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Abstract—The throughput A(n) of an ad hoc system consisting to a large extent. Yet a restriction on it is that the increase
of n static nodes randomly located in a disk of unit area is of number of nodes, including static nodes and mobile nodes,
e ﬁ) which converges to zero when number of nodes leads to increase in interference, which is the major eiiri
goes to infinity. Although mobility can increase the overall on the throughput of ad hoc networks.
throughput to © (1), there still exists several cases that nodes
might be impossible to be mobile.

In order to compensate the decrease in throughputx (n), we
add mobile relay nodes, which only transmit but never generate
information, to an ad hoc system consisting of purely static nodes.

In this paper, we first study static network with infinite mobile The ad hoc networks consists af static nodes andn
relay nodes. Then we study static network with finite mobile relay (m < n) mobile relay nodes all lying in the disk of unit
nodes. It iz IShO‘?’” thaé the thrOUthgt I:)f ?]Sta“ﬁ network with - grea (of radius—-). Static nodes are randomly located, i.e.,
infinite mobile relay nodes is© (1), and the throughput of a static . ’T . s .
network with finiteymobile rela(y )nodes varies V\?Itl’? the number independently and unlforrT]Iy (.jlstrlbuted.. Ea.ch gtatlc nbels
of mobile relay nodes. a randomly chosen destination to which it wishes to send
A (n) bits per second. Relay nodes generate no information
for transmission. The location of th#h relay node at time
is given byY; (t). Relay nodes are mobile and with infinite

I. INTRODUCTION storage, and we assume that the prodésg-)} is stationary
IRELESS networks consist of a number of nodegnd ergodic with stationary distribution uniform on thekglis
which communicate with each other over a wireles§ioreover, the trajectories of different relays are indejee
channel.Ad hoc network is one type of wireless networksand identically distributed (i.i.d.). The destination feach
which includes no wired backbone or centralized contrgllinnode is independently chosen as the static node nearest to
center. Each node transmits packets directly to its deatima @ randomly located point, i.e., uniformly and independentl
or through several relay nodes. One simple example of ad Higtributed. (Thus destinations are on the order to 1 m away
network is collection of furnitures in buildings, includjrair On average).
conditioners, refridgerators, personal computers, miese [N @ random setting, we will assume that the nodes are
ovens, and possibly other "smart” furnitures. homogeneous, i.e., all transmissions employ the same @bmin

It is proved that the throughput (n) of an ad hoc net- range or power. Th&rotocol Model and Physical Model are

as follows.
W__ ), see Gupta

] ynlogn 1) The Protocol Model: All nodes employ a commorange
and Kumar [2]; and even under optimal circumstances, the r for all their transmissions. When the nodlg transmits

throughput is only® ( % ) for each node for a destination to a nodeX; over themth subchannel, this transmission
nonvarnishingly far away. Throughput per node of mobile ad s successfully received by, if

hoc wireless network is proved to reaéh(1), see Matthias
Grossglauser and David N. C. Tse [3], which is a optimistic

II. MODEL

Index Terms—Ad hoc networks, capacity, relay.

work consisting of static nodes ®

a) The distance betweel; and X; is no more than

result. However, in some situations, like "smart home”, mehe 18,
nodes are constituted of furnitures, it is impossible tacéor X, — X <r )
nodes to be mobile. Since the probability that throughput ’ Jh="
© \/nVK)?) is feasible approaches 1as-+ oo, a constraint b) For every other nod&, simultaneously transmit-
on number of nodes is not acceptable. ting over the same subchannel

One approach to compensate the decrease of throughput
A(n) is to add some mobile relay nodes to a static ad | X —X;| > (1 +A)r )

hoc network. These relays nodes generate no information
themselves, thus causing no transmission requiremenhéor t 2) The Physical Model: All nodes choose a common power

overall network, and their only job is to transmit infornuati level P for all their transmissions. LetX;;k € T} be
between static source nodes and destination nodes. Thus a the subset of nodes simultaneously transmitting at some
multi-hop protocol can be replicated by a two-hop protocol. instant over a certain subchannel. A transmission from

Intuitively, this model would increase the throughputn) a nodeX;, i € T, is successfully received by a node
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X, if IV. NETWORK COMMUNICATION USING ONLY RELAYS
P Here we make a little change to the scheduling policy
'Xi*XWP > . (3) presented by Matthias Grossglauser and David N. C. Tse [3]
N + 27 to fit the new model. For ease of mathamtical deduction, here
keT|Xk - Xl we omit direct transmission between two static nodes and

ki

Denote by; ; the channel gain from nodeto nodej,
Equation 3 can be rewritten as

only transmission from one static nhode to one mobile relay
node or from one mobile relay node to one static node is
permitted under this scheduling policy. For each time imsta
t, the scheduling policy randomly choosg nodes to form

