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Abstract— Hybrid wireless network is composed of both ad hoc
transmissions and cellular transmissions. Under the L-maximum-
hop routing policy, flow is transmitted in the ad hoc mode if its
source and destination are within L hops away; otherwise, it
is transmitted in the cellular mode. Existing works study the
hybrid wireless network capacity as a function of L so as to
find the optimal L to maximize the network capacity. In this
paper, we consider two more factors: traffic model and base
station access mode. Different from existing works, which only
consider the uniform traffic model, we consider a traffic model
with social behavior. We study the impact of traffic model on
the optimal routing policy. Moreover, we consider two different
access modes: one-hop access (each node directly communicates
with base station) and multi-hop access (node may access base
station through multiple hops due to power constraint). We study
the impact of access mode on the optimal routing policy. Our
results show that: 1) the optimal L does not only depend on traffic
pattern, but also the access mode; 2) one-hop access provides
higher network capacity than multi-hop access at the cost of
increasing transmitting power; and 3) under the one-hop access
mode, network capacity grows linearly with the number of base
stations; however, it does not hold with the multi-hop access
mode, and the number of base stations has different effects on
network capacity for different traffic models.

Index Terms— Hybrid wireless networks, throughput capacity,
routing policy, social contact behavior, access mode.

I. INTRODUCTION

TUDYING network capacity is a big challenge and very
important work to deeply understand the service capa-
bility provided by wireless networks. Gupta and Kumar are
the first to give an extensive research on the capacity of
pure ad hoc networks [1]. In a network of n nodes with
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Fig. 1. A illustration for hybrid wireless network.

channel capacity W, the average node throughput capacity
is @(%)1 when each node randomly and independently
chooses another node in the network as its destination.
Gupta et al suggest to introduce base stations to the network
in order to improve network capacity. When the path of a
flow is long, the packets can be forwarded by base stations.
Since the transmissions between two base stations are over
the wired network, the wireless resources consumption would
be reduced. The network composed by ad hoc transmission
and cellular transmission is called a hybrid wireless network.
Fig. 1 illustrates a hybrid wireless network which is borrowed
from [2].

Routing policy is a dominant factor that affects network
capacity. Given a flow, routing policy determines whether the
flow is transmitted over the ad hoc layer or the cellular layer.
Existing works apply two kinds of routing policies: same cell
routing policy [3] and L-maximum-hop routing policy [4].
With the same cell routing policy, two nodes communicate
in an ad hoc manner if they are in the same cell; otherwise,
they communicate via the base stations. If the L-maximum-
hop routing policy is applied, the flow is transmitted over the
ad hoc layer if the source and the destination are within L
hops away; otherwise, the flow is transmitted over the cellular
layer. In this paper, we consider the L-maximum-hop routing
policy.

Intuitively, different L would produce different network
throughput. Only limited number of short ad hoc flows are
allowed when L is too small, such that the ad hoc resources

IThe following notations are used throughout the paper. For two positive
functions f(z) and g(z):
1) f(n) = O(g(n)) iff (if and only if ) there exist constants N and C
such that |f(n)| < C|g(n)| for all n > N;
2) f(n) =Q(g(n)) means that g(n) = O(f(n));
3) f(n) = ©O(g(n)) implies that f(n) = O(g(n)) and g(n) =
O(f(n)):
4) If g(n) #0, f(n) = o(g(n)) iff limp—oo

I — 0.
g(n
5) It g(n) = w(f(n)), f(n) = o(g(n)).

)
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may not be fully utilized. On the other hand, if L is too
large, many long flows are transmitted in the ad hoc layer,
and more ad hoc resources are consumed for each flow
due to interference. Therefore, there exists an optimal L to
maximize the network throughput. This work aims at studying
the network throughput capacity as a function of L so as to
find the optimal L.

Several metrics are used to study network capacity. Gupta
and Kumar introduced two new notions of network capacity:
throughput capacity and transport capacity [1]. The through-
put capacity refers to the time average of the number of bits
per second that can be transmitted by every source to its
destination, while the network’s transport capacity indicates
the sum of products of bits and the distance over which they
are carried. For instance, if two bits are carried over two
meters in each second, the network’s transport capacity is four.
Both throughput capacity and transport capacity quantify the
end-to-end throughput that can be achieved between source-
destination pairs. The throughput capacity is useful to capture
the impact of network topology, routing mechanism, and
scheduling algorithm on network capacity. Another metric,
transmission capacity, often used together with outage prob-
ability, quantifies the achievable single-hop rates in large
wireless networks. Transmission capacity analysis normally
assumes the one-hop flow traffic model, and focuses on the
impact of physical layer details on the network capacity. In this
work, we study the impact of routing policy on the capacity of
hybrid wireless networks, and thus, we focus on the analysis
of throughput capacity.

Most of the existing works on network capacity assume
the uniform traffic model that each source randomly selects
a node as its destination. Practically, traffic depends on the
behavior of the users [5]. It is well known that small-world
phenomenon is pervasive in a range of networks arising in
nature and technology, and is a fundamental ingredient in
the evolution of the World Wide Web. Watts and Strogatz
proposed a model for the small-world phenomenon, in which
the contacts of the social network are divided into local and
long-range contacts [6]. A source node normally contacts its
neighbors very often, but sometimes, the source node also
contacts targets which are far away from the source node.
In the model proposed by [6], a source node randomly selects
its long-range contacts with a probability proportional to the
inverse atP-power distribution, which is the long-range social
contacts traffic model in our draft. Local contact denotes the
communication from a source node to its neighbors. If all the
traffics are local contact traffics, the base station would not
be used for the data transmission, and the network capacity
is the same as that in a pure ad hoc network. In this work,
we study the capacity of hybrid wireless networks with the
long-range social traffic model. We aim to capture the impact
of joint routing policy and traffic model on the capacity of
hybrid wireless networks.

II. RELATED WORKS
Gupta and Kumar began the line of network capacity
study [1], and their work shows the asymptotic behavior of
per-node throughput capacity is @(\/%gn). The work in [1]
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shows that pure wireless ad hoc network is not scalable with
the number of nodes, and many following works study how
to improve network capacity. Generally speaking, there are
three directions to improve network capacity. One direction
is to apply advanced physical layer techniques, such as direct
antennas [7], multi-packet reception (MPR) [8], and network
coding [9]. The second direction is to exploit node mobility
to increase network capacity [10]. The third direction is to
augment infrastructures, such as base stations, to the pure ad
hoc network, which is called hybrid wireless network [3], and
is the focus of this paper. In a hybrid wireless network, data
packets can be forwarded by base stations. Since the transmis-
sion between two base stations is over a wired network, the
consumption of wireless resources would be reduced, and thus,
the network throughput capacity is increased. The work in [11]
provides a comprehensive overview of the throughput capacity
in wireless networks including pure ad hoc networks and
hybrid wireless networks. We will describe the very related
works and present the significant differences between our work
and the existing works.

