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ABSTRACT

A packet radio network consists of a set of computers whose
intercommunication needs are served by mobile radios. In this
work, relatively simple models are used to determine
attainable throughputs in such networks under a variety of
routing and scheduling strategies. In particular, we assume
uniform traffic requirements between all pairs of nodes and an
idealized capture effect.

Through the derivation and numerical solution of a
differential eguation, it 1is shown that a large network of
nodes which are uniformly spaced along a line and which uses
slotted-Aloha channel access can attain a throughput of 2.CS/e
if ite transmitters can dynamically adjust their power, as
opposec to a 1/e throughput attainable in fixed-power
networks. '

An upper bound of 2 in line networks is then derived and a
collision-free scheduling algorithm, Distance-based Time
Division Multiple Access (DTDMA), which can approach this
bound in wuniformly spaced line networks, is introduced. A
modified form of DTDMA for use in networks whose nodes are
placed on a regular grid is shown to yield a throughput near
JT, where n is the number of nodes in the network.

Cellular DTDMA (CDTDMA), in which radios are organized 1into
cells, 1is 1introduced for wuse 1in networks whose nodes are
randomly placed along a line., It is shown that a throughput
approaching the upper bound of 2 can be attained in such
networks when the number of radios per cell 1is large. An
approach based upon the law of large numbers is used to show
that a mod.fied form of CDTDMA £fcr use 1in networks whose noces
are laced randomly on a plane yields a throughput of
o0(§n,in n) when the number of radios per cell is large and
sucgestions are made to improve this performance.
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1. INTRODUCTION

1.1 The Packet Radio network Model

A packet radio network (PRNET) consists of a set of
computers whose intercommunication needs are served by mobile
radios (PR's). Packets of data originating at some computer
in the network may be transmitted to their destinations
directly or may be forwarded towards their destinations by
intermediate radios, called repeaters. In this paper, we
assume that the repeater roles are assumed by radios which
also serve host computers so that there are no distinctions
between the two, although in a real network this may not be
true.

Figure 1.1.1 depicts several 'nodes in a PRNET and
illustrates the important characteristics of the model we
impose on the network. First of all, we assume that antennae
are omnidirectional and that with every transmission there
exists a "radius of transmission”. We say that every PR within
this radius "hears" the transmission. If a PR hears more than
one transmission simultaneously, the packets collide and no
packet is received successfully. No PR outside this radius
hears the transmission. In other words, as 1long as the
received power of some transmission exceeds some threshold,
the receiver 1is within the transmissicn radius anéd hears the
transmission; it 1is successfully received if no other
transmission Thus, in Figure 1.1.1, A's transmission to B is

heard by C and C cannot successfully receive a packet.
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However, D can successfully transmit to E since E is outside
the radius. Note also that radio B may not be the final
destination of the packet from A but may be acting as a g
repeater and may subseqguently forward the packet to another
radio.

The concept of a well-defined radius of transmission is a
simplification of the "capture effect” described in [Robe72].
A packet can be successfully received as .ong as the ratio of
its receiveéd power to the received power cof any other packe:
exceeds the "capture ratio”. We make this simplification so
as to simplify our analysis and believe that the results L

obtained with this model correspond gualitatively to those

LR TR Rl IR SN B ALy W v N BN, B St G AP S S S GO AP N A T R H *

T | R . . N R N R T e Sy Sy _—



that would be obtained if the capture effect were included.

Our goal in this paper is to develop and analyze routing
and scheduling algorithms for PRNETS. We cannot accomplish
this by simply applying work which has been done £for other
types of networks because, as is clear from the above
description, PRNETS are different. Their wuse of radic
repeaters d:.stinguishes them from cellular radioc networks,
which use fixed transmission towers to forward messages
between radiocs. Additionally, satellite networks and ground
radio networks which use a single station to cretransmict all
messages between radios do not allow more than one successful
transmissions at a time. As shown in Figure 1.1.1, this 1is
untrue for a PRNET. The most general difference is that all
the networks mentioned above only have a single receiver: the
transmission tower in cellular radioc networks, the satellite
in satellire networks, and the central station in ground radio
networks. Thus, implementation and analysis of algorithms is
inherently simpler in these networ.s than it is in packet
radio networks, which contain many wunits which can act as
receivers, Finally, radio mobility and the effect of
transmission power on the network's connectivity cause the
network's topology to be fluid, wunlike wire and satellite
networks, which have a relatively fixed topclogy. All these

charac-eristics will be taken into aczcount in our work.

1.2 Definition ¢cf Some Terms
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Before discussing previous work 1in the field and
intrnducing our own, we define several terms especially
relevant to our work. Other terms and relevant notation will
be defined as they are introduced in subseguent chapters.

The performance measure we use to evaluate the algorithms
proposed in this paper is the "network throughput". This is
defined as the expected number of packets successfully
received at their destinations per unit time under a given set
of conditions. The particular unit of time is a "slot", which
is defined as the time required to transmit a packet. We
assume that all packets require the same time, i.e, a slot,
for transmission.

At times, we will discuss performance in terms of the
"order" of some Qquantity rather then its precise value. For
example, if the throughput cannot be determined exactly but it
is known that as the network grows large, it 1is proportional
to n, the number of nodes, then we say that the throughput is
O(n). In general, if g(x)=0(f(x)), x->x.,, then

lim |f(x)/g(x)]|=c, ¢ some constant

X=>Xe
In our discussions, x, will generally be 1infinity and the
functional form f£(x) will not be usec explicitly. However, it
will be clear from the context that we generally use this type
of analysis in cases where the network size, n, tends to
INEFInIEY .

The networks we investigate in this paper 1include "line

1/
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networks”, in which all radios (nodes) are located on a line,

"ring networks", in which they are located cn the perimeter of
a circle, and "planar networks", in which they are located on
a plane. In each of these cas.s, we deal with both "regular
networks", in which r-odes are placed deterministically and in
a geometrically regular fashion, and "random networks", in
which nodes are placed randomly.

In order to specify a given network's mode of operation,
we must specify its "traffic matrix", which specifies the
average number of packets per unit of time which must be sent
between each origin-destination pair of nodes. We are
particularly concerned here with a "uniform traffic matrix",
in which an equal number of packets must travel between each
such pair per unit of time. .

It is also necessary to specify the "channel access
scheme" used 1in network operation. One scheme considered 1in
this paper is "slotted-Alcha", introduced in [Robe72]. 1In
slotted-Aloha, all transmissions begin at discrete points in
time, referred to as slot boundaries. A radio, upon receiving
a packet to be transmitted (either from another radio or from
its host computer), sends it off at the next slot. 1f there 1is
a collision at the receiver and the packet 1is thus not
succssfully received, the transmitter re-transmits the packet
a random number of slots later. Another scheme is "Time
Division Multiple Access" (TDMA), 1in which each slot 1is

reserved for one transmission between two specific radics and

thus, there are no collisions.

1l
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Finally, the method of routing packets between origin and
destination must be specified. One method of routing is to
simply transmit é packet from its origin to its destination in
one hop. For obvious reasons, this is called one-hop routiny,
Alternatively, multi-hop routing, which requires repeaters,

may be used.

1.3 Previous Work

Several workers have studied the problem of routing in
packet radio networks using various approaches. [Kahn78]
proposes several distributed algorithms for implementing
routes], along with a survey of 1issues involved in the
architecture and operation of PRNETS. Baker and Ephremides
[Bake81] propose a distributed algorithm for the
self-organization of a network into "clusters"”, each of which
contains a "cluster head" that acts as a central controller.
These papers differ from our work in that they are concerned
with implementation of workable routes while we emphasize
analysis of different routing strategies and assume that they
can be implemented somehow.

