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Abstract— In this paper, we study a novel forwarding technique The specific approach of GAF is to divide the area in square
based on geographical location of the nodes involved and random regions, called grids, in such a way that any two nodes
selection of the relaying node via contention among receivers. We in neighboring grids are within range of each other. With
focus on the multihop performance of such a solution, in terms this provision, grids can be treated as equivalent (or virtual)
of average number of hops to reach a destination as a function of nodes, in the sense that all nodes in the same grid can be
the distance and of the average number of available neighbors. interchangeably used for routing purposes. The price to pay
An idealized scheme (in which the best relay node is always for this guarantee is that the hop length is significantly smaller
chosen) is discussed, and its performance is evaluated by meanshan the radio range (by a factor of5, which is the largest
of both simulation and analytical_techniques. A p_ractical scheme possible distance between two nodes in adjacent grids [3]).
to select one of the best relays is shown to achieve performanceThis may result in inefficiency in terms of latency and energy
very close to that of the ideal case. consumption (more hops than possibly needed).

As to MAC schemes, most papers in the literature assume

either TDMA-based schemes [4], or multi-channel setups
. INTRODUCTION in which parallel transmissions can be performed without

Ad hoc and sensor networks are recently attracting a lipterference [5], [6], or variants of classic contention-based
of interest in the research community. One of the main issusshemes, usually based on RTS/CTS handshake in order to
here is the necessity to save energy, since the nodes are usunifigate the hidden terminal problem [7], [8]. Past work on
battery powered and need to be alive for a relatively lorgeographical routing includes [9], [10].
time. A few papers have recently appeared which proposea common characteristic of the above schemes is that, at
MAC, routing, and topology maintenance schemes that tf)fe MAC layer and often also at the routing layer, when a node
to save energy based on aggressive power-off strategiesgditides to transmit a packet (as the originator or a relay) it
fact, it has been recognized that the only way a node c3pecifies the MAC address of the neighbor to which the packet
save substantial energy is by powering off the radio, singgpeing sent. Knowledge of the network topology (though in
transmitting, receiving and listening to an idle channel affany cases only local in extent) is required since a node needs
functions which require a comparable amount of power. A§ know its neighbors and possibly some more information
a consequence of this key observation, MAC and routifig|ated to the availability of routes to the intended destination.
strategies need to be revisited since, for example, CSM#hjs topological information can be acquired at the price of
based access schemes need all nodes to continuously ligighe signaling traffic, and becomes more and more difficult
to the channel while, on the other hand, nodes which power maintain in the presence of network dynamics (e.g., nodes
off their radio may end up not being reachable and/or awafgich move or turn off without coordination).

of activity in the network. The main problem in this scenario \ye propose here Geographic Random Forwarding (GeRaF
is therefore that of combining protocols which minimize thg,ngunced as “giraffe”), a novel transmission scheme based
amount of time the radio is on with effective strategies fqj, geographical routing where packets are relayed on a best-
MAC and routing. effort basis, i.e., the actual node which acts as a relay is not

An examfplle of how (tjopo_logy C%” dbg rg%iAnt[\zlii_neci in ﬁhﬁnown a priori by the sender, but rather is decided after the
presence of sieeping nodes IS provided by in [1], whege nsmission has taken place. This idea leverages on the fact

the authors propose that in a dense network several disjQUlL; in the wireless environment broadcast is free (from the

sets of nodes be identified, each able to guarantee connectivity yer's point of view) and that in the presence of randomly

and bandwidth to all nodes. As long as one of these SetS|g;n5ing topologies a hode may not be aware of which of its
active at any given time, the network is connected; on thy

other hand, since when one set is active the others can sl firrent neighbors is in the best position to act as a relay. In

th : £ i 4 ‘b tive is drasti nse, this is like doing contention at the receiver's end,
re(ejue:%rdcen age of tme a node must be active IS arastiCagyich js untraditional because in classic schemes it is the

