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Abstract: Capacity is one fundamental problem in wireless networks. Direction@naas to wireless networks can decrease
interference and increase spatial reuse. Thus, it is a great techrtolagprove throughput capacity of wireless networks. In the
paper, the upper and lower bounds of multi-channel hybrid wireletsgonle with antenna supported are investigated. Both simplified
antenna model and hybrid antenna model are addressed. Mqraewescaling regimes are identified, based on the growth of the
number of channels relative to that of interfaces.
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1 Introduction studied the impact of the number of channels and
interfaces per node on the capacity of multi-channel ad
Capacity is one of the most important problems in hoc networks as the number of ad hoc nodes, increases.

wireless ad hoc networks, which provides the theoreticalMoreover, Bhandari and Vaidyd {] studied connectivity
guideline to its improvement]. Moreover, it depends on and asymptotic transport capacity of the multi-channel

many aspects of networks such as network architecturé?Uré ad hoc networks with channel switching constraints.

network topology, traffic pattern, network node density,

S Recently, directional antennas have emerged as a
number of channels used for each node, transmissio

l5romising technology due to the higher spatial reuse ratio

power level, and node mobilitg[3]. [5,12). The capacity of single channel ad hoc networks
In the landmark paper], Gupta and Kumar showed ;5ing directional antennas was investigated 1].[ [5]

that the throughputcapa_city_obta_inab_le by each npde for @xplored the throughput capacity of random single
randomly chosen destination is bits/s assuming thakhannel directional networks with one-hop relay schemes.

number of mobile nodes are placed randomly, agage station and directional antennas are combined
somewhat disappointing results. Inspired by this work, .onsidered in 13. The capacity of multi-channel

many researchers have investigated the capacity issue fQfirejess networks with multiple directional antennas is
wireless networks under various constraints and tried tQ,died in 14].

find out the method to improve the throughput capacity
[5]. However, few studies considered the directional
Exploiting mobility is one way to improve throughput antenna radiation pattern impact on multi-channel hybrid
capacity p,7]. Base station is another method. 18],[it wireless networks which we call as MC-HDA networks,
was shown that to achieve better investment in theand multi-channel hybrid wireless networks with
infrastructure is needed. Kozat and Tassiusliowed  omnidirectional antennas called as MC-HOA networks.
that for random ad hoc networks with infrastructure Furthermore, the real directional antenna impact on
support where the ratio of wireless nodes to base statioMC-HDA networks has not been investigated. To the best
is bounded above by some constant, a throughpubf our knowledge, there is no theoretical analysis on the
capacity of cannot be obtained. Another method tothroughput capacity of such networks. The paper
improve the throughput capacity of wireless networks isconcentrates on finding the capacity bounds for an
to use multiple channels. Kyasanur and VaidyE)][ MC-HDA network and exploring the benefits of this
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network. Our contributions can be summarized as
follows:

*We formally identify MC-HDA networks that
characterize the features of multi-channel hybrid
networks with multiple directional antennas at each Fig. 1: Simplified antenna model
node. The capacity of MC-HDA networks has not
been studied before. Ir2], only MC-HOA networks
are investigated.

*We drive the upper and lower bounds on the capacity -
of MC-HDA networks under simplified directional e
antennas model and practical directional antennas
which consider the side lobe and back lobe effect of Fig. 2: Hybrid antenna model
directional antennas.

*Our theoretical results show that integrating
directional antennas with multi-channel hybrid
networks can increase network connectivity and
reduce interference, resulting in improved network
capacity. Implications from analytical results are also
given.

base stations only relay traffic, and do not generate their
own data. Ad hoc nodes are also allowed to utilize the
infrastructure network composed by base stations.

