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Abstract:
mode operations.

This paper investigates a mobile telecommunications system that supports both ad hoc and infrastructure
Based on analytic and simulation models, our study investigates how base station (BS) and ad hoc

channel capacity, and the mobility and locality of mobile st ations a ect the performance of a dual mode system. We show
that a dual mode system can signi cantly outperform a single mode (infrastructure) system when the degree of locality is
high. Furthermore, a dual mode system can support much faster mobile users with less BS channels in comparison to an
infrastructure mode system. Our study quantitatively iden ti es the threshold value for the number of ad hoc channels such
that beyond this threshold, increasing ad hoc channel capacity will not improve the performance of a dual mode system.

Keywords:  Ad-hoc, infrastructure, dual mode system.

1 Introduction

Existing mobile telephone networks utilize xed
base stations (BSs) as infrastructure to populate a ser-
vice area, in which a mobile station (MS) communi-
cates with a BS via a radio interfacé' . To increase
network capability, several studies*®! have integrated
an ad hoc communication mode with an infrastructure
communication mode for cellular systems. In the ad
hoc mode, MSs are allowed to communicate with each
other without consuming any BS radio channels. Fig.1
illustrates an example of an ad hoc and infrastructure
dual mode system. Based on the location of call par-
ties, several types of call requests are de ned. Two
types of call are de ned in the infrastructure mode:

1) Intra-BS call: where the two call parties are
within the radio coverage of a BS (Fig.1 (a)).

2) Inter-BS call: where the two call parties are
within the radio coverage of two BSs (Fig.1 (b)).

In the ad hoc mode, two types of call are de ned:

1) Short-distance call: where two call parties reside
within each other's radio coverage area (Fig.1 (c)).

2) Long-distance call: where the two call parties
reside outside of each other's radio coverage area.

A call can be connected in an ad hoc mode if it is
short-distance and an ad hoc channel is available. In an
ad hoc mode, radio coverage ranges from tens to hun-
dreds of meters (e.g. transmission range of Bluetootfl
i
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is from 10 to 100 meters). In an infrastructure
mode, transmission distance ranges from 50 meters
(e.g. DECT and PHS) to several kilometers (e.g.
GSM)1. To set up a call in a dual mode system, a
calling MS rst tries the ad hoc mode. If this fails, it
then tries the infrastructure mode.

Fig.1 A dual mode system

Various approaches have been investigated to coor-
dinate communication in dual mode systems. A multi-
hop cellular architecture is proposed in [4]. Based on
the 802.11 MAC (Medium Access Control) protocol®!,
this architecture incorporates infrastructure with ad
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hoc wireless transmission through MSs in multiple
hops. However, ad hoc transmission is limited within
the same cell within the architecture. Another archi-
tecture presented in [5] is based on the integration of
cellular infrastructure and ad hoc relaying technology.
By using ad hoc relay stations that dynamically relay
tra c from one cell to another, this approach balances
tra c loads between cells. Both [4] and [5] outline dual-
mode architectures, but have not indicated the impact
of hando between the two communication modes they
employ. In this paper, we propose both analytic and
simulation models to investigate the performance of
dual mode systems. We investigate the e ects of the
locality, of BS and ad hoc channel capacity, and of MS
mobility on the performance of dual mode systems.

2 The analytic model

This section describes an analytic approach to
model dual mode architectures. This analytic model
does not consider mobility, and serves two purposes.
First, it can be used to investigate a wireless local loop
based on a dual mode architecture. Second, it can be
used to validate the simulation model we develop in this
paper. Our simulation model accommodates MS mo-
bility. The analytic model consists of two sub-models:
i.e. an ad hoc and an infrastructure sub-model.

Based on the type of call arrival (short-distance or
long-distance), the relationship between the two sub-
models is shown in Fig.2. Short-distance call tra c is
rst piped to an ad hoc sub-model. In this sub-model,
we derive over ow tra c (i.e. short-distance calls that
cannot be accepted in an ad hoc mode). Then over ow
short-distance call tra ¢ together with long-distance
call trac is piped to an infrastructure sub-model to
compute a blocking probability Py,.