STEM 2 id i tablish icati transmitter which contends for the channel. Here, since the
[2] provides a way to establish communications ifhiended recipient is not specified, multiple nodes may be

the presence of sleeping nodes. Each sleeping node w, to receive the packet, andreceiver contention scheme

up periodically to listen. If a node wants to establish cOMz arefore needed to guarantee that a single relay is chosen,
munications, it starts sending out beacons polling a speci Ifereby avoiding packet duplication.

user. Within a bounded time, the polled node will wake up In this paper, we focus on the multihop performance of

and receive the poll, after which the two nodes are able t Pt
communicate. An interesting feature of STEM is that a du ?'Ch a solution, in terms of average number of hops to reach
destination as a function of the distance and of the average

radio setup is envisioned, with separate frequencies used number of available neighbors. An idealized scheme (in which
wakeup and actual data transmission. b I de is al h is di d di
GAF [3] is similar to SPAN in a sense, since it envisiond1€ Pest relay node is always chosen) is discussed, and its
the use of only a fraction of the nodes at any given timgerformance is evaluated by means of both simulation and
analytical techniques. A practical scheme to select one of the
This work has been partially supported by the European Commission und@st relays is shown to achieve performance very close to that
the EYES project (contract IST-2001-34734). of the ideal case.



Il. BASIC IDEA
We assume that each node has some knowledge of its own
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position and of the position of the sink node, i.e., the node O GAF best case
® GAF worst case

where the information needs to be delivered. For simplicity of
description, we assume that this location information is perfect
(robustness to erroneous location information is discussed in
[11]) and that propagation can be characterized in terms of
coverage radius (that is, two nodes are neighbors if they
are within the coverage radius of each other). While this is
certainly a crude model for propagation, it is assumed here as
a first step towards understanding fundamental behaviors.
The basic idea is the following. Once a node has a packet
to send, it sends a message using some type of broadcasts
address while specifying its own location and the location of
the intended destination. All active (listening) nodes in the
coverage area will receive this message and will assess their ¢ w w
own priority in trying to act as a relay, based on how close they 0 10 20 30
are to the destination. More details about an actual protocol average number of nodes in range
based on collision avoidance can be found in in [12]. o 1
Suppose a mechanism is in place to make sure that Ej%cti've
relaying node is in fact the one closest to the destination. The
MAC/routing scheme then continues similarly. The relayed 80

mber of hops (avg +/- stdev)

Average number of hops standard deviation vs. average number
neighbors. DistancB = 5.

packet is addressed to a broadcast address and contains the —— GeRaF
location of the transmitter and of the final destination, thereby O GAF best case
providing a means to geographically route it without any rout- @ GAF worst case

o]
o
T
I

ing tables or topological information (except for the location
of the destination). Notice that the scenario we have in mind
is one in which sensor nodes may be stationary and densely
deployed, and randomly turn on and off, thereby providing a
random topology. If the density of active nodes is appropriate,
it is likely that the node closest to the destination will be almost
the best possible, i.e., will provide an advancement towards the
destination close to the coverage radius. Notice that in this case
there is no need for sleeping nodes to coordinate (they turn
on and off randomly). Also, since no attempt is made to gain
topology information, the frequency at which nodes turn on
and off may be fairly high, which provides for small latencies. 0 ‘ ‘
Notice also that the fact that we do not address a specific 0 10 20 30
node allows us to use one of the first available nodes within average number of nodes in range
the coverage area, as opposed to STEM In which we hEH . 2. Average number of hops standard deviation vs. average number
to wait for a specific node to wake up. In this case, we C@T;ctive neighbors. Distancd = 10.
easily decrease the duty cycle of each node without increasing

latency if adequate node density is available. In fact, the raigaying node, unless the destination itself is within range, in
at which any of V' nodes wakes up i8V times that of each \ypich case the packet is directly delivered. We are interested
single node, and therefore we can maintain similar ”etWO\F,rYf computing the numben of hops necessary to reach the
connectivity while saving more energy if we increaSeand gegtination as a function of the distanBeand of the density

