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Architectures and Connection Probabilities for Wireless
Ad Hoc and Hybrid Communication Networks

Jeng-Hong Chen and William C. Lindsey

Abstract: Ad hoc wireless networks involving large populations of
scattered communication nodes will play a key role in the develop-
ment of low power, high capacity, interactive, multimedia commu-
nication networks. Such networks must support arbitrary network
connections and provide coverage anywhere and anytime. This
paper partitions such arbitrarily connected network architectares
into three distinct groups, identifies the associated duval network
architectures and counts the number of network architectures as-
suming there exist N network nodes. Connectivity between net-
work nodes is characterized as a random event. Defining the link
availability p as the probability that two arbitrary network nodes
in an ad hoc network are directly connected, the network con-
nection probability fn(p) that any two network nodes will be
directly or indirectly connected is derived. The network connec-
tion probability f (p) is evaluated and graphically demonstrated
as a function of p and N. It is shown that ad hoc wireless net-
works containing a large number of network nodes possesses the
same network connectivity performance as does a fixed network,
ie, for p > 0,limy_ o fn(p) = 1. Furthermore, by cooperat-
ing with fixed networks, the ad hoc network connection proba-
bility is used to derive the global network connection probabil-
ity for hybrid networks. These probabilities serve to characterize
network connectivity performance for users of wireless ad hoc and
hybrid networks, e.g., IEEE 802.11, IEEE 802.15, IEEE 1394-95,
.ETSI BRAN HIPERLAN, Bluetooth, wireless ATM and the world
wide web (WWW),

Index Terms: Network architecture, wireless ad hoc and hybrid
networks, network connection probability, link availability, net-
work connectivity, master node, slave node

I. INTRODUCTION

Ad hoc wireless communication networks are becoming pop-
ularized by numerous applications and by the pervasive desire
for wireless connectivity anytime and anywhere [1]-[5]. This is
further driven by the fact that a plethora of wireless communica-
tions devices (palm pilots, mobile phones, e-tag, active badges,
and laptop PCs, etc.) and services will soon characterize the fu-
ture wireless information society. In this context, wireless home
area networking (WHAN) and wireless small office-home office
(SOHO) networking are creating new applications for global
wireless communication industries. Standards such as the IEEE
802.11, ETS/BRAN-HIPERLAN II, IEEE 1394-95 and Wire-
less ATM are essentially mature [6]-[12]. In this regard, the
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Fig. 1. Ad hoc and hybrid networks.

industry is working hard towards their implementation such that
all users can benefit from pervasive wireless connectivity.

Ad hoc mobile networks can be made to work with fixed
wired and/or wireless networks creating what is called hybrid
networks [6], [13]. The major motivation for hybrid networks
arises from the fact that no one technology or service can pro-
vide ubiquitous coverage or pervasive wireless connectivity any-
time and anywhere. Hybrid networks involving wireless focal
area networks (WLANS) are also of great interest where infras-
tructure costs and world-wide connectivity are issues [10]-[13].
Such applications include metropolitan areas where dense pop-
ulations are involved, e.g., in wireless ATM (WATM) networks,
in PCS cellular networks and in SOHO/WHAN enterprise appli-
cations, Hybrid networks are also useful in extending the reach
of the Internet. Additionally, such networks can be deployed in-
stantaneously; as such they have applications in the digital bat-
tlefield, in emergency rescue operations, on university campuses
and in large-scale conferencing situations where a large portion
of the network nodes are mobile.

Fig. 1 conceptually illustrates the architecture of both ad hoc
and hybrid networks. By introducing multi-hop communication
protocols, coverage, and connectivity beyond that offered by the
basic service set (BSS) can be achieved among various wire-
less product clusters [14]-[16]. By introducing ‘access points
(APs) into the network architecture, ad hoc networks can be
connected to core networks. Use of such architectures further
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Fig. 2. Global connectivity of ad hoc networks via fixed network infrastructures.

extends the coverage region. Hence, APs serve as connect-
ing bridges to other BSSs and to core networks, e.g., IP, ATM,
UMTS, and IEEE 1394-95. In this way, BSS connectivity can
be extended to provide coverage to extended service sets (ESSs)
[71-19]. Fig. 1(b) illustrates the concept of an ad hoc network
where multiple communication hops are required in order to in-
sure connectivity between two ad hoc wireless networks.

