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ABSTRACT. We address the problem of forming a wireless network out of a set
of geographically dispersed nodes, each equipped with a radio transceiver. The
two questions that we address are: (i) What should be the strategy for trans-
porting information over the wireless network?, and (ii) How much information
can possibly be transported?

We present a model of such systems which lends itself to a tractable infor-
niation theory that is able to shed light on these issues. A key role is played in
our model by the distances between nodes, and the attenuation as a function
of distance suffered by radio signals. The main quantity we study is the trans-
port capacity which is the supremal distance weighted sum of routes that the
network can support. We obtain scaling laws for the growth of the transport
capacity as the number of nodes in the network increases, and bound the pre-
constant involved. There is an interesting dichotomy. When the medium has
any absorption or the path loss exponent is greater than 3, then the transport
capacity grows linearly, and an order optiinal strategy is multihop transport
where nodes relay packets after fully decoding them treating all interference
as noise. This is in fact the strategy which current protocol development ef-
forts are targeted towards, which is reassuring. However, when there is no
absorption at all and the path loss exponent is small, then one can obtain
unbounded transport capacity for finite total transmitted power, and even su-
perlinear scaling. A strategy which emerges as of interest is for upstreamn nodes
to coherently cooperate in sending a packet to the next downstream node, and
for each node to decode a packet based on all its observations and subtracting
out the known interference generated by downstreamn transmissions.

1. The architecture for information transfer in wireless networks

We cousider wireless networks which are to be formed out of groups of geo-
graphically dispersed set of nodes each equipped with a radio transceiver.
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How should information be transferred from sources to destinations in such
networks? One possibility is to choose for each pair of source and destination
nodes a sequence of nodes forming the path, and then to relay packets from node
to node along the path until they reach the destination. At each node along the
path, packets can be fully decoded by treating all interference as noise. The digi-
tally regenerated packets are then retransmitted to the next node along the path.
This mode of information transfer is the one around which there is much protocol
development activity today; let us call it the “multihop node.”

The choice of the multihop mode as the method of information transfer creates
the nced for several protocols to realize it. For example, since one is treating all
interfering transmissions as noise, one would like to regulate the number of such
interferers in the vicinity of the receiver. This gives rise to the medium access
control problem. The currently popular IEEE 802.11 [1] MAC protocol addresses
(among other things) this issue. As another example, since interference is greater
when the power of the interfering transmission is large, there is a social need to
regulate the powers of all transmissions and thus be able to spatially reuse the
spectrum. This gives rise to the power control problem for ad hoc networks. The
protocols COMPOW [2] and Cluster POW [3] are aimed at this problem. As a third
example, since the goal is to relay packets along a string of nodes from source node
to destination node, one nceds to find such a path from source to destination, and
that too when nodes are possibly mobile. This gives rise to the routing problem.
The routing protocols DSDV {4], AODV [5], DSR [6], TBRPF, OLSR, ZRP (7],
STARA {8], etc., address this problem.

Thus, we see that the problem of designing wireless networks can be roughly
divided into two phases. First one needs to choose the strategy by which nodes
equipped with wireless transceivers should cooperate to achieve information trans-
fer. This problem of choosing the overall strategy to adopt is one of choosing
the architecture for information transport. Subsequent to the choice of strat-
egy/architecture, there arises the problem of protocol development, where the goal
is to realize the architecture that has been adopted.

In this paper, we consider the first question: How should wireless nodes coop-
erate to achieve information transfer? The multihop mode is only one possibility.
There are countless other possibilities, since cooperation over the ether can be done
in many strange ways. Just to stretch one’s imagination, let us consider the fol-
lowing possibility. Suppose node A is receiving a transmission from node B in the
presence of an interfering transmission from node C. Then a node D can help A by
transmitting a signal which cancels the interference created by node C at node A’s
location. This is a form of cooperation which is not possible in wireline networks,
but which may be possible (if one knows the channel, etc.) for wireless networks.
One can think of this cooperation in the following way. Consider the signal to
interference plus noise ratio (SINR) at node A:

SINR at node A = _eaPn
N +~caPe
where Pg is the power of node B, and P, the power of node C, while yg4 and
voa are the attenuations from B to A, and C to A, respectively. Here, node D
attempts to cancel the contribution vyo 4 Pe from the denominator, and thus boost
the SINTR at node A to ﬂ']‘\,—}i This is a strange form of cooperation (akin to noise
cancelling). Should node D indecd help node A in this way?
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As another possibility, suppose (A, B, C') is a route from source A to destination
C, and node B is a relay node along the path. Then node B could serve as a relay
not by fully decoding packets from node A and then retransmitting the digitally
regencrated packets to node C, but simply by amplifying the signal plus noise that
is received from node A; see [9]. Thus the relaying could be done by “amplifying
and forward” rather than “decode and forward.” Which is it to be?

As yet another possibility consider a network consisting of nodes {4, B,C, D,
E, F}. Suppose node A is a source and node I is a destination for a certain stream
of information. This could be transported in two phases. In the first phase, node
A could broadcasts a packet simuttaneously to {B,C, D, £}. In the second phase,
nodes {B,C, D, E} simultancously transmit this packet to F'. Thus, the node of
information transfer is a fan-out, foltowed by a fan-in; see {10}. Should this be how
nodes cooperate?

In fact since one is in the wireless would, one need not devote all of the power to
any one mode. A node A could spend 30% of its power cancelling the interference
created by node B at node C, 20% of its power to relay packets from node D to
node F by “amplifying and forwarding,” 10% of its power to relay packets from
node F' to node G, 20% of its power in broadcasting packets of node H to nodes
{I,J, K, L}, ctc. '

To quote Shakespeare’s Hamlet:

“There arc more things in heaven and earth, Horatio, than are dreamt
of in your philosophy.”

Multihop is clearly not the only strategy for information transfer over wireless net-
works. What indecd should be the architecture for information transfer in wireless
networks?

2. The amount of information that wireless networks can transport

Another utilitarian issue of importance for wireless networks is to determine
how much information can be carried over wireless networks. That is, what is the
capacity of wireless networks? Since there are many possible source-destination
pairs, one needs to talk of a rate vector. For a network with n nodes, there are
n{n — 1) possible source-destination pairs, and the rate vector is an n(n — 1)-
dimensional vector R = (R, Ri3, ..., Ryn, Roy, Raz, ..., Rin, --., Ra1, Rua,

-y Rpn—1)). The capacity is (the closure of) the set of such feasible rate vectors.
This a clearly a subset of a very dimensional space when n is large.

Another issue needs to be kept in mind, and that is that we are not simply
interested in the (already complicated) capacity of a single wireless network, but
in the class of wireless networks. That is, we are not interested in having an
architecture for wireless network 1, another architecture for wireless network 2, etc.
What one wants is to say something about a large class of wireless networks of
interest to us. That is, we seek some sort of a uniformity result.

So the problem is to deal with the sets of feasible regions for the class of
wireless networks of interest to us, where the number of nodes, then locations,
chanpel conditions, etc., may differ. This raises the issue of how one is to measure
the capacity of a class wireless networks.
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3. The need for an information theory for wireless networks

The two problems noted above, that of determining the appropriate architec-
ture for information transfer among a group of wireless nodes, and that of determin-
ing the amount of information that they can transport, both belong to the realm
of network information theory.

Indeed, Shannon’s contributions in [11] are at (at least) two fold. Not only does
his theory provide the architecture for information transfer, but also the capacity.
For the first issue, the determination that the problems of source coding and channel
coding can be separated is of paramount importance, and, in fact, is at the heart
of the digital communication revolution. Source coding today is performed by
programs such as zip, while channel coding is preformed by network interface cards.
For the second problem, he provided, amazingly, a beautifully elegant (what we call
today a single letter) characterization of capacity.