decrease the wakeup rate by keeping their product consta i i >
It should be observed at this point that GAF [3] tries t%a??;gipifiﬁf L%Iefrh/'_ 't must bex 2 D, and we expect

achieve a similar objective, by making all nodes in each gridyye set 'up a simple “simulation to evaluate the number
interchangeable from a routing perspective. However, a majgr : ot
weakness of GAF's approach is precisely the requirement thal

this routing feature be guaranteed, which forces hops to Co¥gly| destination. We distribute randomly a Poisson distributed
less than half the distance allowed by the radio range. number of relays (with averag®l) in the coverage area and,
among them, we select the one that is closest to the destination,
lIl. ANALYSIS OF THE IDEALIZED SCHEME which in turn becomes the transmit node for the next hop.
Consider the following simple scenario. A source wants fbhis step is repeated (using the new distance to the destination
deliver a packet to a destination, in the absence of cross traffistead ofD) until a relay within range of the destination is
(which corresponds to the case in which the network is mostigached, from which a single hop is needed. If it happens that
monitoring, and occasionally a message is generated). Notieare are no nodes in range which are closer to the destination
are randomly placed in the region according to a Poisstifan the transmit node, one hop is counted but the position
process with density’ nodes per unit area. Due to the use off the transmit node is not updated. This corresponds to the
sleep modes, each node is available as a relay with probabifagt that, if no relays are present to provide an advancement
d, so that the density of actually available nodedjsLet the towards the destination, a transmit node would try again, and
radio range be normalized to 1, and IBt be the distance in the next attempt the set of possible relays is independently
between the source and the destination. FinallyMet= dpm  generated so that with probability one the packet arrives to the
be the average number of available relays in the coverage adgstination in a finite amount of time.
We initially assume ideal operation, whereby the neighbor The observed behavior is shown in Figures 1 through 3,
closest to the destination (if any) is in fact selected as thdhere simulation results for the average number of hops (with
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Fig. 4. Circle intersection for the analysis
‘ ‘ techniques, for the ideal case in which the best possible relay
% 10 20 20 is selected.
average number of nodes in range Consider the case in which a node needs to send a packet

to a destination which is at distand@ (all distances are

Fig. 3. Average number of hops standard deviation vs. average numbenormalized to the coverage radius, which is therefore taken to
of active neighbors. Distanc® = 20. be unity). Lety be the remaining distance after one hop, which

. . ust satisfyD — 1 < v < D. The probability distribution of
bars denoting the standard deviation) are plotted versus {B epends on the area of the intersection between two circles
node density, expressed in terms of the average numbersgi centers at distanc® and with radii 1 and-, respectively.
active neighbors)/. The expected behavior is observed. Intefyore specifically, the probability that the remaining distance
estingly, the results for different distances scale proportionallyis at |eastr is the probability that the intersection of the

to the distance itself. While this is intuitive, the fact that thgyo circles contains no relays (see Figure 4)Alf, D) is the
scaling is almost exactly proportional was not entirely obviougrea of the intersection, we have ’

In GAF, which is the only other scheme with which we can

compare directly, the area is divided into square grids of side Py>r] = e MAGD/T D_1<r<D (1)
r = 1/+/5 (normalized to radio coverage). Notice that if we Plv=D] = e—MADD)/x 2
consider all nodes in a gri i i b ) € (2)

grid as a single equivalent node located
at its center, each hop corresponds to a distance of exactlyvhere we account for the fact that if the whole relay region
This distance is not necessarily the advancement towards ihempty, there is no advancement and the remaining distance
destination, as this depends on the relative orientation of ttiees not change.
source-destination direction and the grid layout. In the bestBy geometric considerations, the area in question is found
case (they are parallel), one hop leads to an advancement af