Fig.2 The analytic model

For demonstration proposes, anM M wrapped
mesh location grid topology was considered in our
study. As shown in Fig.3, each BS's radio coverage area
includesN N grids while MS's radio coverage consists
of L L grids (where BS and MS are at the center of
their covered grid). Therefore, there arek = (M=N )2
BSs in the system. For convenience, we assume that
N and L are odd numbers. In Fig.3,M =6, N =3
and L = 3. The gray areas in Fig.3 represent the radio
coverage of MSs. (Note that the radio coverage of an
MS in ad hoc mode can be either smaller or larger than
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that of a BS.) In the service area we use an ordered pair
(x;y) to label a location grid in the x-th row and the
y-th column, where 16 x;y 6 M. Therefore, a MS at
grid (x;y) is covered by BSi at grid (x%y9, where
I m [, m I m
i = L 1 M+ l ;XO: ﬂ
N N N 2
I m
0_ y
= Z 1
Y= N
In Fig.3, the MS located at grid (4, 4) is covered by BS
4 located at grid (5, 5). Without loss of generality, let
L =2t+1 be an odd number, wheret is a non-negative
integer. For a short-distance call, the distances of the
two call parties in the x-axis and y-axis should be no

more than t.

N+ —

Fig.3 The topology of a dual mode service area

An MS at (x1;Yy1) is in the radio coverage of another
MS at (X2;Y>) if

X t6 X316 Xp+tandy, t6y; 6 y,+t

If a call is connected in an ad hoc mode, one ad hoc
channel is occupied in both parties' radio coverage area.
Therefore, if the MSs at grid (5, 3) and grid (4, 4) in
Fig.3 are connected in an ad hoc mode, then one ad
hoc channel in the gray area is occupied.

2.1 The ad hoc sub-model

This sub-section describes the ad hoc sub-model.
We make the following assumptions.

Assumption 1(a). Short-distance call arrivals
form a Poisson process with an arrival rate s.

Assumption 1(b). Short-distance call holding
times have an Exponential distribution with a mean
of 1= s.

Assumption 1(c).  The locations of the call par-
ties are uniformly distributed in the service area.

Based on Assumptions 1 (a) (c), an ad hoc sub-
model can be represented by a lumped Markov chaif.
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For a discrete time Markov chain, a new lumped pro-
cess generated by combining states from the original
Markov chain is no longer necessarily Markovian. The
original process is called lumpable if the lumped pro-
cess is Markovian for every starting probability vec-
tor of the original process. The necessary and suf-
cient condition for the original Markov chain to be
lumpable is that any two states in the same group have
the same cumulative rate of reaching any other groups
of stated®. Therefore, we can form a new Markov
chain by representing a group of states by a typical one.
Each state in the Markov chain represents an ad hoc
call distribution. For a legal state in the state space,
outstanding calls within overlapped radio coverage ar-
eas must not allocate the same ad hoc channel. For a
short-distance call, a calling party may reside at one
of the M2 grids in a service area and a called party
must reside at one of theL, grids within the calling
party's radio coverage area. Because the location of
the call parties are uniformly distributed (Assumption
1(c)), the arrival rate for short-distance calls where the
called party resides at a location grid within the calling
party's radio coverage is

TENES @)
Let Cao be the number of radio channels in an ad hoc
mode. Consider a system whereM = 6;L = 3 and
Ca = 1. In this system, only one ad hoc channel is
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available, and the radio coverage of a call cannot be
overlapped with those of other calls. Therefore there
are at most M ?=L? = 4 outstanding ad hoc calls in a

service area.

De ne an ad hoc call as a short-distance call that
is connected in an ad hoc mode. There are three pos-
sibilities for the locations (Types A;B and C) of the
two call parties in an ad hoc call. Based on these lo-
cation types, the states of the lumpable Markov chain
are described as follows (see Fig.4).

f' g: There is no ad hoc call in the system.
fAg: There is one TypeA call (i.e. both parties re-

side at the same location grid). For a TypeA call, the
call parties' radio coverage is anL L squared area.

fBg: There is one TypeB call (i.e. both parties
reside at neighboring location grids).

fCg: There is one Type C call (i.e. both parties
reside at diagonal neighboring location grids).

fA; Ag:i: There are two \completely" adjacent Type
A calls (i.e. radio coverage areas for two TypeA calls
share a common edge).

fA;Agz: There are two \partially" adjacent Type
A calls (i.e. radio coverage areas for the two TypeA
calls share a common segment (partial common edge)).
fA; Ags: There are two non-adjacent TypeA calls
(i.e. radio coverage areas for the two TypéA calls share
neither a common edge or common segment).