Ever since Shannon’s work, there has been great interest in generalizing infor-
mation theory from a single link to a network, and Shannon himself was interested
in this. However, while there have been some singular amazing triumphs, by and
large the problem of developing a general network information theory has defied
a solution. Among the triumphs are the characterization of the capacities of the
scalar Gaussian broadcast channel [12, 13, 14, 15], the general multiple access
channel [16, 17], and certain generalizations of source coding to take advantage of
dependencies and side information [18].

However, almost all other problems have defied a general solution. One such
is the three node relay channel, consisting of two nodes a source and a destination
with the only complication being that there is one other node, a relay, which is
there to assist in the information transfer. In spite of at least three decades of sus-
tained attention, the general case is unsolved, though special cases have been most
elegantly characterized [19]. So also for the interference channel which features two
source-destination pairs (A4, B) and (C, D) with the only complication being that
A’s transmission interferes with D’s reception, and C’s transmission interferes with
B’s reception. When the power levels of A and C' are moderate, this problem is
unsolved.

One can perhaps regard the three node relay problem as the simplest gener-
alization of Shannon’s original problem consisting of a source and a destination.
When even this problem appears formidable, what possible guidance can informa-
tion theory provide coucerning the architecture for information transport? Indeed,
this has been the reason for the “unconsummated union” [20] between information
theory and the world of networking.

4. The Model

To address this problem, we consider the following model. It should be noted
that the distances betwcen nodes will play a key and explicit role in this model.

Consider a two-dimensional plane (or a one-dimensional line) on which are
located n nodes. We will suppose that the (Euclidean) distance between any two
pair of nodes ¢ and j, denoted pyj, is at least a minimum distance pp,. If z;(t) is
broadcast by node i at time ¢, then

u(t) = Zp 2i(t) + 1y (2),

ity Pl
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is received at node j at time ¢, where n;(t) is AWGN of variance o2. The factor
cc” TPij
I
be called the path loss exponent, and 6 = 1 (since ¢ needs to be doubled if one is
interested in power) corresponds to the familiar inverse square law in free space.
The quantity v > 0 will be called the absorption constant, and it is generally strictly
positive if there is absorption; sce [21, 22]. Each node is also assumed lo have a
power constraint P.

It should be noted that at this point, distance has already come in explicitly
in two ways. First, we have modeled the distances between nodes, and second, we
have modeled attenuation as a function of distance.

The third way distance wilt explicitly enter our model is through the choice of
the performance measure — the transport capacity. Denote by R = (R12, Ris, ...,
Rin, Ro1, Roz, ..., Ron, ..., Ry, Rpa, ..., Ry(n1)), a feasible rate vector (which
is defined in the standard information theoretic manner; see Chapter 14 of [23], for
instance), and let R be the set of feasible rate vectors. Then we study

k43
Cr = sup Z Z Rijpij,
ReER 21 5=
FED]

is the attenmation of a signal from node ¢ to node 7. The quantity ¢ will

the supremal distance weighted sum of rates. We call this the “transport capacity.”
Tt is analogous to the man-miles/year metric used to measure the size of an airline.

We note that rather than studying the entire feasible region : which is a subset
of a very high dimensional space, we have chosen a much simpler scalar quantity
to study.

5. The Results

It turns out, interestingly, that there is a dichotomy. The cases where there
is relatively high attenuation and relatively small attenuation differ, and require
different architectures for information transport.

When the attenuation is relatively large, then the transport capacity scales
linearly in the number of nodes: (Expressions for constants, proofs of the results,
as well as other results and more details, can all be found in the full paper [24]).

THEOREM 5.1. When v >0 ord > 3,
Cr < c¢in.

What is interesting about this result is that in many cases one can obtain this
order of transport capacity, or nearly this order, by simply using the multihop
strategy. It is shown in [25] that for n nodes in an area A, the transport capacity
is O(v/An). In fact, when nodes are regularly arranged, say at the sites of an
integer lattice, then the order can, in fact, be achieved by multihop transport.