units toward the destination, in the worst case (they forti’a r a2+ D?—1
angle) the one-hop advancement:j3/2 = 1/+/10 (which is A(r,D) = 2/ a arccos <7> da
three times shorter than allowed by the radio range). D-1 2aD
Regarding active node density, GAF requires that at least = B(w,1)+ B(D —w,r) 3)
one node be present in each grid, which corresponds to an . D2_p241
average node density of at least one in ea¢h square unit in whichw = =55-= and
area, i.e.,5m nodes within radio range. The isolated points
shown in the graph correspond to the best-case and worst-case 1 o T z\?2
performance of GAF. Blz,y) =5 | ™~ 2arcsin — — 24 /1~ <—> (4)
Notice that the curve for our optimal scheme lies well below vy v y

and to the left of GAF’s points, which means that for com- S

parable active node density (i.e., overall energy consumptior}The advancement towards the destinatior( is= D — v,
due to sleep duty cycle) we can deliver a packet in mud§th probability distribution

fewer hops (which is an effect of GAF’s underutilization of e—MA(D—a,D)/7 (< q<1
radio coverage) or, equivalently, for a given number of hops Plc<a =4 0 a<0 )
to the destination (which corresponds to latency as well as =

transmission energy used to deliver a packet) we need much 1 a>1

fewer nodes within range, and this corresponds to a redu:;eé{ fela) = fg(a) + P[C = 0]5(a) be the pdf of the

duty cycle given the same density of physical nodes. No X o .
that the points corresponding to GAF do not take into accoufitvancement, wherg:(a) is the derivative ofP[C < a] in

details such as synchronization and coordination issues amdnfg (0, 1). The average advancement is then found as [11]
nodes and the possibility of some grids being empty, and 1 1
therefore are to be seen as somewhat optimistic estimates of £[(] = / afc(a)da =1 — / e~MAMD=a.D)/mqq  (6)
GAF's performance. The curves for our scheme are themselves 0 0
idealized, but as shown later a practical scheme would perfoggtice that E[¢] depends onD. More precisely, it can be
almost as well. shown that it is an increasing function &f [11].

It is possible to show that the average number of hops which
A. Simple analytical bounds on the multihop performance t§fneeded to reach a destination at distabcean be bounded

GeRaF as (details are in [11])
In this section, we approach the problem of evaluating the D-1 D
multihop performance of random forwarding using analytical E[¢(D)] +1<En] < E[C(D)] +1 (7)
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Fig. 5. Average number of hops vs. average number of active neighbdréy. 6. Average number of hops vs. average number of active neighbors.

Simulation and analytical bounds. DistanBe= 10. Simulation and analytical bounds (recursion). Distafite= 10.
where E[¢(D)] is given in (6). from which we obtain
In Figure 5, these bounds are compared with the simulation v—1
results for the cas® = 10. It can be seen that, even thoughn, (i) = (1 —w(i) —w(i,v)) ! Zw(i, E)ny(i—v+Ek) (10)
the upper bound is fairly loose in general, the lower bound is 1
an excellent approximation. Similar results were found for the = o )
other cases. Similarly, we can make the optimistic assumption that

whenever the relay is in intervgl the remaining distance is
set to the minimum possible, i.€j — 1)/v. In this case, we
! . ) can write the following recursive relationship for the lower
g- Se'(__:UFSIVe evaluation of the multihop performance oé%und on the average number of hops(i), from positioni
eRa

As another approach, which is more accurate but also mone, (i) = 1 + wo(i)n2(i) + Zw(i, E)na(i —v+k—1) (11)
computation-intensive, we consider here the recursive compu- 1
tation of the average number of hops to reach a destination at . .
distanceD. rom which we obtain

We quantize the whole range of possible distances from the v
destination, from 0 through. Let v be the number of quan-  na(i) = (1 —we(d))™" Y w(i, k)ne(i —v+k—1) (12)
tization intervals per unit distance, so that the total number k=1
of intervals considered i®v (for analytical convenience, we

assume thab contains an integer number of such quantization 1€ average number of hopg D) to reach a destination
i—1 z] be thei-th @&t distanceD (assumed to be equal to an integer number of

intervals). More specifically, lef\; = (—,— A
quantization interval. vov guantization intervals) can then be bounded as follows