These ad hoc nodes are capable of transmitting and
The remainder of the paper is organized as follows:receivingWhits/s via allc channels, and the base stations

Definition and notation used in the paper are summarize¢an also communicate with ad hoc nodes by these
in Section 2, antenna and other models are described iBommon channels. Any node is equipped with
Section 3, then the upper and lower bounds are presentégiterfaces, and each interface is assumed to be capable of
in Section 4 and 5. We summarize our work in Section 6. transmitting or receiving data on any channel. For

simplicity, the permutation traffic model is adopted where

implies that each node is the source of exactly one flow,
2 Definition and Notation and each node is the destination of exactly one flb@ [

11]. As [9] Each ad hoc node generates a flow with vate
We use the following notation to represent asymptoticfor a random destinatiom andk are the number of ad

bounds: hoc nodes and base stations, respectively. We assume that
f(n) = O(g(n)) means there exists some constant the number of ad hoc nodes per base station is bounded
and integeN such thatf (n) < ag(n) forn>N. andlimn_,.(n/k) = B wheref € (0,) .

f(n) —o(g(n)) means that lim. f(n)/g(n) =

f() = 0(g(n)) means that(n) = O ().

f(n) = w(g(n)) means thag(n) = o( f (n)).

f(n) = ©(g(n)) means thaf (n) = O(g(n)) andg(n) =
O(f(n)).

The traffic between a source-destination pair is
referred to as a "flow”. As inJ], we say that per flow
capacity is A if each flow in the network can be In this paper, two kinds of directional antenna model are
guaranteed a throughput of at ledst and the network used. One is the simplified model, where the directional
capacity is defined to the aggregate throughput over albntenna gain is assumed to be within a specific afigle
the flows in the networkpA . ,0 is the beamwidth of the antenna. The gain outside the

beamwidth is assumed to be zero which is shown in Fig.1.

At any time, the antenna beam can only be pointed to a
3 Model certain direction]2, 14]. We call such MC-HDA networks

using simplified antenna model as MC-HDAS networks.

MC-HDA networks consist of base stations and ad hoc  Another is the practical directional antenna so that we
nodes. All these nodes and stations are uniformlyuse a hybrid antenna modét]. In the model, the effect of
distributed on the surface of a unit torus. Ad hoc nodesside lobes and back lobes are considered which is shown in
alone form a connected topology graph with high Fig 2. The main lobe of beamwid#his characterized as a
probability. In other words, any pair of ad hoc nodes cansector. Side lobes and back lobes form a circle. We define
communicate with each other along the paths that crosparametes as the ratio of the radius of the circle and the
only the ad hoc nodes with probability close to one. Basesector, which is generally less than 1. We call such MC-
stations are connected through wired and alternativeHDA networks with hybrid antenna model as MC-HDAH
wireless links with relatively high bandwidth. Moreover, networks.

3.1 Antenna model
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3.2 Interference model Itis proved in B, 9] that the transmission radimsmust
at least satisfy the following bound for having a connected

The protocol model proposed by Gupta and Kun#diig  graph with probability one.
extended to include directional antennas in the paper. It is

the receiver-based interference model proposedLi. [
Our model also only considers both directional ri >
transmission and directional reception.

Suppose nod; transmits over thenth channel to a
nodeX; . Then this transmission is successfully received
by nodeX; , for every other nodeX, simultaneously
transmitting over the same channel, and the guard zon

log(ni)
T @

Using the inequality and the fatt , and there are
channels in networks, with probability of one, the upper
bound holds under any routing and scheduling scheme. For
ﬁer flow capacity,

d > 0, the following condition holds. 1672W
{|Xk—Xj|2(1+5)|xi—Xj| = 62logn (3)
or X's beam does not cover nodég So the network capacity of MC-HDAS networks is
X; also denotes the location of a node. proved nA = O 92Iogn> bits/s. Next, the MC-HDAH
network is considered. Since for each transmission, the
3.3 Channel model conditional interference area &2 (32+ (1-9) %) ,
through the same proof technique, the network capacity
The total data rate is divided equally among the channelspf MC-HDAH networks is
o hen e e suppared by any one of€he (1ot ) brsiseo