Many works study the network capacity of hybrid wireless
networks. The same cell routing policy was studied first. The
work in [3] shows that if the number of base stations m
grows asymptotically slower than /7, the maximum network
throughput capacity is O( ﬁW) On the other hand,

if m grows asymptotically faster than \/n, the maximum
throughput capacity is ©(mW). The work in [12] assumes
that m grows asymptotically with n, and sets the transmission
range of each node in a way that any two nodes in the same
cell can directly communicate with each other. This implies
that all the flows are transmitted by either one hop or two
hops. The authors derive the network throughput capacity
as G)(nlo‘g/n). The work in [13] considers a specific case
that m = (O(n?)), where 0 < d < 1, and derive the
hybrid network capacity under the same cell routing policy.
Reference [2] allows the source node to transmit to a base
station using multiple hops. The authors derive the network
capacity as ©( %WQ) +O(2W,), where W, and W, are
the bandwidth allocated for ad hoc mode and cellular mode,

respectively. When m grows asymptotically slower than logn,

- TV), which
ogn

follows that if the number of base stations are increased by k
times, we have a gain of v/k on capacity.

The work in [4] applies the L-maximum-hop routing policy.
If the source can reach to the destination within L hops,
the packets are transmitted in the ad hoc manner. Otherwise,
the packets are forwarded by tlhe base stations. It is shown

in [4] that when L = Q( ukd

log3 n
O g’iz‘/g'“'yﬁ ) + ©(mW,.). When L grows asymptotically slower

the maximum capacity is denoted by ©(

), the network capacity is

than 1—"3— the network capacity becomes O (L?lognW,) +
og3 n

O(mW,). The work in [14] also applies the L-maximum-hop
routing policy, and studies the hybrid network capacity with
a function of L, base station number m, and the beamwidth
of directional antenna 6. The authors in [14] show that the
throughput capacity of the hybrid directional wireless network
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nW, n'/3
0473 1og2/3 n

is @((m)wa) + @(mWC), if L = Q(
. nl/ 3
@((02[/2 IOg n)Wa) —+ @(mWC), if L = O(m).

The work in [15] assumes that a source node transmits a
portion of traffic to the destination using the ad hoc mode, and
transmits another portion through the base station, so that their
solutions are independent of routing policy. Their study shows
that if m grows asymptotically slower than logn , adding
base station does not take benefit according to the scaling law
of network throughput capacity. If m grows asymptotically

faster than , /;-°— and slower than 5>, the network capacity
gn ogn

is ©(mW). If m grows asymptotically faster than fogy» the
network throughput capacity becomes @(IZ?;).

The work in [16] applies the same assumption as [12] that
m grows linearly with n. This work shows that per-node
throughput capacity ©(1) is achievable with the appropriate
power control. The work in [17] considers that each base
station is placed with multiple antennas, and the total number
of antennas in the network scales linearly with n. The authors
derive the network capacity, so as to find the optimal network
configuration. All the flows in [17] and [18] are transmitted
over the cellular layer.

In addition to the number of nodes and number of base
stations, some other factors impacting on the network capacity
have received much attention, such as multi-channel multi-
interface, channel model, network topology, traffic pattern,
and so on [11]. The work in [18] shows that different hybrid
network dimensions lead to significantly different capacity
scaling laws. Specifically, for a one-dimensional network,
augmenting base stations provides substantial capacity gain.
The work in [18] also analyzes the capacity of 2-dimensional
networks with square shape and strip shape.

As [11] mentioned, traffic pattern is an important factor
that affects network capacity. The work in [19] discusses the
impact of traffic model on network capacity. The probability
that a source node communicates with a destination z distance
units away is proportional with x=% [20]. The work in [19]
derives the network capacity as a function of «. Although
the power law distribution considers the impact of distance
on contact probability, this distribution does not consider the
fact that a user usually has more than one long-range social
contact in its social group [6]. The work in [5] studies the pure
ad hoc network capacity with the long-range social behavior.
The authors present the network capacity as a function of the
social behavior parameter. The problem becomes more com-
plicated when hybrid wireless network is considered because
the network capacity not only depends on number of nodes
and traffic model, but also depends on number of base stations
and routing policy. Our work is the first work that studies the
hybrid wireless network capacity when users exhibit social
contact behaviors. Our results allow the optimal routing policy
to be identified to maximize network capacity.

); and

III. HYBRID WIRELESS NETWORK MODEL

Network Architecture Following the works in [2], [3], [14],
[15],[17], [21], we consider a two-dimensional hybrid wireless
network with unit square area. The hybrid wireless network
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consists of two components: the ad hoc component and the
infrastructure component. In the ad hoc component, n nodes,
with the same transmission range r(n), are uniformly and
independently distributed on the square area. The n nodes
are assumed to be static with the same transmission range.
In the infrastructure component, m base stations are regularly
deployed in the network: dividing the area into m cells, and
each cell has a size of % The base stations are connected
by a wired network, such that there is no bandwidth limit.
In addition to the uniform node distribution, some works
consider the homogeneous poisson node distribution. As the
results of both distributions can be derived using similar
approaches [22], due to space limitation, we assume uniform
distribution in this paper.
logn

Network Connectivity Following [5], r(n) = ©( 52), so
that the probability that a node has no neighbor tends to zero
as m goes to infinity. In other words, the setting of r(n) assures
the connectivity of the network. This work applies the protocol
interference model. Assume that node ¢ transmits to node j,
the packet can be correctly received by j if the following
conditions are satisfied: 1) The distance between ¢ and j is
no larger than r(n); 2) no node inside the interference range
of node j is transmitting concurrently, where the interference
range is (1 4+ A)r(n), and A > 0 is a constant.

Resource Allocation A fixed spectral bandwidth is shared
between the two components. Denote by W the total band-
width, W, the bandwidth for ad hoc transmission, and W, the
bandwidth for cellular transmission. We have W, + W, = W.
Following many existing works, we consider the centralised
TDMA-based access model. That is, the system is time-slotted,
and each link is specified to transmit in a certain time slot.
Any two interfering links cannot share the same time slot.

We apply the L-maximum-hop routing policy. If the source
and the destination are no more than L hops away, the data
is transmitted in an ad hoc manner; otherwise, the data is
transmitted using cellular resources. In the ad hoc manner,
the data is forwarded by the intermediate nodes between the
source and the destination. When using the cellular resources,
the source node first transmits the packet to the nearest base
station, and then, the data is forwarded to the base station
from which the destination can fetch the data. As the same
as many existing works, each node is associated with its
nearest BS. Each BS transmits directly to the users (downlink
transmission).

We consider two kinds of uplink cellular transmissions: one-
hop access and multi-hop access [2]. With one-hop access,
each node directly sends data to base station, which may
use more power than the ad hoc transmission. For multi-hop
access, a source node may not directly access base station
due to power limit. Instead, it sends its data in a hop-by-
hop manner to another node, that can directly access the base
station. Assume that a source node accesses its associated base
station with k£ hops. The previous k& — 1 hops along the path
consume ad hoc resources but not cellular resources, and the
last hop transmission consumes cellular resources. In other
words, a cellular flow may consume ad hoc resources, and
thus, the average throughput of ad hoc flows would be reduced.



HOU et al.: CAPACITY OF HYBRID WIRELESS NETWORKS

We will study the impact of access mode on network
capacity.