A more analytical approach is taken by Kleinrock and
Silvester in [Klei78], in which the PRNET is modelled as a
random graph. Slotted-Aloha channel access 1is assumed and
rransmission radii are assumed to be fixed and equal for every
transmission. It is claimed that this radius should be chosen
such that each radio can be heard by roughly 6 neighbors so as

to maximize throughput. The derivation of this result requires
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the assumption that the network is connected, i.e, that each

radio can be heard by at least one neighbor, and simulation is
used to justify the wvalidity of this assumption. An
inconsistency in this paper is discovered by Takagi and
Kleinrock in [Taka84], and the optimal number of neighbors is
revised to 8.

Silvester and Kleinrock [Silv83a] consider 1line, ring,
and planar networks whose nodes are regularly spaced and
determine network throughput as a function of the degree of
connectivity (the number of potential receivers for each
transmitter) assuming slotted-Aloha operation. The major
conclusions of this work are:

(1) In a ring network with an optimal degree of
connectivity, a throughput of 2/e can be attained.

(2) In a line network, a throughput of c/e, where c is some
constant, can be attained almost independently of
connectivity.

(3) In a two-dimensional network, a throughput on the order
of the square root of the number of nodes in the
network is achievable.

These conclusions are substantiated and made more precise in
our work under a different set of assumptions about network
topology and transmitter operation.

Finally, Silvester ané Kleinrock [SilvE3b] consider
networks whose nodes are randomly placed and obtain results
for network throughput in & one-hop routing environment in

which a traffic matrix 1s assumed in which each radio only
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transmits to one other radio. Results are obtained for
transmitter-receiver pairs chosen randomly and for those
chosen to optimize throughput. These results are not directly
applicable to our work because we consider networks in which
each transmitter must communicate with every other receiver in
the network, i.e., a uniform traffic matrix. Thus,
transmitter-receiver pairs cannot be chosen either arbitrarily
or randomly but must be chosen so as to satisfy the traffic
requirements, either through one-hop or multi-hop routing.
However, in contrast to the previous work mentioned, [Silv83Db)
does assume that transmission radii are adjustable. This

assumption is also made in our work.

1.4 Motivation and Qutline of this Research

In this paper, we propose several algorithms for routing
and scheduling channel access in packet radio networks. The
major novel element of our work is that we assume first that
radios have unlimited power and can adjust their transmitting
power every transmission and second that each radio has
perfect information about the location of all other radios in
the network, as well as its own location. Thus when one radio
wishes to transmit to another, it adjusts its transmitting
radius so as to just include the intended receiver. Figure
1.4.1 illustrates this idea by showing the transmitting radii
that radio A would use to transmit to radio B and to radio C.
Note that other radios 1in the network may hear these

transmissions, depending on whether or not they are located

14

"J
|



¥ ’
g
e Jt. 94

r a
1.

-

L. . a a_ Al e 8 __R °

.'f. -
Q }
© -

X

]

]

Fig. 1.4.1 Transmitter wit: Adjustable Power

:

it e b St B B il e L g o

L 4

within the radius of transmission.
While these assumptions are clearly simplifications of .
reality, they are reasonable within limits. It is indeed

technically possible to adjust power (as some commercial radio

.
v
ST N ST A LTS W Tpthemapr ey wer amn ) A

Y stations do at night). The assumption of wunlimited power

1

-

clearly depends on the size of the network and the nature of
the transmitters but, in any case, we 1investigate several ‘ :
strategies which do not depend on unlimited power. Finally,
while perfect information about radio location 1is impessible ,
due to noise and radio meobility, for slow-moving radics a :
small amount of bandwidth could be devoted tc wupdating

position infermation throughout the network.
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Our motivation' for studying dynamically-powered networks
is that from a technical viewpoint, such networks are
desirable in that they circumvent the problem  of an
unconnected network, since a radio can adjust its power so as
to heard by at least one other radio. Moreover, a radio can
adjust its power so as to be heard by a repeater in the
direction of the destination radio. Thus, the forward progress
made during a hop is controllable and is not a random variable
dependent only upon network topology, as was assumed in
[Klei78] and [TakaB84]. The ability to control power thus
leads to a richer set of routing and scheduling strategies and
the goal of our work is to develop insight into these.

We first consider regular line networks. In Chapter 2, we
evaluate slotted-Aloha under multi-hop and one-hop routing for
both very small and very large regqular line networks and show
that one-hop routing is superior. Our work differs Irom that
of [SilvB3a] in that we assume the case of dynamic transmitter
power and consider the effect of a radio's location on its
operation while Silvester looks at operation only for radios
near the middle of the network.

The remainder of the paper is concerned with scheduled
channel access schemes. In Chapter 3, we derive an upper bound
on the throughput in any line network any routing and
channe. access strategies and propose ..stance-based Time
Division Multiple Access (DTDMA), a scheduling algorithm which
approaches this upper bound. We show how this scheme can be

applied to regular planar networks.
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In Chapter 4, we look at random line networks and propose

Cellular Distance-based Time Division Multiple Access -

(CDTDMA), which is based upon DTDMA but can be used in random

networks. We show that under certain conditions, the upper
. bound on throughput derived in Chapter 3 can be attained in A
i
E random line networks with this algorithm. We then analyze the
: performance of this algorithm in random planar networks.
F Finally, Chapter 5 contains some half-baked ideas which "
t
:
®
L
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can be used as bases for further research.
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2. SLOTTED-ALOHA IN UNIFORM LINE NETWORKS

2.1 Assumptions

In this chapter, we determine throughputs obtainable in
regular line networks which use slotted-Aloha channel access.
We assume that the PRNET operates in the manner described in
Chapter 1: namely, each transmission radius is adjusted so as
to barely include the intended receiver and no radio within
this radius can simultaneously receive a packet from another
transmitter.

In determining the throughput, we impose a wuniform
traffic matrix, so that flows between all source-destination
pairs are equal.

Under these assumptions, we compare throughputs
obtainable in networks which use multihop routing, those which
use one-hop routing where transmission radii are adjusted, and
fully connected networks where each transmissicn is heard by
all radios, regardless of the intended receiver's location.

In multihop routing, we consider the case where each
packet is sent a distance of N radios in the direction of the
destination on each hop, until it reaches the destination. We
assume that N<<r, the number of radios in the network, so that
it typically takes many hops to transmit a packet from source
to destination. In the one-hop case, all packets are
transmitted in one hop, regardless of distance.

For the remainder of this chapter, r(i:,j) will denote

flow between each source-destination pair (1i,3), t(i,j) the

18

i
| P

l_‘A.iA_n.yJ

|
. T ey

as am

=

e

TETTWRT T W



expected number of successful transmissions (also referred to
as "traffic") per slot on 1link (i,j) and p(i,j) the
probability of transmission on this link during a slot. The
network throughput will be denotec R and is the sum of the
flows on each link in the network. Thus,
Re 2r(i,3) (2.1.1)
i,5 :i¥¢j

It is also convenient to define an interference factor gq(k, as
the probability that radio k hears no transmissions on a given
slot, including those intended for it. Assuming incependence

amor3 transmissions from different radios

n
q(k) =Tt (1-2p(i,h)) (2.1.2)

i=1
h such that transmissions from i tc h

heard by k.