Constraint 2.Interference constraints: The capacity of
b d MC-HDA networks is also limited by the number of
4 Upper boun simultaneous transmissions supported by interferences in

The capacity of MC-HDA networks (both MC-HDAS and the network. )
MC-HDAH) is limited by two constraints, and each of Lemma 2.The capacity of MC-HDA networks is
them is used to obtain a bound on the network capaC|tyO( )b'tS/S

The minimum of the two bounds (the bounds depend orProof According to the channel model, each interface can
ratio of the number of channels to the number of transmit at a rate of’—"c bits/s, and each node has
interfaceam) is an upper bound on the network capacity. interfaces, so the total network capacity is bounded by
Constraint 1.Interface Constraints: It can be shown that O (™2™)bits/s.

the protocol model for interference requires that each ~Combining with the two bounds, the network capacity
tr_ansmission consumes  a certain area, and twg@s bounded by O(mln (92Iogn’ nV\C/m)) bits/s  for
simultaneous transmissions occur on the same C.h;.in.n(f}lC-HDAS networks, and
and are successfully received, the area must be disjoint. _ W nWm

Therefore we can bound the number of areas. O min (@ (a2 67)@)ogn” >>bItS/S for

Lemma 1The capacity of MC-HDAS networks is pC-HDAH networks.
n = O(ezlogn>bltS/SGC and that of MC-HDAH Theorem 1The upper bound of the capacity of MC-HDA
networks istA = O ( W ) bits/sec. networks are as follows:

((92+<4ﬂ2—92)82>|09n) (1)When$ is O (( ) Iogn) the network capcity is
Proof.for MC-HDAS networks, the condition interference
6% portion of that when ominidirectional O(Gzlogn>bltS/s over a MC-HDAS network; whef is

zone is 5

(2m)
antennas are used at both end§1f]. Since for O((87+ (4 —62)s”)logn)bits/s, the network capacity
om|n|<.j|re§2t|ongl antgnnas, Thersafore, the- mterferenceIS S va\éz - )bits/s over a MC-HDAH
zone is—— 11 ( r; is the transmission radius)for each (6%+(4r°-6)s? )logn

(2m network.

transmission on channell <i < ¢). Hence, number of c .
simultaneous transmissions on chaninelust be smaller (2)\\iVVhen is Q <( ) Iogn) the network capacity
nwm

than 22% . As a result, given the average number of hopsis O (“¢™)bits/s over a MC-HDAS network; wheiis

— 2 2 H
h; for transmissions on channie] per node flow capacity Q ((9 + (4"2 —6 >52) Iogn)b|ts/s, the network

Ai on channel , following inequality holds. capacity is &™) bits/s over a MC-HDAH network.
While there may be other constraints on capacity as
nAR < lemrwW (1) well, the constraints we consider is sufficient to provide a
A = 92r tight bound.
© 2014 NSP

Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

1458 NS 2 C. Lin: Throughput Capacity of Multi-Channel Hybrid Wireless...

5 Lower bound

In the section, we provide a construction of the routing ‘
scheme and scheduling strategy to establish a lower !
bound of the network capacity. We first deal with 1
MC-HDAS networks, and provide a construction of a N
routing scheme and a transmission schedule for
(1,c)network, and then extend the result to (m,c)
network by using Lemma 2 iri)].

T
/S

Fig. 3: Routing scheme

5.1 Cell construction
Following the same proof procedure, we can also
obtain the same result for ad hoc nodes. Hence, we can
The surface of the unit torus is divided into square conclude that both the number of base stations and ad hoc
cells using a square grid, and we denote each of area bgodes belonging to any cell are asymptotical in the same
a (n) , similar to that used inZ,10]. In particular, we set order, i.e©@ (na (n)).
a(n) = max(loaﬁg(n),%%;) _The transmission radii of _fanodein Cell Ainterferes with another transmission
in Cell B, this cell is called as interfering cell. Then we

each node are set tg/8a(n) , thereby satisfying the prove that the number of interfering cells around a cell is a
requirement that any node in one cell can communicateonstant, which is independentafn) andn .

with any other node in its neighboring cells, and also tothemma AThe number of cells that interfere with the

ansmissions of a specific cell is bounded above by a

guarantee that ad hoc nodes form a connected graph wi
probability one. We need to bound the number of ad hoc 2 g2
nodes and base stations that are present in each cell. ~ constanks (whenk; = 81(2+6)" 77) [14].