Traffic Model We assume users exhibit social behaviors that
we apply the traffic model described in [5]. Let d;* £ d_ ¢,
where d:f‘ denotes the distance between s and . The loﬁg-
range contacts are selected independently, but closer nodes to
the source have a better chance of being selected as a LSC.
Each source node has the same number of LSCs ¢ selected in
independent random trials. The probability that a particular ¢
LSCs {vi,,...,v;, } can be written as

didt 0

P(LSC:{’U“, NM
a,q

-5 Vg })

where Nog = Yo ci<ndy”---d;". We have
Zl§i1<...<iq§n P(LSC = {vi,,...,v;,}) = 1. The proba-

bility for node vy, to be a LSC of node s is

P(Uk S LSC)

= 2.

1<i1 <. <ig_1<n,i; £k

P(LSC = {vk, vy, -, 0iy , })

—X J— —Q
- El§i1<...<iq,1 <n,ij#k dk di1 e di471 o)
D> e @
1<ir<...,<ig<n %y -+ Qi

Denote by 9 the destination of source node. Source node
randomly selects one node from its LSCs as the destination,
and thus the probability that vy, is the destination of the source
node is given by

P9, = v) = %P(vk € LSC). 3)

Our work presents a methodology to derive the capacity of
hybrid wireless networks, and can be extended to consider
other different traffic models. For instance, by considering
the power law traffic model in [19], we would obtain the
different P,q and P.ey, while the derivation procedure is sim-
ilar. In our technical report [23], we further consider another
different way for selecting LSCs, and we show that the derived
results can be easily extended to consider different ways of
selecting LSCs.

IV. HYBRID WIRELESS NETWORK CAPACITY STUDY

In this section, we study the hybrid wireless network capac-
ity with the concerned traffic model. We derive the network
capacities for different L’s under both the one-hop access
and multi-hop access modes, which facilitate us to find the
optimal L.

A. Definitions and Notations

The per-node network throughput capacity of the network,
denoted by AO, is the average transmission rate, measured in
bits or packets per unit time. The network throughput capacity
is thus calculated as A = n - A°. The per-node throughput
capacity is feasible if there exists a spatial and temporal
scheme for scheduling transmissions, such that each node
can transmit A° bits per second on average to its destination
node. The throughput capacity of the network is said of order
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O(f(n)) bits per second if there are deterministic constants
c1 > 0 and ¢z < oo such that

lim P(A = ¢1f(n) is feasible) = 1

n—00

lim P(A = caf(n) is feasible) < 1.
An event A  happens with high probability if

lim,,_,oc A = 1. Therefore, the network throughput capacity
is defined based on the definition of high probability.

As we said, the per-node throughput is the average trans-
mission rate that can be supported uniformly for each node.
In the hybrid wireless network, the flow is transmitted either in
ad hoc mode or in cellular mode. Denote by A%, and A? the
per-node throughput in ad hoc mode and in cellular mode,
respectively. Denote by N,q and N, the number of flows
over ad hoc layer and cellular layer, respectively. The network
throughput is thus represented by N.q - Agd + N - A

B. Main Conclusions

We first present the main results in this subsection and
provide the detailed proof in Sections IV.C-IV.G.
Theorem 1: Consider a hybrid wireless network with one-
hop access mode.
Case I: q = n, traffic tends to be uniform.
1
When L = © 22—

log3 n

2
@(_w) ‘e (mwc).
log3 n
Case II: lim,,_. o, g < oo, traffic exhibits social behavior.

l)0<a<2.WhenL—@((

, the maximum network capacity is

— 1 .
—noatl )5=5 ), where
n2a”" 2 (n)

a(n) = @(log"), we have the maximum network

) o)

2—«
(log n) 526 (n—g+1)7-a

capacity © (

2) 2<a<3. WhenL>1and L =0 1>, the maximum

logn

network capacity is © <LWQ) +0 (ch>

3) « > 3. The network capacity is © o7

(L Wa) +
S} (ch> which is independent of L.

O
When « increases, the probability for selecting a destination
far away from the source node reduces, and so, the average
hop count of ad hoc flows would be reduced. Thus, more
ad hoc resources would be allocated for each flow, and the
ad hoc network capacity would be increased. Therefore, we
observe that the order of ad hoc network capacity increases
with larger a. When « is large enough, most of the destinations
are near to their sources, and the average hop count of ad hoc
flows is no more than a constant large value. At this time, the
ad hoc network capacity is independent of «. In Theorem 1,
we observe that the ad hoc network capacity is independent
of o when o > 2.
Intuitively, the traffic is more uniform as ¢ increases. For
instance, it becomes the uniform traffic model when ¢ = n.



838

Larger ¢ implies that the average hop count of ad hoc flows
is higher, and thus, the ad hoc network capacity is reduced.
We should set smaller L with larger ¢ to limit the long-
range ad hoc flows. Therefore, the optimal L and ¢ are
interdependent. When « is large enough, say o > 2. Most of
the flows are short-range. A constant L can limit the average
hop count of ad hoc flows, so that the network capacity is
maximized. In this case, the average hop count of ad hoc flows
is independent of ¢, and thus, the optimal L is independent
of q.

Theorem 2: Consider a hybrid wireless network with
multi-hop access node.

When m = w(55),
station directly with high probability. The network throughput
capacity is the same as that with one-hop access, and so we
have the same results as those in Theorem 1.

each source node can access the base

When m = o(51; ), we have the follows.

Case I: g =n, traﬂic tends to be uniform.

When L = ©( “—), the maximum network capacity
(log n) 2m6

is © (—”2 mE W, +mW,
(logn)2
Case II: lim,,_.o, q < 0o, traffic exhibits social behavior.

1 1
1) 0<a<?2 When L = 0(—22 lm_2(3*“> ), the max-
(logn)2

1
- m2G—a) Wa> +

imum network capacity is ©

S) (mWC)

2) 2 < a < 3. When L =

(logn)z

eo(—2=2 1m_%), the max-

3—a

imum network capacity is O —2—m" =z Wa> +

S) (mWC)

3) a > 3. When L = Q((ml”

—)2=2)), the maximum

network capacity is © (lognW ) + @( )
) When
gn

m > 2r+(n) the average hop count for each source node to
access base station is one with high probability, and thus, the
network throughput capacity is the same as that with one-hop
access mode. We consider the case that m < 27,2;(”) in the
following.

Case I: lim,_.o.cq = oo. The average hop count of
each source node to access base station is O(1). When

We then consider the case that m = (g

‘l
L=6 (1 n3 ) the maximum network throughput capacity
og3 n

is @(1 ukd Wa) —l—@(mWC).
og3n

Case II: lim,,_,, q < o0.
) 0<a<2 When L = O((Z

2-a
)6-2a), the maximum
log n

= 2 W, | +6 mW>

O(1), the maximum network

a> +0O (ch>.

logn)
2) 2 < a < 3. When L =

network capacity is © ((

capacity is © <10gn
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3) a > 3. The network capacity is represented by

o(sza.) + o).

Toun which is independent

of L. O

In the one-hop access mode, number of base stations m
does not affect the number of ad hoc flows and the average
hop count of ad hoc flows, that is to say, the ad hoc network
capacity is independent of m, and the optimal L is independent
of m. In the multi-hop access mode, m determines how
many ad hoc resources allocated for cellular flows, so that
the optimal L depends on m.