Fig.4 The states of the lumped Markov chain (M =6;L =3 and Ca =1)
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fA;Bg: There is one TypeA call and one TypeB
call.

fB; B g: There are two Type B calls.

fA;Cg: There is one TypeA call and one TypeC
call.

fA; A;Ag:: There are three TypeA calls, which are
distributed in an \L" shape (i.e. one call is completely
adjacent to the other two).

fA; A; A gy: There are three TypeA calls, which are
not distributed as an \L" shape.

fA; A;B g: There are two completely adjacent Type
A calls and one TypeB call.

fA;A;A; A g1: There are four Type A calls, which
are distributed in a square shape (i.e. each call is com-
pletely adjacent to two other calls).

fA;A;A; A g2: There are four Type A calls, which
are not distributed in a square shape.

Fig.5 shows a state transition diagram for the
lumpable Markov chain. Some of the transitions are
described as follows.

Transition 1. f' g!f Ag. This transition occurs
if a Type A call arrives when there is no outstanding
call in the system. Both parties of the Type A call are
located at any of the 36 location grids in the system.
From (1), the transition rate is 36 ©°

Transition 2. fAg!f A;Ag:;. This transition oc-
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curs if a Type A call arrives when the system is at state
f Ag. Suppose that the call parties of the rst Type A
call reside at location grid (x; y). Then the call parties
of the new call reside at one of the location gridsX +3
mod 6, y) or (x;y + 3 mod 6). The transition rate is
20

Transition 3. fA;Ag:!'f A;A;Ag;. This transi-
tion occurs if a Type A call arrives when the system is
at state fA;Ag;. Suppose that the call parties of the
rst Type A call reside at location grid (x;y) and those
of the second TypeA call reside at (x;y + 3 mod 6).
Then the call parties of the third Type A call reside at
one of the location grids & +3 mod 6;y) or (x +3 mod
6;y + 3 mod 6). The transition rate is 2 °,

Transition 4. fA;A;AQ ' f A AA;A Q. This
transition occurs if a Type A call arrives when the sys-
temis at state f A; A; A g;:. Suppose that the call parties
of the rst Type A call reside at location grid (X;y),
those of the second TypeA call reside at (x;y +3 mod
6) and those of the third Type A call reside at (x + 3
mod 6;y). Then the call parties of the fourth Type A
call reside at the location grid (x +3 mod 6;y +3 mod
6). The transition rate is ©.

Transition 5.  fAA;A;AQ ' f AAAQ. This
transition occurs if one of the four calls is complete

Fig.5 The state transition diagram ( M =6;L =3 and Ca =1)
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when the system is at statef A; A; A; A g;. The transi-
tion rateis 4 s.

Transition 6. fA;A;AQ ' f A;Agr. Suppose
that the call parties of the three Type A calls in state
fA; A; A g; reside at location grids &;y), (x;y +3 mod
6) and (X + 3 mod 6;y), respectively. This transition
occurs if either the call where the call parties reside
at location grid (x;y + 3 mod 6) or the call where the
call parties reside at location grid (x + 3 mod 6;y) is
complete. The transition rate is 2 s.

Transition 7. fA;Ag: !f Ag. This transition oc-
curs if one of the two calls is complete when the system
is at state f A; Ag:. The transition rate is 2 s.

Transition 8. fAg ! f 'g. This transition oc-
curs if the call is complete when the system is at state
f Ag. The transition rate is s. Other transitions can
be similarly derived; the details are omitted.

Based on the state transition diagram, balance
equations are listed as (2).