Lemma 3. Both the number of base stations and ad hoc
nodes belonging to any cell are asymptotical in the sam .
order, i.e® (na (n))[2]. Proof.We provide a proof based 5.2 Routi ng strategy

on Vapnik-Chervonenkis (VC-theory).Because base . _ .
stations are randomly located on the unit torus, the; There are two routing strategg]{which is shown in

probability that any base station belongs to a specific ceIIF'g'3: one, if destination node is located in the_ same ce_II
is ©(na (n)). The set of axis-parallel squa®’ are as source node, then packets are transmitted to its

known to have VC-dimension 3. Similar to the proof in ?riiiﬁttg& S) O?hee %';igtlgéaggmeirr\:v :tsse’ov?/gcgeelfsihzrteisﬁ\:;ilﬁ/
[2,4], We sete = 0 = 50/0g(n+k)/(n+K) to satisfy the

the least number of flows load. Next, the base station
VC-theory, and then we have forwards the data to that base station that is located at the
same cell with the destination node and with the least
K ) number of flows. Lastly, the base station transmits the
gg%(n ) data to the destination node directly. In the routing
ek scheme, the flows through base stations are balanced;
] . ) otherwise some base station may become the traffic
Where Ng is the number of base stations in Cell  pottleneck. Thus, when a flow needs to pass through a
Therefore, with high probability, the following result ce|l, from amongst all base stations in the cell, it is

Prob <sup N _ a(n)| < 20090k

>1-

holds: Saou(nik assigned to the one which has the least number of flows
k(a(n) - %) < Ng assigned on it so far.
<k (a(n) _ 50l0g(ntk) The following lemma is to bound the number of flows
= n-+k assigned to any base station in any cell.

becauseim, ,«(n/k) = B wheref € (0,%), so Lemma 5.The number of flows that are assigned to any

one base station in any cell @(1) with high probability
%(n) _ 50|og<11+1/l3)n < Ng [2].
na(n) , 500g(1+1/B)n

=7 T

provideda(n) > 50log(n+ k) /(n-+ k). 5.3 Transmission scheduling

; _ 1000g(n 62 " . .
Sincea (n) = max n - >7%m), so the condition  From lemma 4, the number of cells that interfere with the

is always satisfied, and we obtain that the number of baséransmissions of a specific cell is bounded above by a
stations belongs to any cell is i@(na (n)). constantk; that only depends o® . Thus, we have a

© 2014 NSP
Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci.8, No. 3, 1455-1460 (2014)www.naturalspublishing.com/Journals.asp %N =) 1459

scheduling of length(ky +1) slots that can allocate a ¢ = O(( ~) Iogn) nA(n) = Q <e2logn) bits/s; and
cell-slot for each cell in a round robin fashion. In each _

cell-slot, the corresponding cells are active. We divide on Whenc =« ((ﬁ) '09”) A (n) = Q () bits/s.