In the multi-hop access, we observe that the optimal L is
independent of ¢ when 0 < o < 2. Let us consider a specific
case that every cellular flow consumes ad hoc resources for
multi-hop access. In other words, all flows consume ad hoc
resources. The average hop count for each flow consuming
ad hoc resources is determined by both L and m, but not q.
Intuitively, the optimal L is set to obtain an appropriate average
hop count, and so the optimal L would depend on m but not q.

In the multi-hop access mode, a cellular flow may consume
ad hoc resources, and thus, the ad hoc resources allocated for
ad hoc flows would be reduced as compared with one-hop
access mode. Therefore, the ad hoc network capacity with
multi-hop access mode is less than that with one-hop access
mode given a specific traffic model. More base stations would
reduce the average hop count for each node to access base
station, and thus, more ad hoc resources can be allocated
for ad hoc flows. Therefore, the ad hoc network capacity
increases as m increases. We can observe these conclusions
from Theorem 2.

C. Procedure of Network Capacity Derivation

The capacity in the cellular layer denotes the throughput
contributed by cellular transmission. Assume that there are at
most A, cells interfering with a given cell. The bandwidth
allocated for each cell is lower bounded by A° On the other
hand, the bandwidth for each cell is upper bounded by W..
A, is independent of n and m [4], and thus, the throughput
capacity for each cell is ©(W,.). Since there are totally m
cells, the throughput capacity contributed by the cellular layer
is denoted by

A = O(mW,). 4)

In the following, we focus on analyzing the throughput
capacity contributed by the ad hoc layer. Before we present
the details, we describe our derivation process.

We divide the network area into multiple subcells, as illus-
trated in Fig. 2 which is borrowed from [5]. Each subarea has
four neighbor subareas. Let a(n) be the area size, such that the
edge length is \/a(n). We should have y/a(n) = ©(r(n)), so
that any two nodes in neighboring subareas can communicate
with each other, where r(n) is the communication range.
In order to assure the network connectivity, we let a(n) =
@(%), since r(n) = O( lm%) Note that a cell may
consist of several subcells. Fig. 2 illustrates four cells divided

by dash lines. Denote by P.q the probability for each source
node to transmit to the destination in an ad hoc manner.



HOU et al.: CAPACITY OF HYBRID WIRELESS NETWORKS

c/2 subcells

a(n)1/z$ 1

L hops

A Ax

Fig. 2. A illustration for network division.

Based on P,q, we calculate the number of flows transmitted
in the ad hoc layer, denoted by N,4. Afterwards, we calculate
the expected hop count for each ad hoc flow, denoted by
E[h], and then, we calculate the total number of hops for
all the ad hoc flows, H = N,q - E[h]. Since nodes are
randomly deployed in the network area, following [24], we
calculate the average number of flows going through a certain
subcell, denoted by E[Z] = H - a(n). As referred to [2], it
is shown that there is at most ¢ = O((2 + A)?) number of
interfering subcells of any given subcell. In Fig. 2, only one
subcell in each ¢ subcells can be active at the same time.
Since c is independent of n and m, the bandwidth allocated
for each subcell is asymptotically proportional with W,.
We thus calculate the bandwidth allocated for each hop
in a given subcell as A%, @(gv[_%) Finally, we dis-
cuss the network throughput contributeJ by ad hoc layer as
Apg = Nag - A2y

D. Calculating Total Number of Ad hoc Flows

As illustrated in Fig. 2, when the destination is located
at the gray areas, the number of hops from the source to
the destination is L. We can observe that are 4z subcells
in which the destination is z hops away from the source
node. Following [5], we do not consider the edge issue.
If the destination is located in the area surrounded by the
grey subcells, the flow is transmitted in the ad hoc layer.
Denote by P(X = x) the probability that the destination
is x hops away from the source node. We thus have the
following

4x
PX=xz)=)» Y PW,=uv)

=1 v €A

)

Aj represents a subcell [ hops away from the source node.
The probability for a destination located in A; is calculated
by EvkeA; P(Y9s = vg), that is, the sum of the probabilities
that each node in A; is the destination. Since the nodes are
randomly deployed in the network area, the probability for any
node located in 4; is a(n), and the number of nodes contained
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in A; is thus n - a(n). We thus have

P(X=1)=> Y P@W,=uw)

=1 v €A
(6)

In Fig. 2, if the destination is located in subcell A, we
consider that it takes two hops from the source to the des-
tination, and actually the destination may be in the trans-
mission range of the source node. This assumption would
not affect the analysis on the scaling behavior, as referred
to [5].

When the destination is located in an area which is
x < L hops away from the source node, the flow is an ad
hoc flow. The probability that a flow is an ad hoc flow is
calculated as:

L 4x
Pad:zz Z P(ﬁ‘s:vk)

x=11=1 v €A,

@)

When the destination is located in an area which is = >
L hops away from the source node, the flow is a cellular

flow. The hop count of each flow is upper bounded by \/%
a(n

Similar to (7) we calculate the probability that a flow is a
cellular flow as

2
Va(n) 4dx

Peen = Z Z Z P(ﬂszvk)

rz=L+11=1 vx€EA;

)

When f(n) = O(g(n)), it is denoted by f(n) = g(n).
In general, we should consider two cases: lim, .., ¢ = 00
and lim,,_, ., ¢ < oo. However, in case that lim,, .., ¢ = oo,
it is difficult to rigorously analyze P(Js = vy ), as explained
in our technical report [23]. It is obvious that P(¥s = vy) = %
when ¢ = n, and we thus consider two cases: ¢ = n
and lim, .. ¢ < oo. As said in [6], each node normally
has constant LSCs from the social perspective, and [6] only
considers the case that ¢ is constant, which is our second case.
In our technical report, we show that if we modify the way
for selecting LSCs, we can rigorously calculate P(ds = vy) =
6(%) when lim,,_,, ¢ = co. This means that our results for
q = n is suitable for the case lim,,_,», ¢ = co when modifying
the LSCs selection scheme.

Case I: ¢ = n.We calculate

L 4x
Paa=>_ > Y PW.=uv)

x=11=1 v €A,

L 4x 1
= Z Zn -a(n) - -
z=11=1
L
=0(1)- a(n)/ xdx = L?a(n) 9)
0
Nag = nPaq = O(nL?a(n)). (10)
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\/a<n 4z

> > > P

= L+1l 1vp€A

\/G(W 4z

> ) n-an)

rz=L+11=1

2
n)/ " pdy — Pag=1— L%a(n)
0

Pcell =

Y

Neetl = nPeent = O(n(1 — L%a(n))). (12)

Since each flow is transmitted using either ad hoc resources
or cellular resources, we should have P.g = 1 — P..
According to (9) and (11), we have Py + Paa = O(1).
For instance, let . = —L—, and the source node is located

Va(n)

on the upper-left corner. We can easily verify that Py = %
and Pee = 5, which is independent of the number of nodes.
By (9) and (11), P,q = 0O(1) and P..y = O(1). As mentioned
in [4] and [5], the order calculation does not have to consider
the edge issue.

Case II: lim,,_,, ¢ < c0.We have Lemma 1.