If X is the number of outstanding ad hoc calls in the
system, then the stationary probability distribution of
X is

PIX =0]= P[f" q]

P[X =1]= P[fAg;fBg;fCq]

PIX =2]= P[fAJAG;fAAG; fAAGsTABG;

fA;CgfB;Bg]

PIX =3]= PFAAAGLTAAAG TAAB (]
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PIX =4]= P[FAAAA g TAA A A g] 3)
Therefore the expected numbelE [X ] of outstanding ad

hoc calls in the system is

X4
E[X]= i
i=0

PIX = il: 4)

If Pp_ad-hoc iS the blocking probability of a short-
distance call in an ad hoc mode, when the system is
steady, the arrival rate of the connected calls should be
equal to the call departure rate; that is,
EIX] s= s (I Poad-ho): (5)
From (4) and (5), we have
!

Pb_ad-hoc = 1 — i PX=1i] : (6)

2.2 The infrastructure sub-model

As mentioned in Section 1, two types of calls are
de ned in the infrastructure sub-model: intra-BS and
inter-BS calls. There arek BSs in the system, where
k = (M=N)2. Every BS hasC, radio channels. The
following assumptions are made.

Assumption 2(a). The intra-BS call arrivals to
BS i form a Poisson process with an arrival rate ;.

(36 + 144 + 144)
(2+8+1+8+24)
PIfA Ags]) +

(6 +12)

° PIf' gl= s (PIfAgl+ P[fBgl+ P[fCg])

O+ ) P[fAQI=36 ° P[f' g]+2 s (P[fA;Agi]+ P[fA;Ag]+
s (PIFA;Cgl+ P[fA/B(])

%+ ) P[fBg]=144 ° P[f' g]+ s P[fA;Bg]+2 s P[fB;Bg]

(2 °+ s) P[fCg=144 ° P[f' gl+ s PIfA;Cq]

((2+4+12)
((2+4+12)

°+2 )
042 )
(2 °%+2 )
(2 °+2 )

PIfAAG]=2 ° P[fAgl+2 s PIIAAAGl+ s (PIFAAAg]+ PIfAA;B g])
PIfA;Agi]=2 © P[fAQI+2 s PIAAAQ]+ s (PIFAAAgG]+ PAAB Q)
PIfA;Ag]=8 ° P[fAg]+2 s P[fAA;AQ]

PIfA;Ags]l= ° P[fAQl+ s PIfAAAQ]

(1+1) s P[fA;Cg]=8 ° P[fAg]+2 ° P[fCq]
(°+(@1+1) s) P[fA;Bgl=24 ° P[fAg]+6 ° P[fBgl+2 s P[fA;A;B ]

(1+1) s P[fB;Bg]=12 ° P[fBq]

(%°+@2+1) s) PEAAAQ]=2 ° (P[fAAQ]+ P[fAAQG]+4 s PIFAAAAQG]
(°+@2+1) s) PIfAAAQG]=4 ° P[fAAg]+2 PIfAAG]+4 s PIfAAAAQ)]
2+1) s P[fAABgI=12 ° P[fA;Aqi]+ ° P[fA;B(]

4 s PEAAAAGQG]= ° PIfAAAQ]
45 PIIAAAAG]= ° PIIAAAGQ]

)
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The inter-BS call arrivals between BSj and BS| form
a Poisson process with an arrival rate j; .

Assumption 2(b). The intra-BS call holding
times for BSi have a general distribution with a mean
of 1= ;. The inter-BS call holding times for BS j and
BS | have a general distribution with a mean of F j; .

We can use a stochastic process to represent the
outstanding infrastructure calls in the system. For a
system with k BSs, a state in the process is repre-
sented by a vectorn of size k(k + 1) =2, which rep-
resents the number of outstanding infrastructure calls.
Speci cally, n is expressed as

n=(mymz; smis o smi)(Myz; Mys;
M5 Mk 1K) (7)
In (7), m; represents the number of outstanding intra-
BS calls in BSi, where 16 i 6 k, and m;; represents
the number of outstanding inter-BS calls between BS
j and BS|, where 16 j<| 6 k. Obviously, for every
BS in the system, the total number of channels occu-
pied by outstanding calls should be no more than the
capacity of the BS. Therefore a legal state in the state
space must satisfy the following constraint:

X X
mj; + mi; 6 C; forl6 i6 k: (8)
1<l 6 k

2m; +
16 j<i

Inequality (8) indicates that the number of busy ra-
dio channels (2n; for intra-BS tra ¢ and mj; +

X 16 j<i
m;, for inter-BS tra c) should be no more than

1<l 6 k
the capacity C, of every BS in the system. The state

spaceS of the stochastic process i§ = fnjm; and mj,
satisfy inequality (8)g.