Each of the factors in g(k) represents the probability that
radio i does not interfere with a transmission to k. For a
successful transmission from radio j to radio k, radio j must
transmit to k while k hears no other transmissions. It follows

that

t(3,k)=p(3,k)1q(k)/(1-Z p(3,n)) (2.1.3)
h such that transmissions
from j to h are hearc¢ by k
The denominator in (2.1.3) is fac:tored out of g(k) Dbecause j

cannot interfere with its own transmission to k. t may seem




avkward to include this factor in the numerator of (2.1.3) and
to then cancel it out. However, this tactic simplifies the
calculations regarding large networks which occur in

proceeding sections.,

2 i Three-Radio Networks

To illustrate the calculations needed to determine
maximum throughput, we will first consider the simplest
non-trivial network, one comprising three radios, 1labelled
1,2, and 3. Using multihop routing with N=1, link (1,2)
carries all traffic between nodes 1 and 2 and between nodes 1
and 3 while node (2,3) carries all traffic between nodes 1 and

3 and between nodes 2 and 3. Similar relations hold in the

| & 4 JX*
NP

10, = 0L TR (23 =D - 0 (2,3)

Pige 2:2.1 A Three Radio Network

opposite direction. This is 1illustrated 1in Figure 2.2.1.

Formally,

20
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t(1,2)=r(1,2)+r(1,3)=2r (2.2.1a)
t(2,3)=r(2,3)+r(1,3)=2r (2.2.1b)

We have made the uniform traffic requirement explicit 1in the
above equations by substituting a constant r for all (g
To relate the traffic on each link to the transmission
probabilities, the following facts are needed:
(1) Radio 2 hears all of its own transmissions and all
those from 3 and 1.
(2) Radio 3 hears all of its own transmissions and all of
2's transmissions but does not hear .'s transmissions
to 2.

Thus,

q(2)=(1-p(2,1)-p(2,3))(1-p(1,2))(1-p(3,2)) (2.2.2a)
q(3)=(1-p(2,1)-p(2,3))(1-p(3,2)) (2.2.2b)

Substituting (2.2.3) and (2.2.4) intc (2.1.3) yields:

t(1,2)=p(1,2)(1-p(3,2))(1-p(2,1)-p(2,3))=2r (2.2.3a)
t(2,3)=p(2,3)(1-p(3,2))=2r (2.2.3b)

By symmetry, p(1.,2)=p(3.,2) and p(2,3)=p(2,1) and the resulting

equations are:

t(1,2)=p(1,2)(1-p(1,2))(1-2p(2,3)) (2.2.4a)

t(2,3)=p(2,3)(1-p(3,2)) (2.2.4b)
Hence,

p(2,3)=p(1,2)/(1+2p(1,2)) (2.2.5)

To determine maximum throughput, we maximize t(1,2) over all
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p(l1,2) by substituting (2.2.5) 1into (2.2.3), setting the

derivative to 0 and finding the root of the resulting
polynomial. It turns out that p(l1,2)=.366 and p(2,3)=.211.
Using these values, r=.067. To determine R, we solve (2.1.1)
under the assumption of a uniform traffic matrix. Since there
are n(n-1) transmitter-receiver pairs in the network, this

yields

ReY r(i,j)=n(n-1)r. (2.2.6)

i,3: 1#3

For n=3, R=,402 using short transmissions. When n=2, a
similar calculation yields R=.5 and for n=4, R=,370. For very
small networks, it thus appears that throughput falls with n
when multihop routing is used. _

A similar calculation for one-hop routing with adjustable
power vields p(l1,2)=p(1,3)=,1890, p(2,3)=.1590 ané R=.481 for
n=3, Note that in this case, traffic over pairs (1,2), (2,3)
and (1,3) must be accounted for and that t(i,j)=r(i,j) for all
pairs (i,j) since traffic between two nodes is carried solely
on the link between them. This calculation becomes tedious for
larger networks and we have not attempted it for n>3.

Finally, we can make this calculation for networks which

are fully connected so that each transmission is heard by all

radios. This is just the classical slotted-Aloha network and

the maximum throughput is given in [Robe72] to be




Re(1-1/n) (2.2.7)

The optimal probability P of transmission to any receiver is
shown in this paper to be 1/n so that the probability of
transmission between a particular transmitter and receiver

must be
p(i,j)=P/(n=1)=1/[n(n-1)] (2.2.8)

since all receivers are transmitted to egqually frequently.
Note that p(i,j) is independent of i and J because all
transmissions are heard by every radio, so that radio location
is irrelevant. Thus, for n=2, R=,5 and p(i,j)=.5; for n=3,
R=.444 and p(i,j)=.167; and for n=4, R=.422 and p(i,j)=.083,

It is worthwhile to make two observations in comparing
the results for threr-radio networks.'

(1) Transmission probabilities are lowest 1in the cases
where one hop is required for each delivery of a packet
from origin to destination.

(2) One-hop routing yields a higher maximum throughput than
that attained in a fully connected network which in
turn attains a higher throughput than that attained in
multi-hop networks. This will be shown to be true for
very large networks as well wunder a slotted-aAlcha
access scheme. We have not investigated
intermediate-sized networks but see no reason why this

relationship should not hold for these.
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2.3 Large Networks Using Multihop Routing

In this section, we calculate maximum throughputs for
networks of n radios which use multihop routing in the limit
where n becomes infinite. We first consider a network in
which all transmissions are to adjacent radios (N=1) and then
generalize our results to networks in which all transmissions
are of the same distance and this distance is small compared
to the length of the network. The conclusion we draw 1is that
short transmission multi-hop strategies yield throughputs
which can never exceed that of a fully-connected network,

which has been shown in [Robe72] to be 1l/e.

2.3.1 The Short Transmission Case (N=1)

In a network of n nodes, with nodes being labelled from
left to right with the numbers 1 to n, the throughput was
defined@ to be n(n-1)r in the last section, where r is the
number of packets sent between each source-destination pair
every slot. To determine the maximum throughput, relations
must be derived, as they were in the last section, among each
link's traffic and the network throughput. Towards this end,
we note that for N=1i, link (1,2) must carry all the traffic
from link 1 to each of the other n-1 nodes in the network.

Therefore,

t(l1,2)=(n-1)r (2.3.1.1)




oy

.........
’ .

Link (2,3) must carry traffic from nodes 1 and 2 to the other

n-2 nodes in the network. Thus,

t(2,3)=é(n-2)r (2.3.1.2)
In general,

t(i,i+1)=i(n-1)r (2.3.1.3)

Note that this is simply a generalization of (2.2.1) for
arbitrary networks. In the same manner, (2.2.3a) can be

generalized to yield

t(i,i+1)=p(i,i+1)[1-p(i+1,i)-p(i+1,i+2)]
x[1-p(i+2,i+1)-p(i+2,i+3)] (2.3.1.4)

This is true because the only transmissions which  can
interfere with a transmission toO node i+1 are those which are
sent from nodes i+1,i+2. No other transmission includes node
i+1 in its radius. This holds for all links except those at
the ends of the network, whose traffic-probability relations
are derived by generalizing (2.2.3b).

In principle, we could solve this system to determine the
maximum obtainable throughput as we did for the three-radio
network. This would involve the reduction of the system to 2
single equation relating some 1ink traffic to some link
probability followed by the maximizaticn of this traffic with
respect to the link probability. The throughput would then be
obtained by substituting this traffic into (2.3.1.3) to

determine r, which would in “urn be substituted into (2.3.6)
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to determine R. However, for large networks, the reduction is

tedious and computationally intensive. We therefore determine
an approximation to the maximum network throughput which
converges to the actual throughput as the number of nodes
approaches infinity.