In hybrid networks, the transmission range between BSs and
MSs are both reduced by 1/n of the range accommodated in con-
temporary single-hop cellular networks; here, n is defined as the
transmission range reduction factor [14], [15]. The analysis re-
sults in [14], [15] demonstrated that the throughput of multi-hop
ad hoc networks is superior to that of single-hop networks and
increases as the transmission power decreases. This is because
the average hop count increases on the order of n while the aver-
age number of simultaneous transmission connections increases
on the order of n squared. In addition to increased throughput,
there are other advantages of multi-hop ad hoc networks; viz.,
(1) the number of APs (or BSs) or the transmission range can be
reduced, (2) connections are still allowed without APs (or BSs),
and (3) paths are less vulnerable in ad hoc networks because
the APs can help reduce the hop count [14], [15]. In this pa-
per, we provide a precise mathematical definition for hybrid and
ad hoc network architectures and characterize and graphically
study network connection probabilities for both architectures.

II. NETWORK CONNECTION PROBABILITY

An arbitrarily connected network is defined in [16] and three
levels of network partitions for ad hoc and hybrid networks are
demonstrated. This includes: (a) connecting networks (fixed net-
works) (b) the master, network infrastructure (NI), and sink
groups of nodes, and (c) irreducible subnetworks. In order to
investigate network connectivity, the link availability p is de-
fined as the probability that two arbitrary network nodes are con-
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Fig. 3. Dual network architecture concept.

nected. For a network containing N network nodes, an event
En of great interest is defined as a set of all network connec-
tivities (outcomes) such that all network nodes are directly or
indirectly connected. The probability space for this probability
experiment is therefore defined as S = En U En where Ey is
the complement set of E.

For an N-nodal network, the network connection probability
is defined as the probability that all network nodes are directly
or indirectly connected, i.e., Pr(En) = fn(p) for a given link
availability p. Furthermore, the concept of global connectivity
via fixed network infrastructures and ad hoc networks is illus-
trated in Fig. 2. Herein two arbitrary users in different ad hoc
networks also can be connected via the fixed network infrastruc-
ture. Such a network is called a hybrid network. Aside from the
network connection probability fn(p), the global network con-
nection probability for hybrid network composed of fixed and
ad hoc networks is also of interest. One purpose of this paper is
to characterize these probabilities as a function of the link avail-
ability p and the number of network nodes V.

III. DUAL NETWORK ARCHITECTURES

A dual network architecture is obtained by reversing the di-
rections of communication on the transport links in the original
network [16]. In practice, communication systems employing
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Fig. 4. Possible network architectures for a three-nodal ad hocly con-
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Table 1. Total number of possible architectures for A, A'N, and A'I:,.
Total Number of | Connection Relations
Architectures Between Arbitrary
Network Nodes ¢ and j
Case I: iAjandj A i,

Ay =4NWN=D/2 | 235 4 jand j — 4,
Ji—jandj A,
4): — jand j — 4.
DiAjandj £,
2)iAjandj — i,
3)i—> jand j A .
DiAjandj A,

2)i— jandj — i.

Case II:
A}v — gN(N-1)/2

Case III:
A’]’v — 2N(N—1)/2

either Frequency-Division Duplexing (FDD) or Time-Division
Duplexing (TDD) can be considered as examples of dual net-
work architectures. As shown in Fig. 3, the forward links and
reverse links form a pair of dual network architectures. This
pair of dual network architectures can be considered as a duplex
FDD or TDD system with two simplex architectures; the mas-
ter group of nodes and the sink group of nodes are two sets of
communication terminals.