Let ; be the intra-BS trac for BS i and j be
the inter-BS tra c between BS | and BS|; that is,

i = L for16i6kand jy =

S for16j<I 6 k:
il
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According to Zachary!'® and Kelly™, the stationary
probability of the state n is

0 10 1
Y m; Y TT”
=gt i A B A
pM=G 1@ A@ oA
166 k 16j<l 6k
where
20 10 13
X Y mj Y mij
G= 4@ 1 A@ I__A5: (10)
oomy! . m;; !
n2s 166 k 16j<l 6k F

The second and third terms of the right hand side of
(9) are the weights contributed by intra-BS and inter-
BS trac, and G in (10) is a normalized factor which
ensures that , 2 Sp(n) = 1. In this sub-model, sta-
tionary probabilities are insensitive to the distribution
of call holding timesi®!.

The following output measures are computed by us-
ing the stationary probability p(n):

1) Pp_intra (i) is the blocking probability of an intra-

BS call in BSi, where 16 i 6 k. Let
X X
Mji + Ml
i<l 6k

Gi(n)=2m; +
16 j<i
be the number of occupied channels in BS (where

16 i 6 k) when the stochastic process is at staten.
We have

Pb_intra (l): p(n) (11)

8n 2 S;Cij(n)= C; or Cj(n)= C; 1

X

where C(n) = C, implies that all channels in BSi are
busy andCi(n) = C, 1 implies that only one channel
is available in BSi at state n. Since it requires two BS
i channels to connect an intra-BS call, an intra-BS call
request in BSi is also blocked in the latter case.

2) Po_nter (J;1) is the blocking probability of an
inter-BS call between BSj and BS |, where 16 j <
| 6 k. We have

Po_inter (J;1) =

8n 2 S;Cj(n)= Cy; or Ci(n)= C

X
p(n): (12)

Fig.6 Four call categories (L =3 and N = 3)
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2.3 Integration of the Two Sub-models

This sub-section integrates the ad hoc and infras-
tructure sub-models. Without loss of generality, the
following assumptions are made.

Assumption 3(a). The call arrivals to the system
form a Poisson process with an arrival rate .

Assumption 3(b).  The call holding times for the
system have an Exponential distribution with a mean
of 1= . In other words, in Assumptions 1(b) and 2(b),

s= i= = ,forl6i6kand16 j<I| 6 k.

Depending on whether a call is short-distance and
whether the call is intra-BS, the call can be classied
into one of the following four categories:

a) A short-distance intra-BS call (see Fig.6(a)) with
an arrival rate ,.

b) A long-distance intra-BS call (see Fig.6(b)) with
an arrival rate .

¢) A short-distance inter-BS call (see Fig.6(c)) with
an arrival rate ..

d) A long-distance inter-BS call (see Fig.6(d)) with
an arrival rate 4.

The net call arrival rate 4+ | is equivalent to the
call arrival rate for intra-BS calls. Because the loca-
tions of the call parties are uniformly distributed, we
have

=
=

at b= = T (13)

X
=~
=~

Similarly,

k (k 1) k 1
+ 4= ———= = —= 14
c d K Kk K ( )
Let s be the probability that a call is short-distance.
Then M2 L2 L2
T ERERVE (15)
Let |wa _s be the probability that a short-distance
call is intra-BS. When the calling party is at location
grid (x;y) in a cell, where 16 x;y 6 N, the gray area
in Fig.7 indicates the possible locations of the called
party so that the call is intra-BS. Let  |,va _s(X;y) be
the probability that a short-distance call is intra-BS,
where the calling party is at location grid (x;y) in a
cell. From Fig.7, we have

(Dy + Dp +1)(D. + Dr +1)
L2

whereDy =min(x 1;t);Dp =min(N  x;t);D. =
min(y 1;t) and Dgr = min( N  y;t). Therefore