The idea is to work backwards by starting with a single
equation relating a 1link traffic to a link probability.
Towards this end, we define a quantity P(i,i+l) and substitute

this guantity for each link occurring in (2.3.1.4). Thus,

(2.3.1.4) becomes
. 9 B . g 2 . .
t(1,1+1)=P(i,i+1)[1-2P(i,i+1)] =i(n-i)r (2:3:2:9)

We use this equation to derive initial estimates of the set of
p(i,i+1). \

To maximize throughput, we must choose P(j,j+*1) so that
traffic on the link (j,j*1) which has the greatest traffic is
maximized. Then, the set of P(i,i+1) for all other 1links can
be determined in terms of this traffic using (2.3.1.3) and
(2.3.1.5). This set of P(i,i+1) can then be used as initial
estimates of p(i,i+1) in (2.3.1.4) to obtain a better estimate
of the maximum traffic which can flow on link (3,3*1), which
can in turn be used to obtain a better estimate of the network
throughput.

From (2.3.1.5) it can be seen that the maximum t(i,i+1)
over all i occurs when i=n/2. Thus, assuming a network with an

even number of nodes, the most congested link is the middle

one, (n/2,n/2+1). Maximizing t(n/2,n/2+1) with respect to
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P(n/2,n/2+1) yields

P(n/2,n/2+1)=1/6
t(n/2,n/2+1)=n*r/4=2/27 (2.3.1.6)

To obtain a better estimate of ¢t(n/2,n/2+1), we must
determine P(n/2+1,n/2), P(n/2+1,n/2+2), P(n/2+2,n/2+1), and
P(n/2+2,n/2+3). From (2.3.1.3), it can be seen that

t(i,i+1)=t(i+1,1) so that P(i+1,i);P(i,i+1). Thus,
P(n/2+1,n/2)=P(n/2,n/2+1)=1/6.

Similarly,
P(n/2+2,n/2+1)=P(n/2+1,n/2+2).

We determine P(n/2+1,n/2+2) by using (2.3.1.5) to obtain
a Taylor series expansion about t(n/2,n/2+1). Letting

t'=dt/dp, we have

t' =12p -8p+1

t'' =24p-8

£ =24,

&N =0, n>3 (2.3.1.7)

Letting AP(1)=P(n/2+1,n/2+2)-P(n/2,n/2+1) the expansion 1is

t(n/2+1,n/2+2)=t(n/2,n/2+1)+t" (n/2.n/2+1)aP(1)
~t' ' (n/2,n/2+1) [aP (1) ]* /2
st (n/2,n/2+1) [aP(1) ] /6 (2.3.1.8)

27

SR i o e e SR LB R Lo e il e e el e » » w 2
- T —— T R g N - T T iy e Ty oy Y TN R T N Y ey g e e S e e,

3
£
fa
Ly

. ’
3 . 2 l. i Lo " o
L S L i T e BRI AT mga. T .

WO, L e g N A S gt e e

Fe

-
2

.
it -



.................
..........

Thus,
2 2 2 =
[n"/4-1-n /4])r=0-4[naP(1)] +4[aP(1)] (2.3.1.9)

But our initial estimate of r from (2.3.1.6) |is 8/(27n2).

Thus, manipulation of (2.3.1.9) yields
2 %
n [AP(1)] [1-AP(1)])=2/27 (2.3.1.10)

As n grows large AP(1l) becomes proportional to 1/n and our
estimate of P(n/2+1,n/2+2) approaches 1/6. It can similarly be
shown that our estimate of P(n/2+2,n/2+3) approaches 1/6 as n
grows large so that the approximation (2.3.1.4) converges to
the true expression (2.3.1.5). Thus, the new estimate of

t(n/2,n/2+1) converges to 2/27. For large n, R=n*r and
REn?r=4(n?/4)r=8/27=.296 ' (Zrauls 1)

Thus, we have shown that for very large networks, a throughput
of .296 can be obtained with multihop routing in which all
transmissions are to adjacent radios.

We believe that the method proposed here can be used as a
basis for an iterative algorithm that can approximate the
throughput in a finite network with arbitrary accuracy.
However, the development and analysis of convergence of such
an algorithm is beyond the scope of this paper.

Our results for multihop routing, with N=1, for 2,23, 4
and an infinite number of radios lead us to believe that the

throughput falls monotonically from .5 to .296 as n increases

due to the increasing number of hops required to deliver a
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packet from source to destination but we have been wunable to

prove this.

2.3.2 The General Case

The above analysis can be extended to multihop strategies
where each packet travels to its destination 1in hops of a
fixed distance of N radios until it reaches a radio within N

radios of the destination and is delivered over the required

mYal DY TN/
PEFROFTOOIEE TR

Fig., 2nBr2sd Multi-hop Routing: N=3

remaining distance (Fig. 2.3.2.1). For networks of n radios,
where li/n is small, these "delivery hops" represent a small
fraction of the total number of transmissions, More
precisely, as n gets large, the distance between radios 1is
typically O(n) and it takes O(n‘N) hops to route a typical
packet from origin to destination. There 1s one delivery hop
for each packet delivered between an origin-destination pair
(including delivery hops of 0 radios which occur when the

distance between origin and destination is a multiple of N).
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the delivery hops represent a fraction of O(N/n)<<1 of all
transmissions and we will ignore them as we look at networks
for which N<<n,

We concentrate our attention on the radios in the middle
of the network and assume that they each have the same
transmission probability, B.. The validity of this assumption
for large networks was established in the previous section.
Whereas, for N=1, the center link's traffic in one direction il
represented 1/4 of the network throughput, the work 1is now
split up among N middle 1links. This becomes clear if one
subdivides the network into N subnetworks, as shown in Figure p ;
2.3.2.2, where the leftmost node ¢f subnetwork j is the jtn

node of the original and each adjacent node of subnetwork 3

DELIVER Y
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1 Fig. 2.3.2.2 subdivision of Network (N=2)
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corresponds to the nex:t N-hop. Virtually all transmissions

I ey

30

1
.




?
E.

5
:
A

. :' T r’-' O il 4

A . . B

- g LA
ARG, S
v

occur within these subnetworks, since the only communication
between subnetworks is due to the final delivery of packets,
which is negligible, as explained above. Thus, each subnetwork
carries 1/N of the traffic on the original network and the
center link of the original carries 1/(4N) of the network
throughput. A successful transmission on this link requires
that each of the 2N nodes to the right do not transmit in
either direction, as illustrated 1in Figure 2.3.2.2. The

expression for the throughput in such a network is thus
2N
R=4NP. (1-2P.) (2.3.2.1)
Keeping n fixed and maximizing over P, we have

B =1/(4N+2) (2.3.2.2)

.

and substitution of (2.3.2.2) into (2.3.2.1) yields
2N
R=(4N/(4N+2))(1-1/(2N+1)) (2.3.2.3)

As N gets large, R increases asymptotically to 1/e=.368. Thus,
the throughput varies from .296 when N=1 to .368 when N gets
large as shown in Figure 2.3.2.3.