Lemma 1: The probability for each source node to transmit

the flow using ad hoc mode is

O o al%(n)L2a> 0<a<?2
n InL
@ n—Lq-i-l> o> 2

The probability for each source node to transmit the flow
using cellular mode is

In —In(L+1)
_ n \/0( n) o
Pcell o e n—g+1 Ina™ 2 (n) ) o=z
1-2(a(n)L2)% "
(14)
Proof: By (2) and (3), we have
P(ﬁ = vk) Zl<117 ig—1<M,i; #kd O‘d_ d;(jl
quJh---Jan dJ_la e 'dj_qa
(15)
Let 7 = (7,...,7n) represent (di“,...,d;%),
Vgn(T) = 1<y <is <. <ip<n Tit - - Tips and ’Utl;’nfl(T) =
VUgn—1(T1y -y Th=1, Tht1, - - -, Tn). We then have
d vk (T
P, = vp) = M (16)

qUq,n(T)

(17)-(22) are borrowed from [5]. In (19), B; and B are
constants. dj. is the distance from a node in A; to s, and so

we have Bizy/a(n) < di < Bszy/a(n), where x denotes

the hop count from the node to s. In (20), v < 1 and dpax
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denotes the maximum distance between any two nodes in the
network.

P, = )>d_°{v‘1 1,0 (T)=dy “vg—2,n(7)
P, g-o a3
s =) < " 505

V1 (T)Vg—1,0(T) n
qUgn (T) o (n—q—i—l)

4x 4x
SN 4 => > (Bizva(n)

l 1 v EA; =1 v, €A
4z

Z Yo dir <> Y (Baa/a(n)

=1 v €A =1 v, €A

Ydmax
/ na'l~%dx
Va(n)

a7)

(18)

19)

<
S
3
\]
S~—
|
.
=]
2
Il

(20)

( 1)Uq ) 2y

O O T %

0<a<?2
) a=2

qUq,n (T)

o

(n— q+1 n— q+2))
q—1

(n— q+1)(n q+2)1112a % (n) (22)

(n—q+1)(n— q+2)az ”(n))

(
_ o
(

o

a> 2

Since the probability that each node vy is located in the
subcell A, is a(n), we now calculate

L Az

DD &

z=11=1 vy €A

L
= na'~ 2 (n) lef&
r=1
L
= nalf%(n)/ ' %dx
1

C) nal_%(n)LQ_(’) 0<a<?

(C) nlnL) a=2 (23)

C) nal_%(n)>
L 4x
Yq—2,n\") 2” ZZ Z d—2a

qUq, n

a> 2

z=1 =1 v, €A,
© %“MMLH“) 0<a<l
O( e I L) a=1
= @%1”(”)) l<a<?2
© (n*qul)(n(quji;;llnz a~ % (n) al(n)> a=2
O et a>2
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We now consider the case of 0 < o < 1.
«

n 1-4 2—
In order to compare the( or(?er of —=a'"=(n)L
. g—1)n 1 a 2—2«
with  that  of et -5 @ T+ 72) (n)L , we
. n_al”3 (n)L2"
calculate  lim,, .~ Lt (n) = 00
('17 —a(pn)[2—2a
n—q+1)(n—q+2)

based on a(n) = @(log"). Thus, we know that the

order of a'"%(n )L2 @ is higher than that of
(g—1)n 1 a 2—2a :
(anl)w (n)L . With the same method,

L 4z v n(T)
we can verify that 7" > 7% >0 4 dp aiqu:n(r)

QE D onea, d;Qa%). Therefore, we have

L _
n d;“
= ) S —* (25)
n—q+1 = I=1 v, €A, 1,n(7)
\/a(T 4z
Pcell - Z Z Z P
s=L+11=1 vy €A
\/a(T 4x
= (26)

n— 1
Q+ o=L+1 I=1 v, €A,

Combining (20), (23), and (25), we obtain (13). Similarly,
we also obtain (14). [ |

By Lemma 1, we calculate the total number of ad hoc flows
and the total number of cellular flows as

@(n_”—:_Ha ~%(n)L*~ a> 0<a<?2

a=2

27)

a>2

Ncell = C)

. In —2——In(L+1)
2 a(n
n va(n) ) a=2

_1
Ina™ 2 (n)

a>2

(
(
@(n”qul(Z—al 2 (n )LQ—C‘)> 0<a<?2
(
(

n? 12<a<n>L2>%‘1>
n—q+1 Lo—2
(28)

(27) and (28) show that the number of ad hoc ﬂovxlfs is
affected by the routing policy L. Due to L = O(—22—+

1

logn)2
and a(n) = @(logn) we can verify that Nyq + Neen (, g@()n)
When « > 2, N,q increases linearly with n, while the order
of N¢ep1 depends on L. As « increases, more destinations are
near to the sources, and the number of ad hoc flows increases
faster as n increases. Our derivation results show that when
a > 2, the order of N,q is the highest, which is ©(n) in case
that ¢ is a constant. Note that larger L may yield larger N4,

but the order of N,q is independent of L.

841

E. Calculating Number of Flows in Each Subcell

In the following, we describe how to calculate the total
number of flows going through a given subcell, which is
used to derive the average throughput of each ad hoc flow.
We should consider two cases: one-hop access and multi-hop
access.

1) One-Hop Access Mode: Denote by H the total hops of
the ad hoc flows. Let h; be the number of hops of ad hoc
flow i. We have

Naa Naa
=E[>_ hi]=)_ E[hi] (29)
i=1 =1

Let Zij = 1 represent that flow 7 goes through subcell j;
otherwise, Z; = 0. Following [2], we have E[Z]] = a(n),
where a(n) is the size of each subcell. The average number of
ad hoc flows going through a certain subcell can be calculated
as follows [24].

E|7] = BylE[Z|H)
= B[H] - 21Z]

= En[HE[Z]]]

By (30), in order to calculate F[Z], we need to calculate
Eh;].

= z|ad hoc flow)

= z,ad hoc flow) EL: P(X =x)
= r———

P(ad hoc flow) f P.q
(3D
We also have
L dx
Y aP(X=x)=) = > PWa=uw). (32
=1 z=1 =1 vg€EA;

Calculating F'[h;] also needs to consider two cases: ¢ = n
and lim,, . g < oco.

Case I: ¢ = n. Since P(d4 = v;) = 1, we have
2L(1+L)(2L+1
szp (4 DRI Dal)
3
Therefore,
2L +1
Elhi] = 3 (34)

Case II: lim,,_, ., ¢ < oco. Similar to the calculation of P4,
we have

L =z
Elh] = Z xb

=1 Pad
L 4x
1 n d—“
= x
Pog (n —q+1 ) ; — Ukze;l U1, (T)
1 n N 1 L
= -0 na'"%(n 7/ 22 %dx
Py (n—(ﬁ—l) () vin(7) 1
(35)

Combining (13), (20), and (35), we have Lemma 2.
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a(n)l/zi

7

Fig. 3. A illustration for multihop access.

Lemma 2: The expected value for the number of hops of
each ad hoc flow is

S %):@(L) 0<a<?
© ﬁ) a=2
E[h] =46 L3—(’> 2<a<3 (36)
© 1nL> a=3
O 1> a>3
O

(36) shows that when 0 < « < 3, the average hop count of
ad hoc flows increases with L, and the growth rate reduces as
« increases. When « is larger, more destinations are located
close to the source node, and thus, the impact factor of L on
the scaling law of E[h;] is less significant. When a > 3, we
find that the scaling law of E[h;] is independent of L.

