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Abstract

We provide a tight approximate characterization of the n-dimensional product multicommodity flow (PMF)
region for a wireless network of n nodes. Separate characterizations in terms of the spectral properties of appropriate
network graphs are obtained in both an information theoretic sense and for a combinatorial interference model (e.g.,
Protocol model). These provide an inner approximation to the n? dimensional capacity region. These results answer
the following questions which arise naturally from previous work: (a) What is the significance of 1/y/n in the
scaling laws for the Protocol interference model obtained by Gupta and Kumar (2000)? (b) Can we obtain a tight
approximation to the “maximum supportable flow” for node distributions more general than the geometric random
distribution, traffic models other than randomly chosen source-destination pairs, and under very general assumptions
on the channel fading model?

We first establish that the random source-destination model is essentially a one-dimensional approximation to
the capacity region, and a special case of product multi-commodity flow. For a wireline network (graph), a series of
results starting from the result of Leighton and Rao (1988) relate the product multicommodity flow to the spectral
(or cut) property of the graph. Building on these results, for a combinatorial interference model given by a network
and a conflict graph, we relate the product multicommodity flow to the spectral properties of the underlying graphs
resulting in computational upper and lower bounds. These results show that the 1/4/n scaling law obtained by
Gupta and Kumar for a geometric random network can be explained in terms of the combinatorial properties of
a geometric random network and the scaling law of the conductance of a grid graph. For the more interesting
random fading model with additive white Gaussian noise (AWGN), we show that the scaling laws for PMF can
again be tightly characterized by the spectral properties of appropriately defined graphs. As an implication, we
obtain computationally efficient upper and lower bounds on the PMF for any wireless network with a guaranteed
approximation factor.

Index Terms

Product multicommodity flow, wireless network, scaling law, capacity region.

I. INTRODUCTION
A. Prior Work

An important open question in network information theory is that of characterizing the capacity region of a
wireless network of n nodes, i.e., the set of all achievable rates between the n? pairs of nodes in terms of the joint
statistics of the channels between these nodes. This has proved to be a very challenging question; even the capacity
of a relay network comprising of three nodes is not known in complete generality.

Instead of trying to characterize the capacity region for a general wireless network, the seminal paper by Gupta and
Kumar [1] concentrated on obtaining the maximum achievable rate for a particular communication model, geometric
random distribution of nodes, and randomly chosen source-destination pairs. They showed that the maximum rate
for the protocol interference model scales as ©(1/y/n) for n nodes randomly placed on a sphere of unit area. This
precise characterization has been followed by many interesting results for both combinatorial interference models
and the random fading information theoretic model for large random networks; these include [2], [3], [4], [5], [6],
[9] for communication theoretic models, and [7], [8] for information theoretic results. These results are crucially
based on the assumption that a large number of nodes are randomly distributed in a certain region, and the inherent
symmetry in the random source-destination pair traffic model.

Since the relative locations of wireless nodes play an important role in the characterization of the capacity
region, the notion of transport capacity was defined in [1]. A scaling law for the transport capacity for the protocol
interference model was obtained in [1], while that for an information theoretic setting was obtained in [9]. The
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transport capacity can be used to obtain an upper bound on the achievable rate-region for certain rate-tuples, but
is not of much use in determining the feasibility of a certain rate-tuple. More recently, information theoretic outer
bounds to the capacity region of a wireless network with a finite number of nodes were obtained in [10] for any
wireless network, using the cut-set bound [11, Ch. 14]. We note that any achievable scheme can be used to obtain
a set of lower bounds. While the above is only a discussion of a representative set of results in this area (see [12]
for a more detailed summary), we note that there is no result which provides upper and lower bounds with a
guaranteed approximation factor for a general wireless network with a generic random fading model. In this paper,
we take the first steps towards providing such a tight characterization under very general assumptions. In doing
so, we make connections between spectral graph theoretic results and network information theory. This results in
efficient methods to compute the above tight upper and lower bounds.

B. Contribution and Organization

In Section II, we consider the product multicommodity flow (PMF) as an n dimensional approximation of the
n? dimensional capacity region. We show that the random souce-destination pair traffic model is a special case of
PMF and it is essentially a one-dimensional approximation of the capacity region.