The significance of this result is that the throughput
obtained using the multihop strategies outlined above, coupled
with a slotted-Aloha access scheme, is relatively insensitive
to the length of the hops and can never exceed the 1i/e
throughput of a fully-connected network. In the next section,
we show how this performance can be roughly doubled by using

one-hop routing.
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2.4 Large Networks Using One-Hop Routing

Given packet radios which can adjust their power so as to
be heard by all radios within a radius of the destination and
no more and which have complete information about the
locations of all other radios in the network, the simplest
strategy for routing is to avoid it entirely by transmitting
to the destination radio directly. Here, we calculate the
throughput obtained by such a strategy. First, a ring network
will be considered, simplifying analysis by avoiding the end
effects which occur in a 1line network. Following this
analysis, we will study the line network of the last section

under one-hop routing.

2.4.1 Ring Networks

Consider the ring network of Figure 2.4.1. For the
purposes of the following argument, we will assume that there
is an odd number of radios in the ring and these will numbered
clockwise from 0 to n-1. This assumption is not critical to
the argument but 1is convenient. The network throughput is
n(n-1)r. Because all packets are delivered in one hop, the
traffic on any link (i,j) equals the number of packets from i

destined for j per slot. Thus,
R=n(n-1l)r=n(n-1)t (2.4.1.1)

Determining t reguires evaluating each of the factors in q(0)

which appear on the right side of (2.1.1). This calculation
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Figa 2:4.1 A Ring Network

i~ simplified by assuming that to maintain a uniform traffic
matrix, all 1link probabilities p(i,h) are equal, The
assumption is justified as follows: For a large network with n
radios, a transmitter's optimal probability of transmitting
during a slot is on the order of 1/n, as will shown below for
the network considered here, Thus, for large n, the
denominator in (2.1.2) can be approximated by wunity and

(2.1.2) becomes

t(j, k)=p(j, k)q(k) (2.4.1.2)

Due tc symmetry, q(k) is constant for all k and due to traffic
uniformity, t(j,k) is constant for all wpairs (j,k). Thus,
p(3,k) must be constant for all links and will be denoted .

Applying (2.1.1) to the radio arbitrarily denoted radio 0, we
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Q(0)=T% (1 - £(i)p) (2.4.1.3)
i=1
where f(i) denotes the number of destinations for which
transmissions from radio i are heard by radio 0. Consider a
radio i such that 1<i<(n-1)/2. As shown in Figure 2.4.1, with
i=4, radio 0 hears transmissions from i to all radios except
those within a radius of i-1 from i. There are 2(i-1) such

radios. Thus,
f(i)=(n=1)-2(i-1)=n=-2i+1 (2.4.1.4)

Exploiting symmetry to account for the radios 1 such that
(n+1)/2<i<n, substituting (2.4.1.4) into (2.4.1.3) and making
a change in the summation variable,
(n-1)/2 . 2
g(0) = TT (1-2ip) ] (2.4.1.5)
i=1
Assuming p<<l1, approximating 1ln(l-kp) by -kp and carrying out

the summation

1n q(0)=-[(n*-1)/2]p (2.4.1.6a)
G(0)=exp[-{n"~1)p/2] (2.4.1.6b)

Applying eguation (2.1.2) and retaining only first-order terms

yields
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t=p exp(-nzp/Z) (2.4.1.7)
Maximizing t yields

A 2
p=2/n
R=n(n-1)(2/n*)/e=2/e (2.4.1.8)

Note that the probability of transmission to any other radio
is (n-1)p=2/n and the approximation made in (2.4.1.2) is
justified.

This result corresponds to that in [SilvB3a] for the
optimal throughput in large ring networks where each radio is
heard by a constant, non-adjustable number of receivers,
showing that one-hop routing with adjustable tran:s~ .ssion
radii performs as well as any strategy based on non-adjustable
transmission radii. In the next section, we show that for
line networks, one-hop routing yields roughly twice the
throughput in a line network as the throughput obtained for

the multihop strateyies of section 2.3.

2.4.2 Line Networks

Line networks differ from ring networks in that the
probability of transmission to a given radio is dependent on
its position. In particular, there is more contention near
the center of the network and more attempted transmissions are
needed here than at the ends to obtain the same number of
successfully received cackers, However, since we are still

dealing with a large network, the approximation made in
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(2.4.1.2), i.e, that the probability of transmission is
independent of the transmitting radio, is still valid. Thus
p(j,k) is dependent on k but not on j. We will implicitly use
this fact in our notation by renaming p(j,k) to p(k). IE
follows from the above argument that g(k) is also dependent on
k. Approximating the denominator of (2.1.2) by unity (since n

is large) the expression for tratffic in this network becomes:

Although t(j,k) is actually a constant independent of j and k :;
because of the assumption of a uniform traffic matrix, we will vl

refer to- it for now as a function of j and k. This will

. -
| | s
DOGOOOOO®®EWL® :
L i jod m A ~L »
i i ference Factor
ig., 2.4.2.1 Groups Contributing to Inter
e € at Radio k (k=5) -

clarify our subseguent calculations.

As illiustrated in Figure 2.4.2.1, the interference factor
q(k) is the product of £five terms corresponding <to the
following sets of radios:

(1) Radios i1 such that 1<i<(k-1)/2. These radios are to the
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left of k and are closer to the 1left edge of the
network than they are to k. Thus, any transmission from
such a radio to its left is not heard by k. Radio k is
interfered with only if i is transmitting to 3 such
that j>k.

(2) Radios i such that (k-1)/2<i<k-1. These radios are to
the left of k but k hears transmissions from such a
radio to a radio j which satisfies either i-j>k-i or
i2k.

(3) Radio j itself, If it transmits to any other radio, it
cannot receive a packet successfully.

(4) Radios to the right of j which are the images of those
in group 2.

(5) Radios towards the right end of the network which are

the images of those in group 1.

Hence,
(k-1)/2 n k-1 2i-k n
q(k) = TT (1 -<p(i)] 7T [1-(% p(i)+Z p(i))]
i=1 =K 1= (k-1)/2 +1 j=1 j=k
n
x [1-2p(])]
1=1
(k+n+1)/2 k n n k
x 1T [1-(E p(i)* T P(IN], T (1 -% p(3)]
i=k+1 j=1 i=21-k i= (k+1l+n)/2 +1 j=1
(2.4.2.2)

Regrouping terms and taking the logarithm of both sides using

the approximation 1ln(l-x)=-x fcr x<<1 yields
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k n
1n qg(k)=-[ € (n-k/2-3/2)p(j) + & (k/2+j/2)p(])]

j=1 j=k+1
(2.4.2.3)

Taking the logarithm of both sides of (2.4.2.1) and

substituting (2.4.2.3), we have

k n
In t(j,k)=1n p(k)-[ZT (n-k/2-3/2)p(j) += (k/2+j/2)p(]) ]
j=1 j=k+1

(2.4.2.4)

Now the task at hand is to determine a set of p(k) which
yields a constant t(j,k) and which maximizes this quantity.
For n approaching infinity, this is impractical. Instead, we
convert (2.4.2.4) into a non-linear, non-constant coefficient,
differential equation and solve it numerically. We convert
radio position from a discrete variable, k, to a continuous
variable, x, and define f(x) as a "transmission probability
density" such that f(x)/nz at x=k/n is p(k). We include the n%
scaling factor so that the 1limits of integration which
represent the summation of (2.4.2.4) are 0 and 1, regardless
cf n. Likewise, we define T(x) so that T(x)/nz' at x=k/n is
t(j,k). Thus, (2.4.2.4) becomes

In T(x)=1ln £(x) -

X

[S (1-x/2-x'/2)f(x")dx" +
0

(x/2+x" /2)f(x")dx"]

)Cc—-—)l—‘

(2.4.2.5)
Because T(x) 1is constant for all «x, differentiating

(2.4.5) with respect to x yields
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d X
£'/F = [Sf(x')dx' - E(x")dx")/2 + (2x-1)£=0
X 0

(2.4.2.6a)
Differentiating again and multiplying through by f yields
£'1=(£' )2 E+(2x-1)EE" +3E =0 (2.4.2.6b)

To solve this numerically, boundary conditions for £' and
f must be specified. These two degrees of freedom in
(2.4.2.6b) correspond to the two desired properties for our
solution f(x): that it yield a constant t and that it maximize
this E-

We have specified the first boundary condition by noting
that the network is symmetrical about x=n/2. Therefore, the
two integrals of (2.4.2.6a) are egual .and negate each other,
Furthermore, the final term is 0. Thus, to satisfy (2.4.2.6a),

we must have
£'(n/2)=0 (2.4.2.7)

This makes sense intuitively because x=n/2 is the point of
highest congestion, meaning that more attempted transmissions
to this point are required to obtain traffic equal to that
nearer the extreme radics. Thus, £(x) should be maximized
here, leading us again to (2.4.2.7).