_ Py >3 (4) the sender seS. Each sender node i§ has a randomly
N+ ZP%J chosen intended destination toward which it transmits gack
]75]' All mobile relay nodes form the receiver sgt which receives

packets from nodes 5. Each sender node i§ chooses
This models a situation where a minimum signal-tcto transmit packet to the nearest node among all nodes in
interference ratio (SIR) of is necessary for successfulR. Whether a transmission is successful is dependent on the
receptions, the ambient noise power levelN§ and ratio of power generated by sender and interference gemerat
signal power decays with distance as } We will by other senders. Denote hy, the number of successful
suppose that > 2, which is the usual model outside atransmission.

small neighborhood of the transmitter. Theorem IV.1. For the scheduling policyr, the expected

The Throughput Capacity of Random Networks: The nymberE[N,] of feasible sender-receiver pairs@n), i.e.,
notion of throughput is defined in the usual manner as B[N
t

the time average of the number of bits per second that lim =$>0
can be transmitted by every node to its destination. n—oo M

3)

(6)
Furthermore, for two arbitrary noddésand j, the probability
that (i, j) is scheduled as a sender-receiver pai®igl ).

Proof: Here we review the proof of Theorem Ill.4 in
[3] with a different model. We consider a fixed tinmte Let

I1l. 1 MPACT ON NUMBER OF SIMULTANEOUS

SOURCE-RECEIVER PAIRS

Theorem 1ll.1. The simultaneous S-R pair numbafs_ g is

) Ui,---,U,4 be the random positions of the sendersSin_et
bounded as follows: Vi,---,V,, be the positions of nodes in the receiver &et
No_p < n+m (5) These random variables are i.i.d. uniformly distributedtios

open disk of unit area. For each node S, let its intended
Proof: Assume at time there are totallyn;, (n; < m) Teceiverr(s) € R be the relay node that is neareststamong

static nodes each communicating with a mobile relay nodd! nodes inR. Since the number of relay nodes in one ad hoc
and other static nodes, totally, communicating with their N€twork ism, the number of receiversy available ism.
static neighbors. We define a relay-communicating rétie We now analyze the probapll|ty of_successful transmission
(0, 1). Thenn; = On andny = (1 — O)n. The total number for each chosen sender—recqver pair. By symmetry, we can
just focus on one such pair, say,r(1)). The event of

of S-R pairs can thus be calculated as S |
successful transmission depends on the posifians- - , U,

Ng_rp=mn1 + N2 andVy,--- ,V,,. Let Q; be the received power from sender
(21 — ) node at receiver node (1), and
=0n+ ——— p
2 0 = _
= 1(1_’_9)71 |Ui*V7-(1)|“
721 ny The noder(1) satisfies
“2 2 .
"4 m T(l):argn?n\Ul—V}\.

The total interference at nod€1) is given byl = ZQZ"

) itl
~ The number of S-R pairs reaches the upper bound mefhe SIR for the transmission from sender 1 at receiv@
tioned in Theorem Ill.1 whem: is equal tofn. Hence, the g given by

relay-communicating rati@ is >, which means that there
are n; = m static nodes communicating with relay nodes Q1 .

simultaneously. This reveals the fact that the more relay No+1

nodes involved in communication simultaneously, the large We now analyze the asymptotics ¢ andI asn — oc.
number of S-R pairs supported by ad hoc network. Althoud¥ow
intuitively, this result presents part of explanation fdret
impact of mobile relay nodes on static ad hoc network.

SIR =

Q1= max Z;

j=1,m
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where Z; = ﬁ Let us first condition orl/; = u for wheres* is given by
somew in the open disk. A disk centered atand of radius

r < (7~1/% — |u|) lies entirely inside the unit disk. Then, for * (mm) 2 8
everyz > r—" and for all j, we have (7L (1—2)6n] *®
Pr{Zj>z|Ui:u}:Pr{|Vj—u|<z_?} _5[9¢F(12)]2, (16)
—mat, % :

" _ . . - wherew € (1, +o0) is the node-to-relay ratig- .
Conditional only = u, the random yarla}blggi S are Li.d. By The expected number of successful transmission at one time
a standard result on the asymptotic distribution of extnemu.

of i.i.d. random variables [1], the extremuf); of m i.i.d. instant? is therefore
random variables whose cdf satisfies E[N;] = OnPr{SIR > B}, a7)

i L= Fz@) ®) ¢ =0Pr{SIR > B} . (18)