The connecting relations between two nodes were defined and
summarized in [16]. Table 1 summarizes the total number of
achievable architectures for Cases I. II. and IIL.
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Fig. 5. Venn diagram illustrating architectures for Cases |, If, and ili
(An, Ay, and A%).

A dual network architecture exists for any arbitrarily con-
nected network. If the original network architecture is a connect-
ing network, its dual network architecture is also a connecting
network. Since the network nodes are distinct, the dual network
architecture is another distinguishable architecture if there exist
arbitrary nodes ¢ and j which are one-way connected [16]. Be-
cause of the symmetry of the connections in Case 111, the dual
network architecture has the same architecture as the original
network architecture. Therefore, there are (Ay — A ) archi-
tectures whose dual network architectures are distinguishably
related to their original forms.

A special property is found for Case IL. Suppose that two ar-
bitrary nodes are either one-way connected or not connected in
any simplex system. One observes that there are %(A'N -1
pairs! in Case II. The architecture which contains no connec-
tions (plesiochronous network) is the only architecture which
has no distinguishable dual network architecture as shown in
Fig. 4. In addition, the plesiochronous network is the intersec-
tion between Cases II and III. A Venn diagram for Cases I, 11,
and Il is illustrated in Fig. 5.

IV. COUNTING THE NUMBER OF NETWORK
ARCHITECTURES

It is shown in [16] that an arbitrarily connected network %
is the union of L isolated connecting networks (3 = UiL:1 ;).
The number of possible network architectures in which all net-
work nodes are directly or indirectly connected is defined as C'y.
The number of possible network architectures for % in Cases I,
I1, and Il is given by

N YIS

L=1 (£{LNi=N1<N;<N)

1
J—————][¥n YN, - Y
V1!I/2!I/3!"~VN!][ Ny I Ny NL]}?

[ Nt ]
NiINot-- - Np!

(1)

where (X;,Y;) = (Ai, Ci) or (4;,C;) or (4], C;) which is de-
fined in (1) and (2) from [16] for Cases I, II, and I1I respectively,
N; is the total number of nodes in %;, Y}, is the total number of
possible network architectures for a connecting network having

In Case II, the number of possible network architectures AIN is an odd num-
ber.
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Table 2. Distribution of possible network architectures for an arbitrarily

Table 3. Some specific values for Ay, Cy, Ay, Cy and their ratios in

connected network B3 containing N = 6 nodes. Cases Il and Ill.
Number of Possible N Case II
Network ArchlyectureS Ay Cy Cy/Ay | Ay_1/Ax | Cn_1/Cn
for s as a Function of L. 1 1 i 100% - —
L | Ni,Na,--- Ny | A, =14348907 | A, = 32768 7 3 7 66.67% 3333% 50.00%
3 LTI 1 1 3 27 20 T4.07% 11.11% 10.00%
5 LILL12 30 15 ) 729 624 85.60% 3.70% 3.21%
a LI,1.3 200 30 5 50049 55248 93.56% 1.23% 1.13%
1,1,2.2 180 45 6 | 14348907 | 13982208 | 97.44% 0.41% 0.40%
3 1,1,4 9360 570 N Case 111
1 2 24 240 T T L2 AR 2 Tr T o2 TY
2'22 1203) 15 Ay Cn Cn/An | Ay 1 /Ax | Cn_1/CN
) 1 1 1 100.00% — —
2 LS 331488 4368 ) 2 1 50.00% 50.00% 100.00%
24 18720 570 3 8 7 30.00% 25.00% 25.00%
3.3 4000 160 ) &4 38 39.38% 12.30% 1053%
1 6 13982208 26704 3 1024 723 71.09% 6.35% 55%%
[ 37768 26704 81.49% 3.13% 2.73%

k nodes, and v; is the number of connecting networks 3%; in 3
which have node number j,1 < j < N. Finding the number Yy
directly is a difficult problem and there appears to be no closed
form for Y. An easier way to specify Yy is to use a recursion
method starting from Y7 = X; = 1. Since the number Yy is a
special case of Xy when all N nodes are directly or indirectly
connected (the case L = 1), one can readily show from (1) that
if N > 2, then