Specifving (2.4.2.7) leads to a family of sclutions to
(2.4.2.6b) which achieve a constant t(x), which we rename as

t. We have determined the second condition by trial and errcr;
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running the program which solves (2.4.2.6b) with different
values of £f(n/2) wuntil a maximum t was reached. Figure
2.4.2,2 shows f(x) for different values of f£(n/2), along with
the corresponding throughputs obtained, including the optimal

solution in which

£(n/2)=2.7 (2.4.2.8a)
This translates to

p(n/2)=2.7/n% (2.4.2.8b)
For this value,

RTn%*t=2.05/e=.754 (2.4.2.9)

Thus, maximum ¢throughput 1s more than doubled £for line
networks 1in changing from the multihgp routing of section 2.3
to one-hop routing.

Note that f(x) falls off to less than 1/2 1its wvalue at
the center at the edges of the network, indicating that
attempted transmissio. - are more than twice as fregquent to
radios in the center of the network as to those on the edges.
The assumption made for ring networks -- that transmissions
are sent equally frequently towards all radios in the network

-- is not justified for line networks.

2.5 Interpretation of Results

The maximum throughputs which we have determined in this

chapter for networks of various sizes under various routing
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Transmission Probability Density vs.
Radio Position
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strategies are summarized below in Table 2.5.1

Number of nodes

2 3 4
Multihop(N=1) .500 .402 .370 .296
Multihop(1<<N<<n) N/A N/A N/A .368
One-hop .500 .481 ? . 754
Fully connected .500 444 .422 .368

Table 2.5.1

These results indicate that it is beneficial to endow
transmitters in a line PRNET with adjustable and unlimited
power, which are the properties assumed for one-hop routing.
Note that if power is unadjustable and limited, a multihop
routing strategy with constant transmission racdius must be
used, yielding throughputs less than 1/e for large networks.
The throughput in such a network is limited because of the
large number of transmissions typicaily required to deliver a
packet from origin to destination.

On the other hand, if each transmitter has enough power
to be heard by all radios in the network but cannot adjust
this power, the network is fully connected and the throughput
for a large network is 1/e. Here the throughput is limited
because at most one successful transmission can occur per
glots

A network whose transmitters have both unlimited and
adjustable power can complete each packet delivery in one hop
while allowing multiple simultaneous transmissions when the
transmissions are short, thus yielding a throughput more than

twice as great as the other strategies in large networks and
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at least as great as the other strategies for the smaller

networks we have investigated.

One ramification of this is that adjustability appears to ’, :
be a beneficial property with or without unlimited power. For .‘T%
a network whose transmitters have a maximum transmission H_;j
radius of N radios so that multihop routing is required, .'_:
greater performance should be possible if this radius is : j
decreased for transmissions shorter than N radios so as to s j
allow a greater number of expected successful transmissions . i
per slot. €

In fact, we have not shown here that one-hop routing is AN
optimal, only that it is better than the other schemes . 3
considered. A combination of adjustabilty and multi-hop 'E
routing for long transmissions may yield a throughput greater ;;;j

Feceon)

than .754 in large networks.
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3. UNIFORM NETWORKS USING CONTENTION-FREE CHANNEL ACCESS

3.1 An Upper Bound on Throughput

Consider a cut between nodes i and i+l in a packet radio
network in which all nodes occupy a line and are numbered from
1 to n. Such a cut is shown in Figure 3.1,1. If a uniform
traffic matrix is imposed, a necessary condition for

completing transmissions between all source-destination pairs

in the network is the transmission of a packet from each of.

the i nodes to the left of the cut to each of the n-i nodes to
the right of the cut. Thus, i(n-i) packets must cross this
cut, independent of how they are actually routgd from source
to destination. In particular, the left half of the network

must send (n/2)(n/2) packets to the right half and vice-versa.

Fig. 3.1.4 A Cut in a Line Network

Therefore, it is necessary that nz/z packets cross this cut to
complete all transmissions. The completion of all such

transmissions will be termed a "cycle" for the remainder of
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this paper. We show here that, under the 'model we have

imposed in the last chapter, only one packet can be
successfully transmitted across this cut during a slot.
Therefore, at least 62/2 slots are reqQuired to complete a
cycle.

In the lemmas that follow, we suspend the assumption that
nodes are uniformly spaced and refer to radios by their
co-ordinates in space, not their cardinal number within the
network. The lemmas' results are illustrated in Figures 3.1.2a
and 3.1.2b.

Lemma 3.1.1 If more than one radio on the same side of a cut

attempts to transmit across this cut, only one transmission
will be successfully received.

Proof Consider a cut made at a point x. Let nodes at t, and t,
attempt to transmit to nodes at r, and r, respectively. We
assume that t,,t,<x and r ,r,>x. With no loss of generality,
assume t,>t, . Note that t;#t because no radio can transmit
simultaneously to more than one receiver. There are two cases
to consider, as shown in Figures 3.l.2a:

(1) r, <r,

In this case, t <txx<r <r

<
5 . Thus, t,<r

, ST, . But our
-2
model assumes that r, thus hears the tranmission from

i to r and cannot successfully receive the

(S A

transmission intended for it. Thus, only one of the twe
transmissions is successfully received.

n >ry

In this case, t,<t,<x<r,<r . Thus t,<r,<r, and only

46




R S A A A s e ~.

W d e i kil N P 3 e . |
o w4 o 7 3 . r 1 .
a ’ W7 ]

47

&
\ ~
Illustration of Lemma 3.1,
<a
1':\\
A
/
—
—
“.-ll'
. ®
—
T~
Illustration of Lemma .22

f v/ \ / [ 1
; R () \
@) @ O = . |
\ I T A U \ \ S
J / - _ / \ o -
" | \ Vo / ) _
O 0 e Ole)l ¢




Sl Lo o B s

transmission is successful.

Lemma 3.1.2 If radios on opposite sides of a cut attempt to
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simultaneously transmit across the cut, at most one

transmission will be successful.