Furthermore, since scheduling policy depends only on

satisfies
. ) locations of sender nodes and receiver nodes, and since
lim Pr{Q; < ama} = exp(—a") (9) locations of nodeg.X;} and{Y;} are i.i.d, the probability of
h . b . 1 . successful transmission between any specific senderegcei
whereay, is given bya,, = F; (1 —3;) = (mm)=. Compar- i i aqual, and thu® (1). n
ing Equation 7 with Equation 9, the asymptotic distributafn Since there exist totalTyrn — 2 mobile relays in the
Q1 is network, the probability that one sender can transmit to a
lim Pr{Qi < amz|Us = u} = Fg-(x) (10) mobile relay at time slot is
m—o0 @
where@; has a cdf Prob(one transmits to a mobile relay at time sigt
_2 1
_J exp(=a7%), z=>0 = FE [N, x”—@()—@1, (29)
FQa‘{ 0, z<0. (11) el < " o
Then, for eache > 0, we have which is the same as Grossglauser and Tse’s result [3].

lim Pr{Q: < anz}
Mmoo V. NETWORK WITH FINITE MOBILE RELAY NODES

= Jim web PriQ: < ame|Us = u} du Although the previous result provides us with an optimistic
vision, the assumption that the number of mobile relay nodes
= / Jim Pr{Q1 < amz|Uy = u} du m is of the same order of static nodes is too strong.
ueh Under many circumstances, only finite mobile relay nodes are
= / Fg: () du = Fg- () (12) permitted in one network and thus an overall capa€itfl)
u€Db is unreachable.

Since Fa, (z) = lim Pr{Q: < anz}, we conclude that |t is proved by Gupta and Kumar [2] that under a Protocol

am

random variable% coverges to random variabi@’. That is M.odel of noninterference, the capacity of wireless ne't\A_?ork
with n randomly located nodes each capable of transmitting at

(rm)~ 2 Q1 =% Q. (13) W bits per second and employing a common range, and each
Same as the result in [3], conditional drj;, = u, the with randomly chosen and therefore likely far away destina-
ns . . w . . .
interferencel — Z satifies tion, is © (W) Although the mathematical induction
i—2 was done under the structure of a sphéfeof unit space,
9 —5 9 —5 Gupta and Kumar proved that this result is also applicable fo
{wl“ <1 — > ng} I = [wr (1 — ) en} nodes located on planar disk.
k k In this section, all nodes are deployed on a planar disk
R (14) of unit area.n static nodes are randomly located, i.e., in-

As claimed by Grossglauser [3], the signal power and tlggpbe;lnder}tly an(cji uniformclj); dciisyri:)u"t[ﬁd, or; thi di?k’ hqng h
total interference are asymptotically independent. Heoom- mobile refay nodes are added into the network, ot which the

bining this claimation with Equation 13 and Equation 149rocess{Xi ()} Is assumed to be stationary and ergodic with

the probability of successful transmission from sender 1 %ationar_y _distributjion uniform on the disk. .
receR/err(l) iZ Only finite mobile relay nodes are added in the ad hoc

network. The number of mobile relay nodes is denoted as
Pr{SIR > B} = Pr{ ! > 5} m, and unlike what we assume in S_ection IM,is a variable
No+1 far smaller than the number of static nodesThe node-to-

n—co * relay ratio, no longer a constant, is denotedygs) = *
mjoopr{clgf > ﬂ*} > 0, (15) (1 _?_/OO) g dqu ) m
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A. Scheduling Policy mobile relay node is thus

The scheduling policyr is as follows.

1) We fix a parametesender density ¢ € (0,1), and the m
number of sendersg can thus be exhibited as; = On. relay node as receivee © (—) , (21)
All sender nodes form the sender setFor each time n
slot ¢, one node from all other static nodes is chosen as . : : .
destination of one given sender node. and _the probab|llty that a static neighbor node is chosen as
2) Nodes not included in the sender Setoth static nodes receiveris
and mobile relay nodes, are included in the receiver set

Prob(one given source node chooses a mobile

‘R. For each time slot, each sender node & transmits Prob(one given source node chooses a static
packets to its nearest neighbor among nodeR.iflBoth neighbor node as receijer © (1 _ @) (22)
static neighbors and mobile relay nodes can be chosen n/’

as receiver. It should be mentioned that even if a static

node is chosen as receiver at one particular time shkotthe following part, we denote probability in Equation 24 a

t, of one packet;, it does not necessarily follow thatProb(A) and probability in Equation 22 as ProB).

packetp; will be transmitted through a multihop method.