N AT
Yn =Xy -3 { > R
L=2 (3L N;=N,1<N;<N)
1
‘[m][YNIYNQ'”YNL]}- 2

By using (2) recursively, Y is characterized in terms of Xy
and Y;, ¢ = 1,2,.-- N — 1. Several examples of the distri-
bution of possible network architectures in an arbitrarily con-
nected network containing N = 2,3, -- - , 6 nodes as a function
of L =1,2,---, N, are provided in Tables 2 and 3. Examples
for Case I are provided in [16].

All possible architectures in an arbitrarily connected network
containing NV = 3 nodes are illustrated in Fig. 4. The architec-
ture in the top-left-hand corner for Case II or Case III is the only
architecture valid for L = 3. Architectures for L = 2 are in-
dicated by the dark blocks. The remaining architectures are for
L=1.

Tables 2 and 3 demonstrate that the case L = 1 contains most
of the total number X y; of possible network architectures. When
the total number of nodes N approaches infinity, one readily
notes from (2) the interesting limiting ratios:

!

o,
!

. c . c .
limy 0 ﬁ =limy— oo Zif =limy 400 A= 3)
1 H
. . A . A
Hmpy o0 45 = My oo 5K = Imy oo 2F =0, (4)
AN Ay Ay
VI<KK<N-1,
c b 4 Cl C//
my o0 & = My soo G =My oo =0, (5)
N N

VI<K<N-L

A conceptual diagram used to demonstrate (3)—(5) is shown
in Fig. 6. Suppose that forall K,1 < K < N, thecase L =1
contains most of the Xy = a’¥(¥~1)/2 possible architectures
(Yn/Xn = 1); where a =4, 3, and 2 for Cases I, II, and III,
respectively. Suppose that the (N + 1)** node is added to this
N-nodal network, there are Yy x a”¥ and (Xn — Yy) x ¥
architectures produced from Group 1 and Group 2, respectively.
Therefore, the possible number of architectures containing (N +
1) nodes is given by

Xng1 =YnaV + (Xn - Ya) dV = Xy o = oV +H1IN/2,

(6)
Furthermore, an { N + 1)-nodal connecting network is produced
from Group 1 unless the (N + 1) node is not connected to
all N nodes. Therefore, produced from Group 1, there are at
least Yy (a® — 1) connecting networks and Yy non-connecting
networks. Similarly, there are (X — Yx)a” architectures pro-
duced from Group 2. Therefore, the ratio of the number of con-
necting networks to non-connecting networks in an (N + 1)-
nodal network is

Number of connecting networks Yn{a™¥ -1) Nooo

Number of non-connecting networks = Yy +(Xn—Yn)a¥

@)
Therefore, the probability that one obtains a new connecting net-
work containing (N + 1) network nodes approaches one as N
approaches infinity.

The implications of (3)-(7) on network architecture is dis-
cussed as follows: From (5), one observes that by adding one
network node to the original network architecture, one has many
more options to choose from the new network configuration and
hence network performance can be optimized. From (7), once
a network node fails (disconnected from all other nodes), it is
highly probable that the remaining network architecture corre-
sponds to a new connecting network.