2) Multi-Hop Access Mode: The derivation procedure is
the same as the previous one. We first calculate the total
hop counts of all the cellular flows transmitted using ad
hoc resources, denoted by E[H'], and then, we calculate the
total number of cellular flows going through a certain subcell
with consuming the ad hoc resources, denoted by E[Z’].
E[Z]+ E[Z'] denotes the total number of flows going through
a given subcell with consuming ad hoc resources.

Denote by E[h'] the average number of hops for each source
node to access base station. For instance, if a source accesses
the base station by three hops, the previous two hops consume
ad hoc resource, and the last hop consumes the uplink cellular
resource.

Similar to most existing works, each node is associated with
its nearest base station. Fig. 3 shows an area with the size of
ﬁ : ﬁ centers around the source node s. There must exist
a base station in this area, and thus, the maximum hop counts

V2m
a(n

from the source node to the base station is . We calculate

E[h] as

1

/2ma(n)

>

2 U—ma(n)(x -1

2(ﬁ — v/2ma(n))

2ma
= 37
3 (37)
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The total area for base station located x hops away from the
source node is 4xa(n), and thus 4“{77(:) denotes the probability
that the base station in this area is = hops away. x — 1 is
the number of hops consuming ad hoc resource. When the
flow is determined to be transmitted in cellular mode, E[h’]
only depends on the distance between the base station and the
source node, which is independent of the specific traffic model
and routing policy.

Similar to (30), we calculate the total hop counts of cellular
flows going through a certain subcell with consuming the ad
hoc resources:

(3

= E[H/] . Z[ZZJ] = Ncell . E[h/] . a(n)
2. a(n)(i\/m —v/2ma(n))

cell
3

E|Z') = Em [E[Z'|H']) = Bn [H'E[Z]])

(38)

We thus calculate the total number of flows going through
a certain subcell and consuming ad hoc resources as

E[Zyo1al] = E[Z] + E|Z']. (39)

F. Network Capacity Analysis With One-Hop Access

In this section, we study the network capacity when each
node accesses base station with one-hop. We calculate the
throughput of each ad hoc flow

Ma=o(z)

In case that E[Z] = O(1), we should set AV, = O(W,),
since the average throughput of ad hoc flows should not be
larger than W,. In the following, we analyze whether E[Z] =
O(1) given a specific traffic model.

In the case that ¢ = n, we have

Ay = Q(EV[[/;J - Q(Nad-Ev[[}/lai]'a(n)>

(40)

- 6(nLZaV;(n)> 1)
In case that L = ) (10? n) , we have
ot = N Ay = Noa- O 5T )
—o(fs) m=eCEn) @
When L = O ”é , we have A2, = Q(W,,). That is,

log3 n
per node ad hoc calfacity grows asymptotically faster than a
constant. On the other hand, the maximum capacity for each
ad hoc flow must be less than W, and thus we have Agd =
O(W,,). Finally, we have A%, = ©(W,,) under this situation.

The network ad hoc capacity is calculated as
Aad = Nad ' Agd = Nad ' @(Wa)
=0 <L2 log nWa) (a(n) = ©(

logn

) (43)
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Combining (42) and (43), the ad hoc network capacity is
1

n3
2

maximized when L = © , which is

log3 n

Ay = @(Llwa>
(logn)s

We now consider the network capacity in the case that
lim, ., ¢ < co. By (27), (30), (36), and (40), we calculate

(44)

n—q+1
(S 7)2(12_%(71)1,3—_0 Wa) 0 S a<?2
1
(n—g+1)Ina” 2 (n) .
IR qnizLa(n) Wa> a=2
Ay=140© %Wa) 2<a<3 (45
n—q+1 o
e n2a(7‘3) lnLWa> a=3
n—q+1
€] :z?aq(n) Wa> a>3
(@) When 0 < a < 2, we should discuss the per
node ad hoc capacity when L = Q((%)S—lo and
n2a”" 2 (n)

L = O((yﬂzz_i%)ﬁ‘lw) separately. In case that L. =

(%ﬁt) Q(W,); at the

same time, there is the constant that the per node ad hoc
capacity must be no greater than W,, we therefore have
A% (n) = ©(W,). In summary, we have

)= |, we have A% (n) =

n—q+1 _ n—q+1 _;a
AO . n2a2_%(n)L3—° Wa) L= (n(f_%(n))\3 )
ad e 1
o(m) L=o( ()™
(46)
When L = Q((%)ﬁ) the network capacity is
written as

0
Aad = Nad 'Aad

n? a n—q+1
—_ @ 1—5 L2—oz . @ S S —
(n—q-i—la (n) ) (n2a22(n)L3—(’)

=0 (zmz)

n—qg+1
n2a~ % (n)

(47)

When L = O((

1 . .
)s-a ) , the network capacity is
written as

Aad = Nad . Agd

_o( " _a-smre)-e(w,
= n—q—i—la n o

2
_ ni 1-3 2—a
_ @<n_q+1a ()L Wa> (48)
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By (47) and (48), we have the maximum ad hoc network

capacity when L = O [ ( n—gtl )3;) , which is

n2a®7 2 (n)

A;d = Naa - Agd

-0 o =5 ()L ) . oW,
o n—q—f—la " @

6—a

né—2a
= @< 3 o 1 Wa)
(logn)s=2«(n —q+1)3-=

logn

x(a(n) = B(=2)) (49)

Assume that ¢ is a constant. When o = 0, we have

2
Ay=0 n3 W, | according to (49), and it is the same

(logmn)3

as (44) derived by assuming the uniform traffic model. When
a = 0, each node randomly selects g constant long-range
social contacts from all the nodes in the network, and then
randomly chooses the destination from the ¢ LSCs. This
implies that the destination is uniformly selected by the source
node, and thus, the traffic model is basically the same as the
uniform traffic model. Therefore, the capacity scaling behavior
with o = 0 and constant ¢ is the same as that with the uniform
traffic model.

(b). When 2 < «a < 3, by (45), the capacity increases as
L decreases. Since L must be larger than 1, we have the
maximum capacity when L = O(1). By (45) and (27), the
maximum network capacity is written as

A:d = Nad 'Agd
_ n? n—q+1
B ®<n—q+1> '@<n2a<n>-@<l>W”>
B n . logn
— () =0 G0

(c). When o > 3, by (45), the per node capacity is
independent of L, and the maximum network capacity is

Aja = Naa - Agd

~o( o) o (g ™)
- @(&m) (at) = 0L 51

When o > 3, the destination is probably located locally
around the source node, and therefore, the flow probably has
small hop count and is transmitted in the ad hoc layer. That
is why the network capacity is independent of L.

G. Network Capacity Analysis With Multi-Hop Access

In this section, we study network capacity when node
accesses base station with multiple hops. In the previous
section, we calculate the total number of flows going through
a given subcell with consuming ad hoc resources E[Ziota)-
We then have the average throughput of each ad hoc flow as

Wa

A =O(=2—
ad (E[Ztotal]

) (52)
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Denote by Nyyhria the number of cellular flows which
consume ad hoc resources. The network throughput can be
calculated as

A = Nuq - AS; + ASQ - Nhybrid
+ (k- mW,e — A%y - Nigbria)

= Naa - A% + k- mWe (53)

The first part in (53) represents the total throughput of the ad
hoc flows, the second part represents the total throughput of the
cellular flows which consume some ad hoc resources, called
hybrid flows, and the third part represents the total throughput
of the cellular flows only consuming the cellular resources.
We mentioned before that each cell is allocated for x - mW,
cellular resources, where ~ is a constant, and the total cellular
resources become m - k - W,. Each cellular flow consumes the
same uplink and downlink cellular resources, and so the total
throughput for the cellular flows should be m - x - W,. The
total cellular throughput should be divided into two parts, One
part is the hybrid flows with the throughput Agl1 * Nhybrid, and
another part is the pure cellular flows, which thus have the
total throughput of m - K - W, — A%} - Niybrid.