PP

inra _s(X;y) =

Intra _S — intra _s(X; )

x=1 y=1
Pr[the calling party is at location ( x;y)]
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1 XN
= m Intra _S(X;Y)
x=1 y=1
1 X X (Dy+Dp +1)(DL + Dr+1)
N2 2 :
N x=1 y=1 L (16)

Fig.7 The relationship between Dy ;Dp ;D and Dr
From (13) and (14),

L2
a~— S Intra _S — W '
1 XX (Dy+Dp+1)(D.+Dr+1)
= :
N® ety L2 (17)
and
L2
c= s (1 Intra _S) = vl
M 2 |
L L% X (Du+Dp+1)(DL+Dr*1)
N Lo )
x=1 y=1 (18)

By substituting equations (17) and (18) onto equations
(13) and (14), we obtain , and g, respectively.

The blocking probability Pp_ad-noc Of a short-
distance call in an ad hoc mode is derived by using
the ad hoc sub-model (see (4)), whereg = s (see
(15)). As illustrated in Fig.2, the tra c to an infras-
tructure mode consists of two parts:

Part 1. Short-distance calls that over ow from an
ad hoc mode. The call arrival rates from this part are

a Pb_ad-hoc (forintra-BS calls) and . Pp_ad-hoc (fOr
inter-BS calls).

Part 2. Long-distance calls with call arrival rates

p (for intra-BS calls) and 4 (for inter-BS calls).

From Assumptions 1(c), 3(a) and 3(b), all BSs see

the same intra-BS call arrival rates |nwa = i for
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16 i 6 k, and the same inter-BS call arrival rates

nter = 1 forl16 j<I 6 k. Therefore, we have

a Pbad-hoc* b

Intra
" k ”
X4
a 1 _ i PX=1i] +
_ i=0
k
" #
m2 X
a 1 — Tz— | P[X = |] + b
- i=0
k
and
_ ¢ Poad-hoc+ d
Inter k
n 2 #
m2 X
c 1 — Tz— | P[X = |] + d
- i=0
k
2

Since the blocking probabilities for all BSs are the
same, we use the notationPy jnra = Ppntra (i) for
16 i 6 kand Ppinter = Polnter (1) for 1 6 j <

| 6 k. Both Pp_ntra and Pp_iner are derived by using
the infrastructure sub-model (see (11) and (12)). From
which the blocking probability Py, of the dual mode
system can be computed as

I::'b_l ntra Intra k+ I::'b_l nter Inter 2

Pb:

The above analytic model is used to validate a dis-
crete event simulator we implemented in this work. Un-
der various o ered loads, the blocking probabilities Py
computed from the analytic analysis and simulation are
listed in Table 1, which indicates that the analytic and
simulation results are consistent.

3 Numerical results

Based on the simulation model, we investigated the
e ects of the input parameters on the incompletion
probability P,c. In numerical examples, we considered
a dual mode system whereM =9;N =3 and L =3.
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Fig.8 plots P,. as a function of BS's capacity C
and the locality probability . In this gure, =10
and =2 Following the study in [13], Co = 30
for an ad hoc mode. Fig.9 indicates the trivial result
that P, decreases ax, increases. The Figure also
shows that when is increased,P,. for a single mode
(i.e. infrastructure mode) system increases, butPy
for a dual mode system decreases. For an infrastruc-
ture mode system, increasing impliesthatthenumberof
intra-BS calls is increased. Since an intra-BS call con-
sumes two radio channels in one BS at the same time,
an intra-BS call setup is more di cult than an inter-
BS call setup. Thus Py increases as increases. On
the other hand, for the dual mode system, increasing

implies that the number of short-distance calls is in-
creased. Since short-distance calls are likely to be con-
nected in an ad hoc mode, the o ered load to an infras-
tructure mode (i.e. for BSs) is decreased. Thu®,. de-
creases as increases. The Figure clearly indicates that
when C; = 6, the dual mode system signi cantly out-
performs the single mode (infrastructure) system for
all  values. In this particular experiment, we observe
that when =0:1, the dual mode system withC, =6
has the same performance as the single mode system
with C; = 7. When = 0:5, the dual mode system
has the same performance as the single mode system
with C; = 9. Our model quantitatively shows that the
dual mode system signi cantly outperforms the single
mode system when the degree of locality is high.