V. NETWORK CONNECTION PROBABILITIES FOR
AD HOC WIRELESS NETWORKS

An interesting question involves determining the network
connection probability fn(p) in an N-nodal ad hoc wireless net-
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Fig. 6. Conceptual digram demonstrating (3)-(5).

work. For simplicity, the link availability p is assumed to be a
fixed constant in the interval {0,1]. For a network with a large
number of nodes NV, this assumption is questionable since the
network nodes which are close to each other may have larger
link availability. However, we shall later see that the value of
p is not a critical factor as long as it is non-zero when N is
very large. If the probability p is equal to or greater than 0.5,
then from (3), it is highly probable that all nodes are connected
directly or indirectly; especially, for a large N. In probability
theory, if one randomiy connects each of the N (/N — 1)/2 pairs
of network nodes with probability p, there are 2V(N=1)/2 out-
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Table 4. [ (p) = aop?(1 —p)V VU2 4 agpl(1 — p)N VD27
+___+pN(N—1)/‘2

The coefficients ag, a1, a2, -
1

0,1

0,0,3,1

0.0,0,16.15.6,1
0,0,0.0,125,222,205,120,45,10,! !
0,0,0,0,0,1296,3660,5700,6165,4945,2997,1365,455,105,15,1
0,0,0,0,0,0, 16807,68295,156555,258125,331506,343140,
290745,202755,116175,54257,20349,5985,1330,210,21,1

AN (N=1)/2

N | | Wl 1] =i Z

18 | .-+, 714087120763134175370088434951088453946703872,
732890586455815716102878271253691423803834368,
732899854765267971940293413975585746340282368,
714114680257758622535887348643709595473149952,
677962299457289879507791552238707829072986112,

-+ -, 654045930, 21947850, 585276, 11628, 153,1

comes (network connectivities) as discussed earlier. A special
event En is defined as that event where all N network nodes are
directly or indirectly connected and the ad hoc network connec-
tion probability is defined as Pr(En) = fn(p). Using (2), this
probability can be derived recursively and shown to be given by
(8) as shown at the bottom of this page. The first term includes
all 2NV(N=1)/2 possible connectivities of an N-nodal network
and the last term (1 — p)V(V-1)/2- 3= Ni(N;=1)/2 jndicates
that there is no connection between isolated subnetworks [16].
Examples are found in Table 4. From Table 4, if the total num-
ber of connections in an /N-nodal network is less than N, it is
not possible to form an N-nodal connecting network. On the
other hand, if the total number of connections is greater than
(™), then an N-nodal connecting network is a certain result
with probability one. The coefficients of fn(p) grows exponen-
tially and it is not possible to find the coefficients from search-
ing all exhaustive 2V(N—1) possible connectivities. However,
the probability that all network nodes are connected for small p
and large IV is of primary interest and the results obtained from
computer simulation is provided in the next section.

VI. DISCUSSION AND SIMULATION RESULTS

Several computer programs have been developed to count the
coefficients which characterize the network connection proba-
bility f~(p). The exhaustive search for all 2V(N=1)/2 connec-
tivities is limited to N = 6 by using Matlab softwareand N = 9
by using the C program on a Pentium 300 MHz personal com-
puter. By applying (8), one is able to find these coefficients up
to N = 18 from the recursive method using the C program. Un-
fortunately, for V = 19, all coefficients are found to be infinite

N(N-1)/2 N
N(N -1)/2 1) /o— N!
fn(p) = Z ( ( k ) )Pk(l—P)N(N D2k~ Z Z [Nl!Nzl---NL!]
k=0 L=2(T L | Ni=N,1<N;<N)
1 L ) 13/
1w ) s (9) -+ five (0)] X (1 = p) V=D 2 =2 WU 2D/ (&)

n'lvlg!- - un!
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Table 5. The unique real root of dﬁ;,[fN (p)]in[0,1]for N =3 to

N =18.
N p* N p* N p* N *
3 ] 050000 | 7 | 030761 | 11 | 0.22598 | 15 | 0.18195
4 | 043195 8 | 0.28140 | 12 | 0.21265 | 16 | 0.17386
51038019 | 9 | 025970 | 13 | 0.20106 | 17 | 0.16690
6 | 0.33982 [ 10 | 0.24148 | 14 | 0.19090 | 18 | 0.16019

when using the computer program since they exceed the max-
imum number a variable can store?. The network connection
probability fx (p) is illustrated in Fig. 7 for various N from two
to 18. By increasing the number of network nodes N, the net-
work connection probability fn (p) approaches one with smaller
p. This indicates that, although the connecting probability be-
tween two arbitrary nodes (p;;) is small, the probability that
all network nodes are directly or indirectly connected is highly
probable if IV is a large number.

