pmy2)Phy2
A (lnd2+7»M;d2)(1 PBd2)Pnd2 . (28)

1~ (1 - Pha2)Phd2

3.2.2. Performance evaluation of the macrocell
layer

To calculate the steady state probability P
of a macrocell base station let,

A1 = (v +AMivz) + (Ahy2 + Avny2)
*+(And2 +Amid2) + Ahd2 + AMhdz),

A2 = (Ahy2 +AMnv2),

A3 =(Anhd2 +AMnd2)

Ag =(Anv2 +AMhva)+ Ahd2 + AMna2)-

Then P; is given by
AlJ
it
N.Z‘VZ’dQ HNy-vo-dg)
A _ AQJJ — po. M-V —dg) +1<j<Ny —dy,
iy,
37 A2 dap Vap i-MNy-dy)
ity
ANt Asz AsA T2

Nfhy, "2 ”‘Nwﬂz ““Q)

Ry.1<j <Np-vp—dy,

Ry Np-dy) +1<jsNy,

Fy.j 2N,

(29)
where T1,-1 /no is the average queue time in

the macrocell handoff area, and Py is equal to:
N2_V2-d2 i A k
< 1

=1
P~ = i

k=1 k!sz

d2 Ay ram iy Rallgteg o dy)
+

— T
klpy,
N2 AlNz—V2—d A2V2A3k—(N2—d2)

k= Nz Vg - d2+1

* 2

k=Nj-d; +1 k!rszlf
e R NG vp d2A2V2A3d2A4k Nz
k=Ny o1 Nolpy NZ ﬂ (N2HH2+IMQ)

e

The blocking probability of voice calls is given
by:

O L (30)
Jj=Ng-vy-dj

The blocking probability of data session is
equal by definition to the blocking probability
of voice calls, i.e.

Pgdz = Pgyy - (31)

When all the Nz channels of the macrocell
are busy, the queue will be the end state for
both of handoff voice calls and data session.
The probability that these attempts will enter
the queue is given by:

: 1 AlNz—Vz—dzA2 YanSeh N
Py= S : P - (32)

. °N

=N N,y 22 g2

=72 Nplpg, N2 .Hl (Nopy, +ipg)
i=

The average number of attempts in the
queue is,

Lq = > (i-Na)P; . (33)
j=Np

The average waiting time in the queue can
be obtained from the well known Little’s:
formula, which is given by:

Lq = WAthmMm, (34)

where Ay is the aggregate rate of failure

handoff voice and data in the macrocell layers,
which is given by:

AhmM = PBv2(AMhv2 + Ahv2) + PBa2(AMnaz + Mhag)

The conditional probability that a hand-
over voice attempt that joined a queue at
position i will succeed to get a channel before
being dropped is given by [9]:

Nouy,

j=Np HQ )
R BT L R o O o (35)
o [Nzuuz + “Q:’ 1131 { [NzuH2 + 1 }( J
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The failure probability of a handover voice
attempt, Pp,yois given by:

Pmhy2 = Pq(l -Pgy) - (36)

The probability that the queued handover
data attempt will be transferred to the next
macrocell is equal to the probability that it
joined the queue but failed to get a free

channel before the time Tb is expired, then,

Pthd2 = Pmv2 - ' (37)
4. Results and discussion

For the multilayer cellular architecture
model, two radii of the microcells are
considered in order to study the effect of
microcell length on the average rate of
handoff voice and data between microcells,
and so the average rate of transferred traffic to
the macrocell. The two radii of the microcells
are 250 and 500 m, respectively. For the two
radii, ten microcells are overlaid by one
macrocell of 2.5 km radius. The traffic offered
to each microcell is served by 16 channels,
while 32 channels are allocated for each
macrocell. To study the effect of reservation on
handoff voice calls, two cases are studied. The
first is with reserving 2,3 and 4 channels in
the microcell layer, while the second is in the
macrocell layer with reserving 2,4 and 6
channels. For each microcell and macrocell,
the user densities are100 and 40 user/km?
respectively. For each of the microcells and
macrocells, the average fraction of voice users
is 0.7 and the average fraction of data users is
0.3. The speed of a mobile station is assumed
to be uniformly distributed with maximum
values of 40 and 120 km/h in the microcell
and macrocell, respectively. The average voice
call duration is 120 s, while it is 60 s for data
session duration. The mean dwell time for the
handoff voice and data attempts in the
macrocell overlapping areas (To = 1/ug) is

assumed equal to T;Q /10.