second intoO(ky + 1) cell-color slots and each cell-slot For MC-MDAH network,the condition interference

has a length of2 ((k +1)) seconds. zone is (52+(1—52) 4%22) portion of that when

Next, the transmission scheduling is responsible foromnidirectional antennas are used, Compared42
generating a within-cell scheduling to ensure that at anyportion for MC-HDAS network. The surface of a unit
instant, there is no more than one transmission on anyorus then can be divided into square cells using a square

given channel, and no node expected to transmit Olgrid, and we then set
receive more than one packet in the cell. _ (1000g ( )) .
We first assign a channel for every node in the cell a(n) = mex +(1-9) 3 a2 )) 10 satisty

that is ready to transmit packets from available the connectivity reqmrementfor MC-MDAH network.
channels. There ar® (na (n)) nodes in any cell with Thus, according to the same construction processes,
high probability from Lemma.3,i.e. at mosna (n) the throughput capacity of MC-HDAH networks is equal
nodes for some constakg that can be numbered from 1 to
to ksna(n) . A node numbered is allowed to transmit on W Y
channel(g modc) + 1. Q <Min< 5 CRRTIP ,)) bits/s

We further divide each cell-color slot into mini-slots. (02+(4m°—6%))a(n)” c
Trr:en, v;/g brL]JiId a.scheclilul\clavfor each transmi]cslsion ovr(?( a  Then we obtain that when c s
channel in the active cell. We construct a conflict grap 'nO((92+(4n2—92) sz)logn) bits/s, the network
two steps. Firstly, create a separate vertex for each
transmission in the cell, and each vertex for eachcapacity isQ 5 anz
transmission has two properties: the assigned channel and (62+(4r-62)s%)logn
two endpoints of the transmission. Secondly, connect two ((62+ (47 — 62) &) logn)  bits/s, the  network
vertices by an edge if they satisfy two requirements: thecapacity isQ (”Wm) bits/s over a MC-HDAH network.
same channel or at least one same endpoint. The Based on Lemma.2 inlp], we have the following
scheduling problem thus reduces to obtaining atheorem for the(m,c) multi-channel hybrid wireless
vertex-coloring of this graph. It can be easily seen that thenetwork:

degree of the confllctgraph@(”“ )+1 O( na(n) Theorem.2 The network capacity of a (m,c)
. It is well known that a graph with maximum degree multi-channel hybrid wireless network with antenna
can be vertex-colored with at most¢ + 1 colors. ~ Supportis as follows:

Thereforek the conflict graph can be vertex-colored with ()When & s O<(222)2Iogn> ' the network
at most [<"(W7 colors. Thus, the cell-slot is further

) bits/s; Whenc is

capacity isQ (92|09n> bits/s over a MC-HDAS networks;
When & is O((6%+ (4m®—62)s?)logn) bits/s, the

m

all flows get a slot *for transmission. Each channel can s 2 2 ;
: . ; % 'network capacity i2 ((62+ (41 — 62) ) logn) bits/s
transmit at the rate oﬂc bits/s. Thus, combined with . - MC-HDAH networks.

cell-slot and mini-slot, for each flow,

divided into Q equal length mini-slots, and

k3na(n

2
(2)When£ is Q ((%) Iogn) , the network capacity

w
AN =Q ( ) is Q (™M) pits/s over a MC-HDAS networks; Whef is
¢(ku+1) [ksna (m) /c] Q ((62+ (4% — 62) s?) logn)bits/s, the network capacity
—0 w bits/s is Q ("Wm) pits/s over a MC-HDAH networks. The upper
B 62 d lower bounds have the same order, so the bounds are
ol Zksna (n) /c] and ,
tight.
since(%kgna( n)/c| < 4Wzkgna( )/c+1,
we have (n) = Q | ->—2%—— | bits/s. 6 Conclusion
4n2 k3na( )-+-C .

Due to the asymptotic order, eitherna(n) orcwill !N the paper, we address the throughput capacity of
dominate the denominator df(n). Hence, the network multi-channel hybrid wireless network with antenna
capacity is equal to ' support. Both MC-HDAS network with simplified

' antenna model and MC-HDAH network with hybrid
nA (n) = Q | Min N W bits/s. Then we antenna model are dealt with. We have found that using
el ¢ directional antennas in multi-channel hybrid networks not
obtain that when only can enhance network connectivity but also reduces
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