The limiting case (when N approaches infinity) is of great
interest but it is very difficult to find the relationship between
N and p using the computer for N > 50 ( 225%49 connectivi-
ties). Two approaches are suggested. First, one can use the C
program trying to store a real number of more than 8 bytes. For
example, by defining a data type which has 10000 bytes, one can
store a real number of up to 2800% This approach may be able
to be used calculate the coefficients for N > 100. However,
it becomes extremely time-consuming when /N becomes large.
In addition, when plotting the function fx(p) for small values
of p, round-off error is unavoidable. For example, suppose that
N is 20 and pis 10~2, the first term of fn (p) is (1 — 1072)190,
This increases the difficulty in plotting fn (p) with accuracy and
finding the relationship between fn (p) and p for large values of
N. An alternative suggestion is to find a known function i (p)
which is a close approximation to the function fx(p) and take
the limit as NV approaches infinity. It is the authors’ conjecture
that as IV approaches infinity, the function fn(p) approaches a
step function with the transition point at p = 0t. If this con-

2n the C program, double precision which is using 4 or 8 bytes to store a real
number is the variable type containing the largest memory.
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Fig. 9. Second derivative of network connection probability fx (p) for
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jecture is valid, this may explain a rule of nature. In nature,
cells, particles, and even atoms are connected in a large numbers
on the order of 10?3, Although the link availability (strength
of connection) between two arbitrary nodes is extremely small
(10~%,k >> 1), the “nodes” have a tendency to be connected
when N is extremely large.

From Fig. 7, one observes that the network connection prob-
ability fn(p) increases slowly when p is small and increases
rapidly after p is larger than a certain inflection point px. In
the limiting case, it is the authors’ conjecture that this certain
point px is 0" when N approaches infinity. The curves for the
first and second derivative of the network connection probability
fn(p) are illustrated in Fig. 8 and Fig. 9. It is interesting to find
that, although fn(p) is a polynomial with degree N(N — 1)/2
and with coefficients as large as (V¥ ;1)/ %), the second deriva-
tive of fx(p) has a unique real root px between 0 and 1 for
3 < N < 18. Table 5 shows the values of p* for3 < N < 18
which are solved by software Macsyma with 10~ precision.
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One observes that the inflection point p* of fn(p) decreases
with values of increasing N. It is authors’ conjecture that the
inflection point p* of fy(p) is 0T as N approaches infinity. In
other words, if the link availability p is larger than p*, nodes are
more probable to be connected with a large numbers of nodes;
if the link availability p is smaller than p*, all nodes are more
probable to be connected when N is small.

A. User Connection Probability for Ad Hoc Wireless Networks

It is envisioned that ad hoc networks will be required to
support network dynamics with random connections (in time
and space) for thousands of scattered mobile terminals with
and without fixed (wired or wireless) network infrastructures.
Therefore, the network connection probability fn(p) can be
used as the metric to indicate “user connection probability” for
terminals [6] in ad hoc networks. For example, suppose that
all students have mobile terminals on future campuses. Further-
more, we assume that each mobile user (on the average) ran-
domly calis 10 out of 1000 mobile users in a local area. Then it
is reasonable to assume that the link availability p is 0.01 for all
mobile users in this ad hoc network. According to the metric,
the network connection probability approaches 100% in this ad
hoc network as N becomes large. Therefore, at least one direct
or indirect connection from one mobile user to another is almost
guaranteed when no fixed network infrastructure (APs or base
stations) is available. If small power (short range) wireless com-
munication terminals are available for a small local area with a
large number of mobile users, then with high probability all user
communications can be forwarded to their destinations without
the use of a fixed network infrastructure.