In Section III, we study the PMF for an arbitrary topology and a general combinatorial interference model, of
which the protocol model is a special case. We show that the normalized cut capacity (equivalently conductance)
of a capacitated network graph induced by the node placement and the interference model characterizes the PMF
(within logn factor). For this model, we also obtain a precise scaling law for average delay using very elementary
and almost structure independent arguments. We provide, possibly simpler, re-derivation of the (weaker by log?® n
factor) lower bound on the maximum flow obtained by Gupta and Kumar for randomly chosen permutation flow on
a geometric random graph with a protocol interference model. Our derivation illustrates the connections between
the combinatorial properties of geometric random graphs and the maximum PMF. While we do not discuss in
detail in this paper, the spectral properties of appropriate induced capacitated graphs characterize the scaling laws
obtained for mobile networks in [2], [13].

In Section IV, we address the question of characterizing the PMF for a wireless network with Gaussian channels
and random fading. This is substantially more challenging than for the combinatorial interference model because
there is no obvious underlying network graph that specifies the links which should be used for data transmission.
We construct a capacitated graph whose cut capacity characterizes (in terms of tight upper and lower bounds) the
PMF in the wireless network. This construction allows one to use classical network flow arguments to characterize
and compute the PMFE. We illustrate the generality of our results by obtaining scaling laws for a geometric random
network and for a network where the number of commodities is constant.

IT. TRAFFIC FLOWS

In this section, we describe a class of traffic flows, namely, the class of product multicommodity flows, that we
study in this paper, and its relevance. Consider a wireless network of n nodes and denote the node set as V =
{1,...,n}. A traffic matrix X\ = [\;;] € R" is said to be feasible, if for each pair of nodes (4,7), 1 <1i,j <n,
data can be transmitted from node 7 to node j at rate \;;. Note that whether a traffic matrix A is feasible or not
depends on the model for the underlying wireless network, and we shall describe the precise models for wireless
networks in the later sections.

We denote the capacity region by A, i.e., A is the set of all feasible traffic matrices. Ideally, we would like to
characterize A. However, this is a hard problem in most cases. Instead, we characterize an approximation of A
under general assumptions on the wireless network. For this, we consider product multicommodity flow (PMF),
defined as follows.

Definition 1 (Product Multicommodity Flow (PMF)): Let node i be assigned a weight (i), for 1 < i < n.

Then the PMF corresponding to the weights 7 € R’} and a flow rate f € R, is given by the function [14]
M : R R

m(2)w(1) 0 oo m(2)m(n)



The PMF is an n-dimensional approximation of the n? dimensional capacity region A with product constraints.
An important special case arises when all the weights are 1, i.e., w(i) = 1 for i = 1,...,n. We call such a flow
uniform multicommodity flow (UMF).

Definition 2 (Uniform Multicommodity Flow (UMF)): UMF with flow rate f € Ry is given by U(f) = f1,
where 1 € R*" is a matrix with all entries equal to 1.

We denote by f as the supremum over the flow rates for which the PMF corresponding to the weights 7 is feasible,
ie.,
fx=sup{f € Ry : M(f ) is feasible}.

We abuse notation and denote the corresponding quantity for UMF as simply f*.

A. Inner Approximation to A

We first show that the maximum UMF f* is a one-parameter approximation to the capacity region A. Consider
the following parameter defined in terms of the capacity region as follows.

Definition 3 (p*): For any X € R*", let p(\) 2 max; {D> p_q Niks P peq M} - Let
L(z) = {A € RY" : p(A\) < x}. Then, define p* as

p" =sup{r e Ry : L(z) C A}.

Thus the quantity p* is a parametrization of a (regular) polyhedral inner approximation to the capacity region A.
It is tight in the sense for any x > p*, there is an infeasible traffic matrix in the set L(z).

Roughly speaking, the following result shows that UMF f* and p* are equally good approximations to the
capacity region A.

Lemma 1: If U(f) is feasible, then any A € R?*" such that p(\) < nf/2 is feasible.

Proof: Consider any A such that p(\) < nf/2. Suppose that U( f) is feasible. Then there exists a transmission
scheme such supports U(f). We now consider the two stage routing scheme of Valiant and Brenber [15] which
routes U(p(A)/n) in each stage. Since U(f) is feasible, any A with p(\) < nf/2 is supportable by time sharing
between the two transmission schemes corresponding to the two stages. To complete the proof of the Lemma, we
need to describe this two stage routing scheme.