It is permitted that static nodes chosen as receiver at one

time slot of packetp; can transmit this packet to one

mobile relay node in the next time slot. The number df- The Throughput at Each Node

static nodes iR is denoted as . Obviously, we have ) ) ) ]

np=(1-0)n. It is proved in Section .IV that under. the assumption that
3) On accordance to the physical model of a randoﬁ?‘Ch source node can find one mobile relay node at any

model, all sender nodes each time transmits to its chodéRe slot the throughput per node ¥.o—nop (n) = © (1),

receiver with unit powefP; = 1). and Gupta anq Kumar proyed in [2] _thgt the throughput_ per
4) For each time slot, we retain those successful sendeflode of a static network with transmission through multihop

receiver pairs (S-R pairs), and the number of thesging static nodes as relayss,uitinop (n) = © 1 2
1 and

successful S-R pairs is denoted s Combining these two results, as well as Equation

Equation 22, the throughput per node can be calculated.

At each time slott, each sender node chooses one mobile
relay node as receiver with probability Praib), or one static

In order to combine multi-hop transmission through statigeighbor with probability ProbB). Then, with throughput
nodes and two-hop transmission through one mobile relgyovided by two-hop transmission and multi-hop transrissi
node, we have to first study the probability that one givee overall throughput per node can be calculated. Since her
source node chooses one mobile relay node as its receivethat two-hop transmission throughput and multi-hop trassmi
a particular time slot. According to scheduling policy, at = sion throughput are all on the condition that corresponding
each time slott, the source nodes choose the nearest nofifays are chosen, these two throughputs are conditional
to them as their receiver, with no regard of whether it is @roughput. We USE\rwo_hop (n|A) to denote conditional
mobile relay node or a static node. Therefore, the proligbilithroughput of two-hop transmission anGhuiri—hop (n|B) 10
that one given source node chooses one mobile relay node gefote conditional throughput of multi-hop transmission.
particular time slot is equal to the probability that one mobile Since the conditional throughput can be interpreted as
relay node is the nearest node to the given source node. In fi®ughput with assumption that corresponding conditiap-h
following part, we use4; to denote the proposition that onepens with probability 1, we can simply apply results of Gupta
mobile relay node is the nearest node to the given souce negie| Kumar [2] and in section IV. That is
X;.

Since mobile relay nodes are distributed uniformly on the
disk, it follows that Prol§ A;) is equal to the areé.;, ;. of the Mwo—hop (n]A) = O (1) ) (23)
circle with center atX; and radius of X; — X,.cip(1y|, where ltiho B) = ( ) . 24
Xnein(i) denotes the nearest static neighbor noéze of n¥de Amuti=hop (nB) = 6 Vvnlogn e4)
Sincen static nodes are uniformly distributed on a planar disk

of unit area, distance between neighbord is © (i> Thus Theorem V.1. The throughput per node is

B. Probability of Transmission to a Mobile Relay Node

Vo
the area of the circle i, = © (1). Therefore, we have

1 1 1 1
1 A(n)=06 ( + — ) .
Prob(A;) = © () ) (20) () P (n)  +/nlogn ¥ (n)/nlogn
n
Since there are totallyn uniformly distributed mobile relay Proof: The throughput per node can viewed as a combi-

nodes in the network, the probability of transmission to mation of two possible transmission method, each caladilate
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as a conditional probability.

A (Tl) = PI’Ob( )>\tu;o hop (n‘A)
+ PI’Ob(B) multi—hop (n|B)

—o(H)em o (") e ()
—o(2)+o < " )
<ﬁﬁ>

1 1 1 1
=0 (5w * vtoer w00 viteg) - @

[ ]

This result can be viewed as a generalized result combining
network with infinite relay nodes and network with finite nela
nodes. When the number of relay nodes is of same order
with the number of static nodes, that ig = 1, where
1 is a constant, Equation 25 converges@d1), which is
Grossglauser and Tse’s result, and when the number of relay
nodes is far smaller than the number of static nodes, that is,

i/ nlogn

n—roo

2 =) (n) — 0, Equation 25 converges © (

m

which is Gupta and Kumar’s result.

VI. CONCLUSION

In this paper we study static network with mobile relays
added in order to compensate the decrease of throughput with
the increase of number of nodes We study two cases, the
first of which is static network with infinite mobile relay nes|
and the second of which is static network with finite mobile
relay nodes. We show that with infinite mobile relay nodes, th
throughput can reach the upper bound of ad hoc network. Our
work provides a combination of Gupta and Kumar’s multi-hop
network and Grossglauser and Tse’s random work network.
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