If the transmitter is within coverage of the final destination, n2(Dv) < n(D) < ni(Dv) (13)
i.e., in A;,i = 1,...,v, then the number of hops is one. - -
Consider the case in which the transmitter is at distanee The tightness of these bounds improves asncreases
i/v > 1. The probability that the advancement will lead to and lim, .o n1(Dv) = lim, o, n2(Dv) = n(D). As an

remaining distance in interval— v + k is example, Figure 6 shows these boundsfes 50 andD = 10.
(i, k) = e~ ACTEED) LAY k=1, IV. A PRACTICAL SCHEME
’ 0 otherwise In a previous subsection, we have evaluated the statistics

. . (8) of the number of hops which are needed to deliver a packet
In fact, going fromy = i/v to a point in(ﬂ,% corresponds to the destination. In that simple computation, we assumed

to having no relays with residual distamz'& 171 pyt at least  that the active neighbor closest to the destination was selected.

. ; " i Vo . Here, we propose a simple implementable mechanism to make
one relay withy < 7. In addition, with probabilitywo(i) = thjs selection, and show that almost ideal performance can be
e (%) there is no advancement. achieved.

Consider first a pessimistic bound, in which whenever the A node who wants to transmit a packet broadcasts a
relay is in intervalj the remaining distance is set to themessage. All active nodes in its coverage area will hear the
maximum possible, i.ej/v. In this case, we can write themessage. Each node will then determine its own distance from
following recursive relationship for the upper bound on thtéhe final destination and assess its own adequacy as a relay.
average number of hops; (i), from positioni This is done by first dividing the coverage area in two parts: the

relay region, which contains all points closer to the destination

v than the transmitting node, and the non-relay region, which

n1 (i) = 1+ wo(i)ng (i) + Zw(i, k)yni(i—v+k) (9) contains all other points within range. Nodes in the non-relay
1 region are never selected as relays.



will do. This of course does not perform well, but as soon as
‘ at least two regions are considered the performance is close
| —Np=1 to the caseN, = oo, which corresponds to the idealized
sl - Hg;g | scheme presented before. These results show that a simple
— Np = infinity rule in which each node determines its own region and then
\ ® GAF best case contends with all other nodes in that region is essentially as
| O GAF worst case good as the (practically infeasible) ideal selection as long as
N, > 2. Clearly the value of/N, and the specific strategy
with which contention is resolved will affect the time it takes
to transmit a packet, and therefore is relevant for latency as
well as energy consumption [12]. However, since here we
are merely interested in hop count, this simple evaluation is
adequate.
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V. CONCLUSIONS
10 Il Il

0 10 20 30 In this paper, we have described a novel forwarding tech-

av # of neighbors nigue based on geographical location of the nodes involved

and random selection of the relaying node via contention

Fig. 7. Average number of hops vs. average number of active neighbors &mong receivers. We first focused on the multihop perfor-
Np =1,2,3,4 andoo. DistanceD = 10. mance of such a solution, in terms of average number of
L o . hops to reach a destination as a function of the distance and

Further, the relay region is sliced iN,, “priority regions,” of the average number of available neighbors. An idealized
based on the distance from the destination. More specificaligheme (in which the best relay node is always chosen) was
region A; contains all points in the coverage region whosgiscussed, and its performance was evaluated by means of both
distance from the final destination 8 — 1+ (i — 1)/N, < simulation and analytical techniques. A practical scheme to
7 <D—-1+i/Nyi=1,2,...,N, (D is the distance from select one of the best relays was shown to achieve performance
the transmitting node to the final destination and the radius @ry close to that of the ideal case. More details and discussion

coverage is normalized to unity). . about the multihop behavior of GeRaF can be found in [11],
Nodes in.A;, which are those closest to the destinationyhereas the details of an implementable protocol based on

contend first. If no nodes are found iy, then nodes ind>  this idea as well as its energy and latency performance can be
contend, and so on until either nodes are found or all regiofgtind in [12].

are empty. In the latter case, one “zero-hop” is counted and the

transmitter retries (note that since nodes wake up randomly,
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