In the first stage, each node ¢ sends data to all the remaining nodes uniformly (ignoring its actual destination).
Thus, node ¢ sends data to any node j at rate ), A;r,/n < p(\)/n. In the second stage, a node, say j, on receiving
data (from the first stage) from any source ¢ sends it to the appropriate destination. It is easy to see that due to
the uniform spreading of data in the first stage, each node say j routes data at rate >, A\x;/n < p(X)/n to node
i in the second stage. Thus, the traffic matrices routed in both the stages are dominated by U(p(\)/n). That is,
the sum traffic matrix is dominated by U(2p(\)/n). Hence, if U(f) is feasible then p(\) < nf/2 is feasible. This
completes the proof of Lemma 1. [ ]

Theorem 1: f* and p* are related as .
n” < pr<nf*
Proof: Note that in general, the capacity region A may not be closed, and so we need a more careful argument'.

We first show that % < p*. By definition of sup it follows that for any € > 0, U(f* — ne/2) is feasible. Hence,
from Lemma 1, any A € R*" such that p(\) < nf*/2 — € is feasible. Hence, again using the definition of sup,
p* > nfr/2.

Now for the other bound, assume that p* > nf*, and € = (p* — nf*)/2. Then, by definition of sup and p,
U(nf* +€/2) is feasible, which is a contradiction. Hence, it follows that p* < nf*.

Thus, bounds on f* give bounds on p* which differ by at most a factor of 2. Subsequently, a scaling law for f*
as a function of n is the same as a scaling law for p*, i.e. f* = O(p*) as a function of n.

"We present such a formal argument only once; similar arguments are implicit in many results that follow



The set of all feasible PMF clearly provides an n dimensional inner approximation to the capacity region,
which is, in general, n? dimensional. Thus the characterization of the set of feasible PMFs provides a much better
approximation to the capacity region than that the one-dimensional approximation given by set of feasible UMF.
We next establish the equivalence of UMF with a traffic model with a randomly chosen permutation flow.

1) UMF and Random Permutation Flow: In some previous work, (e.g., [1]), the capacity scaling laws were
derived for the case where n distinct source-destination pairs are chosen at random such that each node is a source
(destination) for exactly one destination (source) and such a pairing is done uniformly at random over all possible
such pairings. Thus the traffic matrix corresponds to a randomly chosen permutation flow which is defined as
follows.

Definition 4 (Permutation Flow): Let S, denote the set of permutation matrices in R’}*". Then the permutation
flow corresponding to a permutation 3 € S,, and flow rate f € Ry is given by S(f, %) = fX.

Many previous works study the scaling of f, where f is the supremum over the set of f € R, such when a
permuation X is randomly chosen from S, the permutation flow S(f,>) is feasible with probability at least
1 —1/n% We now show that when a permutation flow with flow rate nf and a randomly chosen permutation is
feasible with a high enough probability, then the uniform mulicommodity flow U(f) can be “almost” supported
when n is large enough.

Lemma 2: For ¥ € S, chosen uniformly at random, if (nf)¥ is feasible with probability at least 1 —n~17% o >
0, then there exists a sequence of feasible rate matrices I',, such that
1Un(f) = Tull = O(fn™%) — 0 as n — oc,
where || - || denotes the standard 2-norm for matrices?, and U, (f) is the uniform multicommodity flow for n nodes.

Proof: From the hypothesis of the Lemma, it is clear that for at least (1—n~1~%) fraction of all n! permutations
in S, the permutation flow (nf)X is feasible. By definition and symmetry of permutations, we can write

Let us define the following indicator function

1 (nf)X; is supportable
1; = .
0 otherwise

Consider a uniform time sharing scheme between all the n! permutation flows. Then the following traffic matrix is

supportable.
1 n!
Tp=— > 1i(nf)T
i=1

Thus
1 n!
WUn(f) =Tull = || > (1 —1)(nf)%
’ i 1
(a)
< 5 Z (1= L) (nf) 2|
(b) nf n!
] Z Lnf < ol plta
= i — 0, asn — oo.
na
Step (a) uses triangle inequality for a norm and step (b) uses ||¥;|| = 1 for any permutation matrix %;. ]

Given a matrix M € R™*™, the 2-norm of M is | M| = sup{||Mz|| : © € R™,||x|| = 1}, where ||z|| is the {2 norm of vector x € R™.