When m = w(logn) orm = c@, c > 1, there is at
least a base station in each subcell with high probability. Each
source node can access base station with one hop, and thus, the
network throughput is the same as that with one-hop access
mode. We are going to study the network capacity when m =
0(fog7) and m = e, ¢ < 1.

Case I: ¢ = n.

We first consider the case that m = co>—, ¢ < 1. By (37),
we have E[h'] = ©(1). Based on (10), (12), (30), (34), and
(38), we calculate

2nL(1+ L)(2L + 1)a®
3

(n)

E[Z] = = 0(nL%a*(n))
(54
E[Z'] = (2—2L(1 + L)a(n))na(n)

= 0((1 — L*a(n))na(n))

= ©(na(n)) (. L =0, /logn) L%a(n) = O(1))

(55)
E[Ziotal] = E[Z] + E[Z'] = ©(nL?a*(n)) + ©(na(n))
(56)
When L = Q(I"—f) and L = O(l ”f )s ElZiotal] =
og3 n ogz2n
O(nL3a?(n)), we calculate the network throughput as
N = Naa - A% + k- mW,
—2L@+U()@&JZ—J+G(W)
=2n a(n nFa?(n) m
= O( Wa) + ©(mWe) (57)

La(n)
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1
When L = O(l 2t Yand L > 1, E[Zotal] = O(na(n)),
og3n
we calculate the ne%work throughput as

N = Nag - A% W, + 5 - mW,
0%
= 2nL(L + 1)a(n) - O(—*=

YW, + O(mWe,)

na(n)

= O(L*W,) + O(mW,) (58)
Based on both (57) and (58), the network throughput with
m = ciog, ¢ < 1is maximized when L = @(10g3 n), and

the maximum network throughput is
AN = O(——Wa) + O(mIV.). (59)

log3 n

We then consider the case that m = o(55;). When m =

ma(n) = o(m), we have E[h'] =

(g7 ) since

@(\/mla—(n)) according ’to ('37). We have E[Z'] = @(%),
and the network capacity is calculated as
AN = Nag - AW, + - mW,
Wa
= 2nL(L + 1)a(n) - ©( YWa
nL3a2(n) + na(vz))
+O(mWy,)
L2
=0 Wa) +0(mW, 60
When L = O(m), we have L3a(n) =
N S
O(\/M)’ and thus
= 0(y/2ma(n)L*W, + mW,). (61)
When L = w(Wm(n)) and L = O(/pe)
I S 3 .
Tty O(L’a(n)), and the network throughput is
represented by
1
'=0(——W, We). 62
(La(n) atm c) (62)

According to both (61) and (62), the network is maxi-
mized when L = O( and the maximum network

ml/ﬁal/z( ) )
throughput is

1/6,,1/2
’ m
Amax - @(17

Wo + mWe,).
1og

(63)
Case II: lim,,_,, q¢ < c0.
We first consider the case that m = c;2—, ¢ < 1. We have
E[n'] = ©(1). Combining (27) and (28), (30) (36), and (38),
we have (64) and (65), as shown at the bottom of next page.

(1)0<a<?2

Since  LZ%a(n) = O(1),  El[Ziotal =
O(;22a(n)(al =% (n) L3~ +2)).

When L = Q52 (n), Elfiw] =
O(—= ; -a?”%(n)L37). In this case, we can verify

that E[Zotal] = Q(logn). The network capacity is

A = O(A%Nug +mW,) = 6( Wo+mW,)  (66)

o
a(n)L
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When L = O(a#25 (n)), E[Zyotal] = ©(;22ra(n)). The
network capacity is calculated as
2—«
N = O(AY Nog + mW,) = O(——W, +mW,)  (67)

az(n)

According to both (66) and (67), the network capacity
is maximized when L = ©(as—2x (n)), and the maximum
network capacity is

Ao = O ) 732 W+ mIV,) (68)
max 10gn
(2) 2 < o! < 3. E[Ziotall =
O(tgmat (n) (a2 (n)L*™ + o' (n)L*7" - 2)) =
O(2rra(n)L*) due to al~# ()L = Q(1). The
network capacity is calculated as
o0 n

The network capacity is maximized when L = O(1), and
the maximum network capacity is

N = O Wa + mIV). (70)

logn
3) o > 3. ElZia] = O(G:Eaf(n)(a"¥(n) +
al=%(n)L?>~*-2)) = @(n_”;+1 a(n)). The network capacity
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average throughput of ad hoc flow is
w. n—q+1 _1 1
A =2 —Q9(—i g2 3
ad E[Ztotal] ( TL2 a (n)m )
— 1
= o(" L m?)
nzlog?n
n
=01)(.-m=o0(—— 72
OW(:m=olz)) ()
We thus calculate the network throughput as:
AN 6(A’dN a+ mW,)
= @(a E (n)m? LW, + mW,) (73)

l\DlH

— *%(’ 3—a 3—a L o
When L = Q(*m™ =), a7 (m)L*™* + 75 =
©(a"* (n)L*~®). Since E[Zita] = O(na®> $L3~*) =

Q(1), we calculate the network throughput as

N = O(ANog + mW,) = O(——— W, + mW,) (74)

1
a(n)L
According to (73) and (174), the network throughput is

maximized when L = O(—23

— —1 .
m~ 2G-a7 ), and the maximum
log2 n

network throughput is

N

n

is independent of L, and the maximum network capacity is A= 9(1 I mIE® W, +mW,) (75)
0g*
n
A =O0(——W, We). 71
max (1ogn +mWe) 71 2)2<a<3.
: _ n 2\$ -1 _
We then consider the case that m = o(gg;). When Since L = O(\/ Togn )’ (a(n)L )21 71 O(1). We
. _ = = 33—«
m = o(logn) we mentioned before that E[h'] = ©( mla(n) ). th;l_sacalfllllate EZiota] = @(n q+1 az(n)(az(n)L +
Combining (27) and (28), (30), (36), and (38), we have (65). L*=*m™2)). ( . ( 1) (a} (m) L?
1)0<a<2. When [ = Oa‘Enm_El, O(az(n)L*~* +
Since a'~% (n)(L + 1)27® = O(1), we can easily verfy LQ_G”,}_E) = 1@(L2_am_5)7 EEZtoml] =
that E[Ziota] = e(n_"qHQ%(n)(ag%‘(n)m*%%). When ©(;2ga? (n)L*~*m~2). When L = ©(a™2 (n)m~%), we
! 3o calculate E[Ziotal] = $Q(1). Since FE[Ziotal] becomes
L=0(—2% W), a7 (n)L3 4+ = G)( —), th
= eE - @ " Vm € larger with the smaller L, E[Ziota] = (1) when
O a> #(n)L3* + L1 (2 - a' =% (n)(L + 1)>®)a(n)), 0<a <2
P . In —2——In(L+1)
n? La(n) n? Va(n) _
6(71 g %(n) n—q+l lnaié(n) a(n a=2
_ 2 2 2y5 -1
ElZtora] = @uzﬂ,<w3“+an12%Qi”1am», 2<a<3 64)
2 1—2(a(n)L*) % ~
@(n—nq-i-la(n) InL + n— q+1 ( é“‘)*2 = a(n))v a=3
n? n?  1-2(a(n)L?)% 1
@(n_q+1a(n) n—gq+1 v (La) 2)2 a(n)), a>3
2 a _a —a a(n
@(n—q+1a2 E( )L3 a+n q+1(2 a’l 2( )(L+1)2 )ﬁ)? 0§Oé<2
In ~In(L+1)
n2 La(n) n? \/T a(n) —
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L = O(a~2(n)m™%). Therefore,