Proof Consider a cut made at x. Let node ¢t ,<x attempt toO

transmit to r, >x while t,>x attempts to simultaneously
transmit to r,<x. According to our model, the first cf these
transmissions is heard by all radios within fhe radius of
transmission. These include all radios located at positions ¢

such that
tx-(r\-t\)gcgr\,
Thus,
2t, -r <cZ<r, ) (3.1.1)

A successful transmission from t, to r, requires that r, not
satisfy (3.1.1). Now, under our assumptions, T <X<r, . Thus, a

successful transmission to r, from t, reqguires that

rz<2t‘-r| (3.1.2)

Similar reasoning leads to the conclusion that a successful

transmission from t, to r, is only possible if

r, >2t {3k e 3f)

\ 2" fa

Manipulating (3.1.2) and (3.1.3) yields
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t,<(r, +1,)/2<t, (3.1.4)

However, we have stated that £, <x<t . Thus, (3.1.4) cannot be
satisfied and the two transmissions cannot be simultaneously
successful. The combined results of lemmas 3.1.1 and 3.1.2
substantiate the contention made above: at most one packet can
be successfully transmitted across any cut in the network,
regardless of the location of transmitter and receiver.

We can use this fact to determine an upper bound on the
throughput in any line network with uniform traffic
requirements, . independent of routing and regardless of whether
or not the radios are spaced uniformly. The throughput is
defined as the average number of packets delivered to their
destinations per slot. There are n(n-1) packets which must be
delivered to their destinations per:cycle. Letting S define

the number of slots reguired for a cycle, we have
R=n(n-1)/8<n(n-1)/(n*/2)<z (3.1.5)

In the next two sections, we investigate routing
strategies analgous to those discussed in chapter 2, but which
are based on contention-free channel access. We show that, for
uniformly spaced racdios, these yield throughputs approaching
the bound cf (3.1.5). In section 3.4, we extend the results of

this chapter to regular grid networks.

3.2 One-Hop Routing
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| At the expense of long delays, transmissions 1in packet
radio networks can be scheduled so as to prevent interference.
In this case, radios do not transmit packets upon receiving
them but must wait until they are scheduled to transmit. An
extreme version of this 1is pure TDMA, where each slot is
reserved for exactly one transmission. Clearly, this strategy
yields a throughput of 1. However, it is suboptimal for packet
radio networks because it fails to take advantage of the fact
that more than one transmission can be s'iccessfully completed
during a slot, providing that the transmissions do not
: interfere. We propose here a scheduling algorithm for 1line
networks whose radios are uniformly spaced, which we refer to
as Distance-based Time Division Multiple Access (DTDMA).
i As shown in Figure 3.2.1a, tpe scheme 1is based on
E allocating each slot to transmissions of a given length, N,
I Radios are labelled modulc 2N+2 and all transmissions of
i length N on each cycle are accomplished in 2N+2 slots for
; N<n/2. To calculate the throughput wusing this scheme, we
count the number of slots required per cycle.
As shown 1in Figure 3.2.1b, only one successful
transmission can occur per slot allocated to transmissions

wvhere N>n/2. For a given N, one slot must be dedicated to

each left-to-right transmission, in which the transmitters are

numbered £from 1 to n-N and the receivers from N+1 to n, and
for each right-to-lef: transmission, in which the transmitters
and receivers are reversed. Thus, 2(n-N) slots are required

’ to complete transmissions for each such N,
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¥Fig. 3:2:4b DTDMA with N>n/2
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For N<n/2, we describe below the scheduling of all slots
allocated to transmissions <7 a given length. In the
following description, S is a counter of the slots used, k is
an index determining the set of radios which transmit on a
given slot, N is the distance in radios from transmitter to
receiver, and j is the index of each radio labelled from left
to right from 1 to n. I(3J) is a function of j,k and N. It s

used to label radios and identify those which transmit. The

algorithm is:

S=1, k=1
START: for j=1 to n, I(j)=(j-k) mod (2N+2)
L_TO_R: fcr all radios j with I(j)=0, transmit to radios j+N L
R_T"_L: for all radios j with I(j)=2N+1, transmit to radios .
j-N
. . el
":‘ k=k+1 k..l
3 if k>2N+2 stop 14
4 S=5+1 g
5 R erias
B go to start rel
“' end 1
'% We can show formally that, as illustrated in Figure

3.2.1a, the left-to-right transmissions in step L_TO_R and the
right-to-left transmissions of step R_TO_L do not interfere
g with each other. Consider a radio 7j. With no loss of

generality let k=2N+2, Relating j to I(j), we get

j=m(2N+2)+I(j), m integer (3.2.1)

. -
e A R
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When a radio t, with I(j)=0 transmits from left-to-right, it

is heard by radios ¢ to the right of it for which vl

,,,,,,Ym. ,,_.
& = a2 Lo WL,
H

t, <c<t, *N,

S R—— T
7~
2
o

1<I(c)<N (3.2.2)

-
.
A l

Thus, it does not interfere wit® the right-to-left

T

L

transmission to radio r, with I(r,)=N+1i and clearly does not

b 2 27
3

interfere with transmissions whose receivers lie anywhere to .
the right of r,.
The transmission from t, is also heard by 11 radios d to

]
the left of it for which P
ety

t, -Ngd<t ,
(=N) mod(2N+2)<I(d)<2N+1 mod(2N+2)
N+2<I(d)<2N+1 g (3.2.3) Py

Thus, this transmission does not interfere with the

I
.
SRR
LB R F L e

o ae € BF L SR W 3 ¢ F 4 e e e s @ | e
A L SRS | UEEUINEY | DRECAORIGS " SIAOELCEEE &

right-to-left transmission from transmitter t,=t -1 with r

I(tz)=2N+1 to receiver gszt.-(N+l) with I(r3)=N+1 and does not ;';

interfere with any transmissions to receivers which lie to the i

left of r,. A similar argument can be made to show that the __:
L right-to-left transmission from t, does not interfere with any : :
¥ others. !
i ] To see that all transmissions c¢f length N are completed T
Pj in 2N+2 steps, note that each radio must transmit to two l
E‘ receivers, located N radios to the right and to the left, .-E
E Consider any radio ,_;
E 53
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j=m(2N+2)+p, m , p integers (3.2.4)

Equation (3.2.4) can be satisfied for all j with 1<p<2N+2,
Now, referring to the algorithm, when k=p, radio j transmits
from left to right and when k=p mod (2N+2)+1<2N+2, j transmits
from right to left. This 1is true for all radios in the
network.
Applying the results derived above to a network with an
even number of nodes (for convenience) yields
n/2-1 n-1 a
S =% (2N+2) + S (n-N)=n“/2+n-2 (3.2.5)
N=1 N=n/2
Thus, for large n, we can approach a throughput of 2 by

using one-hop routing.

3.3 Multi-hop Routing

Another strategy for delivering packets 1is to use
multihop routing, in which packets are sent N radios in the
direction of the destination. This type of routing was
analyzed for the slotted-Aloha channel access in Chapter 2. We
study it here in conjunction with a scheduling algorithm
similar to the one outlined in Section 3.2.

As we pointed out in Chapter 2, 1/(4N) of the network
traffic is carried on each of the N center links in one
direction. Thus, n(n-1)/(4N) packets must be sent in each
direction over these 1links before all transmissions are
finished. Using last section's scheduling algorithm with a

fixed N, each link can carry a packet every 2(N+1l) slots in a
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given direction.

Furthermore, as we showed in Chapter 2, a fraction o(N/n)
of the slots must be dedicated to delivery transmissions.
Because S is on the order of nz, O(nN) slots must be added for
these transmissions. Thus, for n large, the number of slots
required per cycle using this algorithm, to a first-order

approximation is given by the expression

S=2(N+1)(n* /[4N])+O(nN)
=(n*/2)(1+1/N)+0(nN) (3.3.1)

For moderate values of N (i.e., 1<<N<<n) a throughput
approaching the wupper bound of 2 can be attained with this
strategy. Note that for N=n, this strategy 1is identical to
pure TDMA, which yields a throughput of only 1, indicating
that the second term of 3.3.1 cannot Be ignored.