Fig.8 Theeectof C;( =10 and =2 )

Fig.9 plots Pn. against the number C5 of ad hoc

Table 1 The blocking probabilities P, under various o ered loads (M =6;N =3;L =3;C, =6;Ca =1and =0)

= 6 7 8 9 10

Py (analytic analysis) 0.074710 0.110210 0.148325 0.187066 0225079

Py (simulation) 0.075723 0.111927 0.149234 0.188007 0.2280%
Error (%) 1.3559 1.5579 0.6218 0.5030 1.3315
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channels. In this Figure,Cl =6, =10 and =2
The Figure indicates the trivial result that P, de-
creases aCa increases. We observe that there exists
a threshold point C, such that beyond this point, in-
creasingCp does not improve performance. In Fig.9,
Cy,=2for =0,and C, =4 for =0:5. For this
non-trivial phenomenon, our model can quantitatively
identify the C, values.

Fig.9 The eectof Ca( =10 , =2 andC, =6)
Fig.10 plots P,c as a function of the o ered load

. In this Figure, =0:5, =2 andCp =30
in an ad hoc mode. It is apparent that P, increases as
o ered load increases. Suppose that the system is engi-
neered atP,. = 2%. If C; = 6, the dual mode system
can carry 130% more tra c load than an infrastruc-
ture mode system. Similarly, a dual mode system with
C, =6 can carry 40% more tra c load than an infras-

tructure mode system with C, = 8.

Fig.10 Theeectof ( =0:5and =2 )

Fig.11 plots P, as a function of = . In this Fig-
ure, =0:5, =10 andCa =30in an ad hoc mode.
This Figure shows that P, increases as increases.
This phenomenon has been observed and explained in
our previous studyi*¥, and will not be elaborated upon

here. Fig.11 also indicates that when = 2:5 | the
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Pnc for the dual mode system C, = 6) is the same as
that for the infrastructure mode system (C, =9) when
= 0:5 . In other words, a dual mode system can
support much faster mobile users with less BS chan-
nels when compared to an infrastructure mode system.

Fig.11 Theeectof ( =0:5and =10 )

Fig.12 illustrates the e ect of a MS residence time
distribution. We consider a Gamma residence time dis-
tribution, which has been widely used in cellular system
studied! 3151 For the same mean residence times of
location grids, we observe the e ect of variance for
the Gamma residence time distribution. Fig.12 plots
P.c as a function of , where =10 , =2 ,C, =6
and Co = 30 in an ad hoc mode. We observe that
Pnc is an increasing function of the variance , and Py
becomes insensitive to the variance when 6 1= 2.

Fig.12 Theeectof ( =10 , =2

Ca = 30)

,C, =6 and

4 Conclusion

This paper has studied a mobile telecommunica-
tions system which supports both ad hoc and infras-
tructure modes. Based on analytic and simulation
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models, our study has investigated how the BS and ad
hoc channel capacity, and mobility and locality of MSs
a ect the performance of a dual mode system. Several
results have been observed:

1) A dual mode system signi cantly outperforms an
infrastructure mode system when the degree of locality
is high.

2) A dual mode system can support much faster
mobile users with less BS channels in comparison to an
infrastructure mode system.

Our study quantitatively identi es the threshold
value for the number of ad hoc channels such that be-
yond this threshold, increasing the ad hoc channel ca-
pacity will not improve the performance of a dual mode
system. Therefore this paper provides useful guidelines
for the engineering of dual mode systems.

As a nal remark, we point out that a dual mode
system can be e ectively implemented. Speci cally,
such a system integrates both ad-hoc and infrastruc-
ture networks without incurring signi cant overheads
because the channel allocation procedures of the orig-
inal modes are reused. When channel allocation for
one mode fails, the channel allocation procedure for
the second mode is then triggered. Therefore, the ma-
jor management cost of a dual mode system is to de-
termine when to trigger the second channel allocation
procedure. It is clear that this extra cost is negligible
when compared to that in a standard channel alloca-
tion procedure.
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