Example 1: Fig. 10 serves to illustrate an example of an ad
hoc network suggested in IEEE 802.11 standard [6]. A solid
line indicates the establishment of a direct connection between
two network nodes. For a particular circle, it is assumed that a
direct connection can be established between the center network

node and an arbitrary network node within its circle. An active
node is defined as a network node which is currently connected
to any other network node; otherwise, a network node is called
inactive. A dotted line indicates a connection is available (e.g.,
one network node is within the circle which is centered at an-
other network node) between two network nodes but currently
is not connected. If one applies this model to a mobile network,
a particular circle is the reachable region of the center mobile
station which can serve as a master node for all inactive nodes
within this circle. In other words, the connecting probability be-
tween an active node and any nodes inside its reachable region is
assumed to be 100%. This region may not be a circle and usually
it is determined by the surrounding environment, mobile power
and interference. A larger reachable region may cover more mo-
bile stations inside and more connections may become available.
The union of all reachable regions from active mobile stations
provides the coverage of the mobile network. Network cover-
age changes with time according to the movements of mobile
stations. In order to obtain maximum network coverage, each
active network node should establish all available connections
with other active nodes. Furthermore, inactive mobile stations
may be connected to other mobile stations from the dotted lines
and active mobile stations may be disconnected because the mo-
bile stations have moved outside of the network coverage area or
the connections have been terminated by mobile stations. From
discussions in previous sections, if network nodes are geograph-
ically distributed in a small region and the reachable region of
arbitrary node is large enough to cover a considerable number of
network nodes, then it is very probable that most of the network
nodes can be directly or indirectly connected.

Specifically, the active nodes A; to A4 in Fig. 10 provide
three active connections plus nine available (inactive) connec-
tions. The network connection probability fs(12/28) = 1;
i.e., a direct or indirect connection can be established between
two arbitrary nodes from 12 available (solid or dotted) connec-
tions. A direct or indirect connection can be established between
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Fig. 11. Example of a hybrid network with fixed and ad hoc networks.

Table 6. The relationship between number of nodes and network
connection probability.

N =8 fs(p) > 09 = p > 0.45

= number of connections > 0.45 x C% = 12.6

N =10, fio(p) 2 0.9

= p > 0.4 = number of connections > 0.4 x C3% = 18

N =15, fis(p) > 0.9

= p > 0.3 = number of connections > 0.3 x C3® = 31.5 J

two arbitrary nodes using the following procedure: suppose that
node Aj is requesting to make a connection with node Ag, then
a connection between A, and Ay can be established first. Sec-
ondly, the message that node Ag is requested for use can be
broadcasted among active nodes (A; to As). Finally, a con-
nection between nodes A4 and Ag can be established since node
Ag is inside Circle A4. Therefore, a indirect connection is estab-
lished between nodes As and Ag. In this example, eight network
nodes can be connected using 3 connections.

As shown in this example, the reachable region of a particular
user terminal may cover lots of other user terminals in a small
area with a large number of user terminals (e.g., a university
campus) and the coverage of network is the union of reachable
regions of the active nodes. Therefore, only the available con-
nections in the neighborhood, but not the total available connec-
tions (which defines p), is of interest for any user terminal.

Example 2: After understanding Example 1, the values of
link availability p and network connection probability fn(p)
should be further discussed. From Fig. 7, the relationship be-
tween the number of nodes and connections for a given network
connection probability fx(p) = 0.9 is listed in Table 6.

The link availability defined in Section II includes all active
and inactive links. However, one observes from Example 1 that

only three active connections provide p = 12/C8 = 12/28 and
the network connection probability is 100%, fs(p) = 1. Since
each active node can serve as a master node to connect other
inactive nodes, the number of (active) connections for a required
network connection probability fa(p) will be much less than
the numbers given in Table 6. In other words, the number of
active connections can be a small portion of the total number of
available connections (active plus inactive).