A = @(A’dNad +mW,)

= O(—2 P LO2W, + mW,) (76)
10g2n
When L = Qa z2(n)m ), O(az(n)L** +
L2 *m~2) = O(az(n)L?®). We have E[Ziotal

O(na(n)L3~%). We can easily verify that E[Zia1] = Q(1),
and then
1

/! S
N = O(A% Nog + mW,) = e(a(n)Lg_a

W, +mW,)
(77)

According to (76) and (77), the network capacity is maxi-
mized when L = O(-2

m- 2) and the maximum network

. log? n
capacity 1s
’I’LQT_1 3—«a
A;nax =0( —=—m 2 W,+mW,).
log 2 n
(78)
3)a>3
Similar to the case wgth 2 < a < 3, we ca{cu—
late E[Ziotal] = @(n”—qHaZ(n)(a?(n) + L27m™z)).
When L = O((a(n)m)” 2@-5), O(a2(n) + L* *m~2) =
O(L2m~2), E[Ziota] = O(na2(n)L2 “m~2). When
1
L = O((a(n)m)”2@=9), E[Zta] = ©O(logn). Since

smaller L produces larger E[Ziotal], Wwe have E[Ziotal] =
Q(1). The network capacity is calculated as

= O((a(n)m)? L* W, + mW,).
(79)

AN = O(AY Ny +mW,)

IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 25, NO. 2, APRIL 2017

):

When L = Q((a(n)m)” 7=, O(a? (n) + L2 *m
%(n)az( )) The net-

O(a2 (n)), and E[Ziotal] = O(

n
L. n—q+1
work capacity is calculated as

A = QA Nog +mW,) = O(——W, +mW,).

(80)
logn

Thus, the 1network is maximized when L =
Q((a(n)m)” z@=37), and the maximum network capacity is
n
A =O0(——W, W.). 81
max (10g n + m ) ( )

For simplicity, we did not consider the cases of o = 2 and
a = 3 in the above discussion, and the analysis is actually
very similar as before. Due to space limitation, we omit the
boundary issue for a.

H. Maximum Network Capacity Comparison

Generally speaking, the maximum network capacity with
one-hop access is shown in (82), as shown at the bottom of this
page; the maximum network capacity with multi-hop access
and m = c@,c < 1 is shown in (83), as shown at the
bottom of this page; and the maximum network capacity with
multi-hop access and m = o is shown in (84), as shown
at the bottom of this page.

Based on the derived results,
observations.

1) With the uniform traffic model, we can easily verify that
the network capacity with one-hop access grows with the
fastest speed. With multi- hop access mode, the network
capacity with m = 1 ,¢ < 1 grows more quickly
than that with m = o(5% ) The derived results align
with our expectations. In the hybrid wireless network
with one-hop access, the long-range flow would not
consume the ad hoc resources, such that the average
ad hoc network capacity is higher. On the other hand,

logn)

we have the following

n3 Wa> +6 (mWC) lim, 00 ¢ = 00

onehop —

0
*oon = Ayt A =4 ©
e

* _ * _
multihop,m=o(rz5) — Aad + AC -

no: —a

log72 n

 © © ©

AR

2
(102:;)% >+®< ) fitn oo 4 = 00

e
:‘nultihop,m:clo';, - A*d + A = @ (logn)ﬁw > +
© lognW“> +0 (ch

2 Wa>+@<ch) lim, .ooqg <00, 2<a<3

—— Wa> + 9<mWC> lim, .ooqg< o0, 0<a<2 (82

lim, 00 qg <00, > 2

@< ) limy, sonqg <00, 0< <2 (83)
) limy, oo qg <00, a>2
1 1
R )—I—@( ) limy,, oo g = 0
(logn)2
m2G- °>W>—|—@<mWC> limy, sonqg <00, 0< <2
(84)

lognWa> + @(mWC) lim,, o0 q < 00, a>2
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with multi-hop access mode, even the number of ad
hoc flows is reduced, some cellular flows still need
to consume ad hoc resources, and thus, the ad hoc
network capacity is reduced as compared with one-hop
access.

2) In multi-hop access mode with m = ©O(1), the net-
work capacity with uniform traffic model is the same
as that in the pure ad hoc network. With the constant
number of base stations, the order of the hop count for

accessing base station is ©(, /i) This implies that

m = O(1) does not improve the scaling behavior of
network capacity under the multi-hop access mode. The
results tell us that only augmenting base stations would
not help to improve network scaling law performance,
and we should increase the transmitting power of each
node.

3) With the traffic model lim,,_...q < oo and o > 3,
although the network capacity is the same for one-
hop access and multi-hop access, optimal L is dif-
ferent. In the ome-hop access and multi-hop access
with m = c@,c < 1, the network capacity is
independent of L. However, in the multi-hop access
mode with m = o(gz;). L should be set as

((mlzgn)m). When L is too small, many short-
range flows are transmitted through the cellular layer:
Since each source node accesses base station with
multiple hops, it is possible that the number of hops
for a certain flow is increased when transmitting in
cellular layer than that in ad hoc layer. Therefore, setting
optimal L is important to improve network capacity
performance.

V. CONCLUSION

This work studies the scaling capacity of hybrid wireless
networks with social behavior. The considered traffic model is
represented by three parameters: n, a > 0, and ¢, in which n
is the number of nodes, ¢ denotes the number of long-range
social contacts (LSCs) for a source node, and « is a factor to
affect the probability for selecting LSC. Larger o implies a
source node prefers a near node to be a LSC. When ¢ = n,
the concerned traffic model is actually the uniform traffic
model. In hybrid wireless networks, routing policy selects a
transmission mode for a flow. We apply the L-maximum-
hop routing policy, that is, the distance between source and
destination is less than L hops, the flow is transmitted in ad
hoc mode; otherwise, it is forwarded by base stations.

We derive the network capacity as a function of n, a,
q, L, and m, where m is the base station number. Our
derived results identify the optimal L to maximize network
capacity. Moreover, we consider the case that a source
node accesses base station via multiple hops. The multi-hop
access would consume ad hoc resources, and our derivation
results show that the optimal L depends on m. Although
our analysis assumes a specific traffic model and node dis-
tribution model, our derivation method can be extended to
consider other different traffic models and node distribution
models.
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