The first four figures are drawn with
reserving four channels in the macrocell layer,

two for handoff voice calls and another two for
handoff data session.

Figs. 3 and 4 are drawn with microcell
radius of 250 m. The effect of reserving 2
channels for handoff voice calls in each
microcell is clear through the significant
decrease of handoff failure probability shown
in fig. 4, compared with no reservation in fig.
3. Figs. 5 and 6 are drawn with microcell
radius of 500 m. The effect of decreasing the
radius of microcells is obvious through the
increase of the average call arrival rate of new
and handoff calls in the microcell layer, while
the corresponding one at the macrocell layer is
nearly constant.

10°

Probabilities

— PBvi
— Pt | ]
-a- PBv2
—- Piv2

w* 10 107 0
call rate per user (cal/sec./user)

Fig. 3. Probabilities vs call arrival rate at v1=0, d2=2,
v2=2, Tq=Tu/10, Ru=0.25 km.

1w’
10"
8 .
E 10 1
2
o w0 1
o
10" o POVl | {
~a- Pfiwl
—o— PBV2
—- P2
10* 10” 10 10’

call rate per user {cail/sec./user)

Fig. 4. Probabilities vs call arrival rate at v1=2, d2=2,
v2=2, Tq=Th/ 10, Rm=0.25 km.
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Probabilities

10*
cali rate per user {call/ssc.fuser)

Fig. 5. Probabilities vs call arrival rate at v1=0, d2=2,
v2=2, T¢=Tu/ 10, Rn=0.5 km.’
]

10

v

7]
g 10“2 3 3
L o
S 10 !
o
A -0~ Pivi
i ~&- Pivl | ]
—o- PBV2
—v- P2
10* 107 107 10"

call rate per user {callfsec./user)

Fig. 6. Probabilities vs call arrival rate at v1=2, d2=2,
v2= 2 Tq"‘TH/].O Rm=0. 5 Iml !

Figs. 7 and 8 clear the effect of channel
reservation on voice handoff failure probability
in the microcell and macrocell layer,
respectively. The reserved channels in the
microcell layer are 1,2 and 3 channels (as
shown in fig. 7, while 2,4 and 6 channels are
reserved in the macrocell layer (as shown in
fig. 8). It is well known that the normal voice
handoff failure probability must not exceed 10-
4 from figs. 7 and 8 we can extract the call
arrival rate per user which corresponds to
these values.

Fig. 9 indicates the values of the
average waiting time in the queue, in sec, (for
voice and data) at v; =2 channels, v,=2,3, and
4 channels, and Ru=0.5 Km. The curves of the

-9 vi=1
~g- yl=2
g ¥im3

Voice H.O. fallure prob. for microceli!

10! 0 10? 10
call rate per user (call/sec./user)

Fig. 7. Voice H.O failure prob. For microcell vs call arrival
rate atvl=1, 2, 3, d2=2, v2=2, Tq=Tu/10, Rm=0.5 km:.

10°

10t} !

10

10} 1

10 ~8- v2=2
] ~8- v2=4 3
—pe V=6

Voice H.0O faliure prob. for macrocell

10* 10? 10

call rate per user (call/sec./user)

10

Fig. 8. Voice H.O failure prob. for macrocell vs call arrival
rate at v1=2, d2=2, v2=2, 4, 6, T=Tu/ 10, Rm=0.5 km.

figure indicate the increase in the average
waiting time with increasing the call rate per
user and decreasing the reserved number of
channels. There is abrupt decrease in the
waiting time at certain point where Tq -Tu/10
where the queued voice calls will be dropped
from the queue. At this point, only data
messages will be waiting in the queue, and
this is clear from the falling down part of the
curve.
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w0
g 10" 3
z
2 | PR
g ¥
E 10’ );?3
5 | /f/
E 10° S ;{ﬁ - =2
o« —- ¥2=3
g /J . e V2A

10’ 10 10

cali rate per user {cail/sec./user)

Fig. 9. Average waiting time vs call arrival rate at v2=2, 3,
4,d2=2, v1=2, Tq=Tu/10, Rn=0.5 km.

5. Conclusions

A traffic model and analysis of a
hierarchically = multilayer cellular radio
network is considered. A more realistic

approach that considered the number of users
with respect to the number of channels in use
in a microcell and macrocell is adopted. The
model treated both voice and data and their
relatives of handoffs in both layers. Handoffs
are given priorities in order to improve the
system performance. The analysis can be used
as a tool to decide on the adoption of a
particular overflow traffic management
strategy.
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