B. Global User Connection Probability for the Union of Fixed
and Ad Hoc Networks

As illustrated in Fig. 2, there are M fixed (wired or wireless),
structured communication network clusters denoted as F; which
are directly or indirectly connected to each other. Furthermore,
we assume that the 7" fixed network is connected with M; ad
hoc networks denoted as A;;. Then the set including all user ter-
minals which are directly or indirectly connected by cooperating
with fixed and ad hoc networks is given by

M M;
U {terminals in F;} U {terminals in ad hoc network, A4;;}.
i=1 j=1

)
Furthermore, we assumed that /V; is the number of user termi-
nals supported only by the i** fixed network®, N;; and p;; are
the number of user terminals and the link availability in the jt*
ad hoc network which is also connected to the i*” fixed network.
Then the ratio of the average number of user terminals directly
or indirectly connected to the total number of user terminals is
defined to be the global network connection probability

5

M;
ZNiijij (plj)]}7

=1

| M
gn(D) = N{Z[Ni + (10)

i=1

3Network connection probability is assumed to be one for a fixed network.
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where P = [p; i = 1,--- ,M.j = 1.--- , M;] is the prob-
ability vector of link availabilities for ad hoc networks A;;,
N = Zgl (N + Z‘}il Nij) is the total number of user termi-
nals and fx,, (p;;) is defined in (8) for the ad hoc network Aij.
Therefore, by cooperating with fixed networks, ad hoc networks
with random connections can be connected globally with high
probability. This provides the characterization for the network
connection probability in today’s world wide website (WWW)
where millions of scattered user terminals are connected through
fixed networks and ad hoc networks.

It is the authors’ vision that future wireless mobile networks
will evolve to “random personal networks” available to everyone
in the local area with random connections among mobile users
with few controls from fixed network infrastructures. State-of-
the-art computer technology will allow private users to establish
“private basestations” using personal computers (PCs). Com-
munications among thousands of mobile or fixed terminal users
with random connections in a local area is supported both by
fixed networks or ad hoc networks. These “private basestations”
are similar to today’s world wide websites, which are available
for much personalization by individuals yet are not subject to
much governance by any particular organizations. According to
this vision, it is obvious that the nerwork connection probability
for the Internet can approach 100% of populations geographi-
cally separated by individuals using arbitrary random connec-
tions.

Example 3: Fig. 11 serves to illustrate an example of a
hybrid network with two fixed networks and four ad hoc net-
works. It is assumed that five reliable connections amongst al-
ways active nodes B, to Bg are established 100% of the time
and hence provide the connections for users to communicate
beyond their local area networks. This network architecture
is similar to an Extended Service Set (ESS) defined in IEEE
802.11 Standard [6] and nodes B to Bg can be viewed as ac-
cess points (APs). Suppose that 80% of networks nodes in ad
hoc network A;; is inside the coverage of node Bs, there are
10 x 0.8 = 8 nodes connected with node Bs. In addition,
each of the 8 nodes in ad hoc network A;; can establish a con-
nection with any node in the fixed network Fi from node B;.
Therefore, the global network connection probability is given by
g100(P) = [30+30+10x% (0.840.74+0.640.5)] /100 = 0.86.
In conclusion, by using hybrid networks, the network nodes can
establish connections beyond their own ad hoc network capabil-
ity and network connectivity evolves globally.

VII. CONCLUSIONS

This paper has derived network connection probabilities for
users of wireless ad hoc and hybrid networks, e.g., IEEE 802.15,
IEEE 802.11 ETSI BRAN HIPERLAN, Bluetooth, Wireless
ATM, and the world wide web (WWW). These probabilities are
graphically demonstrated and indicate that global connectivity
can be achieved with high probability. In other words, “wired
equivalent network connectivity” can be achieved by deploying
wireless ad hoc and hybrid networks. It would be of interest to
find the asymptotic relationship between fx (p) and p when NV
approaches infinity. This limiting case remains an open issue for
further study.
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