Even when nodes are randomly located, a transport capacity of @ (, /1 fg"n) can be

obtained. Keeping in mind that in our model in this paper the area A grows like
Q(n) since nodes are mutually scparated by a minimum distance p,,;,, we see that
O(n) can be realized by multihop transport when nodes are regularly arranged,

while © ( \/IZ?) can be realized when nodes are randomly located. Since v/logn

grows slowly in comparison to n we see that the multihop mode of opecrating a
wircless network is nearly order optimal.
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Thus, we determine that multihop is an order optimal architecture for informa-
tion transport in wireless networks when there is relatively large attenuation. This
is gratifying since it is, in fact, the architecture towards which current protocol
efforts are targeted.

Now let us turn to the relatively low attenuation case. Here a different strat-
egy emerges as interesting, one which we call Coherent Relaying with Interference
Subtraction (CRIS). To illustrate CRIS, consider a set of nodes numbered 1,2, ...,
K with 1 being the source node and K the destination node. Node 1 begins by
sending packet 1 to node 2 in slot 1. In slot 2 nodes 1 and 2 coherently cooperate to
send the packet 1 to node 3. (In slot 2, node 1 also spends a portion of its power to
send the next packet, packet 2, to node 2). In slot 3, nodes 1, 2, and 3 coherently
cooperate to send the packet 1 to node 4. (Also node 1 spends a portion of its
power to send packet 3 to node 2, and nodes 1 and 2 both spend certain portions
of their power to send packet 2 to node 3). The scheme continues with upstream
nodes coherently cooperating to send the next packet to a downstream node in each
slot.

For decoding, assuming correct decoding has occurred in the past (and that the
channel state information is known), each node can simply subtract that portion of
its reccived signal which is due to downstream nodes transmitting packets that it
has already decoded. Also, each node hears a packet many times when each of its
upstream nodes was receiving it. Each node uses all this cumulative information,
and subtracts already decoded signals, to decode the current packet of interest.

It turns out that one can actually achieve unbounded transport capacity, and
that it can in fact grow superlinearly.

THEOREM 5.2. : (i) Wheny =0 and § < % then even if the entire net-
work’s transmission power budget is limited to Pyoal, there are networks
where nodes can allocate this power among themselves to achieve unbounded
transport capacity, and the order optimal strategy 1s CRIS.

+ (i) When v =0 and § < 1, then there are networks of nodes arranged along
a straight line, i.e., a linear world, where Cr = ©(n?) for % <o < %, i.e.,
superlinear growth is possible, and CRIS is an order optimal strategy.

We thus see that when attenuation is low, nodes can profitably cooperate among
themselves to achieve superlinear growth, and multi-user estimation and coherence
can be used to advantage.

The result of Theorem 5.2(i) may.also be interesting when viewed in the con-
text of [26] which studies the power requirements of communication across large
distances.

N

6. Concluding Remarks

We have sketched the elements of an information theory for wireless networks
which sheds light on important issues such as how information ought to be trans-
ported over wireless networks, and how much information can be so transported;
see [24] for full details. A key role is played in our model by distances between
nodes, and the attenuation as a function of distance. Another aspect of our stud-
ies is that rather than considering the set of feasible rate vectors, we consider the
transport capacity, which is simply a scalar. Further, rather than characterize
the transport capacity precisely, we study how it grows as the number of nodes
increases, i.e., its scaling laws. We characterize the exponent in the scaling law,
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and since it is also important, we bound the preconstant involved. Through this
approach we are able to get to the all important issue of the architecture of infor-
mation transport in wireless networks. We see that there is a dichotomy. When
the medium has absorption (generically always the case when not in free space)
or has large enough path loss exponent, the transport capacity grows linearly, and
multihop transport with packets fully decoded at each hop, treating interference as
noise, is order optimal. This is gratifying since it is the scheme to which current
protocol development efforts arc targeted. However, when the medium has no ab-
sorption and low enough path loss exponent, then relaying by coherent cooperation
among upstream nodes to send a packet to the next downstream node, along with
decoding by subtracting the known interference from downstream nodes, a strategy
we dub CRIS, emerges as of interest. Unlimited transport capacity for fixed finite
total transmission power and superlinear scaling are both possible. How to exploit
this in the future is an interesting question.

Needless to say, we have only scratched the surface, and much remains to be
done.
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