It is interesting that in DTDMA, multihop throughput is
almost as great as one-hop throughput while for slotted-Alocha,
one-hop .throughput is almost twice as large. We have not come

up with a good intuitive explanation for this phenomenon.

3.4 Regqular Grid Networks

The scheduling algorithm of Section 3.2 can be extended
for use in the regular grid network of Figures 3.4.1a,3.4.1b,
and 3.4.1c. This network consists of n nodes placed in a
square of n nodes c¢n each edge. We label radios in this
network by their x and y co-ordinates so that radio (x,,Y,)

refers to the radio of the x\th column from the left and the

| PR




----

Fig. 3.4.1a Routing in Regular Planar Network




y‘th row from the bottom.

Our proposed scheme is to route packets from (x|,y') to
(xi'Xz) through (xz,y\). Thus, packets are first routed along
rows and then along columns. The index k in the algorithm is
designated to be the same for each row so that when (x|,g )
transmits to (xﬁ,y‘) all radios in column x, transmit along
their rows to radios in column x,. To see that there are no
collfsions using this scheme, we must consider the effect of a
transmission from (x‘,y‘) to (xz'Y.) upon transmissions
between columns x, and x, in other rows and upon other
transmissions which occur during the slot. Figure 3.4.1b shows
that there is no interference among these transmissions.

The set of radios potentially interfered with by such a
transmission lie within a radius of |xa-x | of (x\,y'). All

radios (x,,y,) in other rows are a distance
2 2)">
(‘xa."-‘ R Fd SR N g E Pl TN

from (x‘,y\) and all transmissions to such radios are
successfully received.

Consider radio (xy, y,) which is also receiving a
transmission during this slot. Our scheduling algorithm
ensures that this radio is outside of the transmission radius
about which we are concerned. By a similar argqument to tke one
made above, all radios in column x; must be outside of this
radius. Since the set of columns being transmitted to within
each row is the same by design, these radios also are supposed

to receive transmissions on the slot being considered here and
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these transmissions are successful.

Before calculating the throughput attainable wusing this
strategy, we should point out that our model is not a good
representation of reality in cases where there are long
transmissions in each row (or column). To see this, let the
distance between adjacent radios be 1 unit. A transmission
from radio (x‘,y') to (x|,y.+N) thus has a radius of N. The
distance from (x.,y') to (x,+1,y *N) is I;E:I:N(1+(1/2)/N‘)
for N>>1. Thus, radio (x +1,y +N) s virtually within the
radius of radio (x,,y,). This 1is shown 1in Figure 3.4.1c.
However, strict application of our model leads one to believe
that (x,+1,y, +N) successfully receives a transmission from
(x‘+1,y‘) during this slot.

To avoid this limitation in the yodel, we will determine
throughput only for multihop routing with N small. In this
case, the assumption that adjacent rows' transmissions do not
interfere corresponds more closely to physical reality.

Consider any radio in the network. During the period in
which only transmissions within rows take place, it must send
Jn packets to each radio in its row. We showed in Section 3.3

—2
that it takes (Nn /2)(1+1/N)+0(N{n) slots to complete one

transmission for each source-destination pair in a row of Jn

radios. Thus, lett.ng So be the number of slots needed to

complete all transmissions within rows,

Sg=(n\n/2) (1+1/N)+O(Nn) (3.4.1)
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When this part of the algorithm has been completed,
transmissions between rows must take place. Each radio now has
’ﬁ received JW packets from each of the {f radios in its row and

must now send & packets to each of the Jn radios in its

£

{

[ .."
4

¥

1
1

column. (Actually, there are Jn packets at each radio which
have already reached their destinations at this point and
which do not have to be re-transmitted. However, for large n,
this effect is negligible.) The second part of the algorithm
is therefore identical to the first and also takes §, slots.

Thus, for this scheme,

S =(nfm)(1+1/N)+O(Nn) (3.4.2a)
R=n(n-1)/S =yA/(1+1/N), if N<<n (3.4.2b)

The analysis used in deriving th§s result, as well as the
results from preceding sections regarding 1linz networks,
relies greatly on the regular structure of the network.
However, the analysis yields insights into the more general
case of randomly placed radios to be considered in later
chapters and the results serve as benchmarks with which to

evaluate those obtained in the analysis of such networks.
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4. AN ALGORITHM FOR RANDOM LINE NETWORKS

4.1 Description of CDTDMA

We propose here a modified form of the one-hop DTDMA
algorithm for use in networks whose nodes are randomly
distributed along a line. In this new scheme, which we refer
to as CDTDMA for Cellular Distance-based Time Division
Multiple Access, the line is divided into a number of cells of
equal length. Due to random placement, cells may be populated
by 0,1,or more radios each. The algorithm is performed over a
number of "rounds". On each round, slots are allotted to cell
pairs according to a schedule similar to that used in DTDMA so
that for each pair of cells, one radio in each cell
communicates in both directions witp one in the second cell.
Additional rounds continue until each pair of radios has
conducted communication in bnth directions. Radios in the
same cell never communicate simultaneously except with each
other. Figures 4.1.l1a through 4.1.1d illustrate the algorithm
schematically.

We have chosen this method for communicating among
randomly placed radios after fruitlessly trying to devise a
method based upon the radios' cardinal numbers in the network
rather then their positions in space. CDTDM: is superior for
two reasons:

(1) Dividing the network into cells of wuniform length
imposes a regular structure in the network similar to

that present when nodes are spaced uniformly, allowing
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for tractable analysis using similar methods to those

of Chapter 3.

(2) From the point of view of implementation, this scheme
is relatively simple in that radios need not have
perfect information about exact positions. Instead,
each must know positions to the precision of a cell
width. Thus, in a mobile network, positions only need
be updated by radios when they cross cell boundaries
rather then continuously. Likewise, transmission radii
need be controlled only to the precision of a cell
width.

We describe the algorithm here using the formalism that
was introduced in the DTDMA description of Chapter 3. In the

following description,

c = cells in network,

k = index determining set of transmitting cells,
= cell index (from 1 to c)
N = distance between transmitting and receiving cells (in cells)
r = round number
M(r) = slots used on round r
Additionally, we define T(A,B) to be the statement: All radios
in cell A have transmitted to all those 1in cell B and we
define A->B to be the action of a particular radio 1in cell A
transmitting to a particular radio in cell B for the first

time. The algorithm 1is:
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r=1, S=0, N=0, k=1
START: for j=1 to c, I(j)=(j-k)mod(2N+3)
TEST: if T(j,j*N), all j s.t. I(j)=0
and T(j,j-N), all j s.t. I(j)=2N+1
then '
goto NEWSLOT
L_TO_R: for all j s.t. I(3)=0,
if not T(j,j+N), j=>3+N
R_TO_L: for all j s.t. I(j)=2N+1
if not T(j,j-N), j=>3j-N
S=S+1, M(r)=M(r)+l1
NEWSLOT: k=k+1
if k>2N+3, then goto NEWDIST
else
goto START
NEWDIST: k=1, N=N+1
if N>c-1, then goto NEWROIND
else
goto START
NEWROUND: if M(r)=0, STOP
else r=r+1, N=Q, M(r)=0, goto START
END
Note that N=0 corresponds to intracell communication. To
prevent interference among cells performing such
communication, L_TO_R must involve a transmission from left to
right within a cell while R_TO_L must involve transmission 1in

the opposite direction.
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