From Lemma 1, if U(f) is feasible, then S(nf/2,3) is feasible for all ¥ € S,,. Thus, using an argument identical

to that in the proof of Theorem 1, a scaling law for f is equivalent to a scaling law for f*, i.e.

ff=0(nf).

B. Wireline Networks: PMF Over a Graph

We briefly review the key results known for PMF on graphs with fixed edge capacities. These results will be
useful in our analysis for PMF for wireless networks.

Consider a directed graph G = (V, E), where an edge (i,j) € F has a capacity C(i,j). Also, for (i,7) ¢ E,
we take C(7,j) = 0. Then for a given 7, f for graph G = (V, E) is given by the solution of the following linear
program (LP).

maximize 1,
subject to z:(%mxyﬂww@)zﬁmmg)1§@jgm
k:(ik)EE
m:(k,m)eE
szl](k’m) S C(kam)a V(k:,m) € E,
i=1 j=1
where the variables are f and {x;;(k,m) : (k,m) € E,i,j,k,m =1,...,n}. The first two are flow conservation

constraints and the third one is the capacity constraint. The total number of variables is less than 2n* and the total
number of constraints is less than (n® + 2n?). Hence, the above LP can be solved in polynomial time [16].

The well-known max-flow min-cut characterization for a single commodity flow naturally gives rise to the
following question. Though the maximum PMF f* for a given weight vector can be computed in polynomial time,
is there a corresponding result that relates f and the properties of the graph. In their seminal paper, Leighton and
Rao [17] obtained a characterization of f; in terms of the weighted min-cut of graph. We summarize their main
result below. Let pr = |[{i € V : w(i) > 0}|, denote the number of nodes for which the corresponding element of
7 is non-zero. Then, without loss of generality we assume that ) ;" | 7(i) = pr.

Definition 5: For the graph GG and weight vector 7, define the min-cut by
> (i j)ievjeve CisJ)
TG — : 0] )¢ 5]
(o) = pin = r e
with notation that 7(S) = . 7(i) for any set S.
Theorem 2 (Theorem 17, [14]): In any directed graph G, the maximum PMF for weight 7 is related to Y(G, )

as follows: G
Q (“”) < 2 <G,
log pr

where the constants for the lower bound do not depend on the graph.

Note that the upper bound follows easily because for a given PMF f,, the total flow from U to U® is 7(U )7 (U%) f,
which has to be less than the total capacity of the links from U to U. The above characterization was crucial to
the design of subsequent approximation algorithms for many NP-hard problems; a summary of these algorithms
can be found in [14]. An important case of the above result is when 7(i) = 1 for all i = 1,...,n, i.e., the special
case of uniform mulitcommodity flow. In this case, we have

1,7):% i e} C ’i, ]
T(G) = T(G,1) = min Z(m).zeU,geU (4,7)

ucv UllUe] ’
QO (T(G
logn

and

~—

><F<T@)



ITI. COMBINATORIAL INTERFERENCE MODEL

A combinatorial interference model defines constraints such that simultaneous data transmissions over only certain
sets of links (or edges) can be successful. This is a simplified abstraction of a wireless network because in reality
whether or not multiple simultaneous data transmissions are successful depends on the rate of data transmission
and the interference power at the various receivers. We next describe the combinatorial interference model formally
and illustrate it with example scenarios where this abstraction is a reasonable one.

A. Model

A combinatorial interference model for a given set of wireless nodes V' = {1,...,n} defines the following two
objects:
(a) A directed graph G = (V, E') where F is the set of directed links (edges) over which data can be transmitted.
(b) For each directed edge e € E, let Z(e) = {é € E} be the set of edges (directed links) that interfere with a
transmission on link e. Data can be successfully transmitted on link e at rate W (e) if and only if no transmission
on any link in Z(e) takes place simultaneously. In general, the rate W (e) for a given power constraint can be
different for different edges. The proof methods and results of the paper will not change (qualitatively) in this
scenario. However, for ease of exposition we will assume W (e) = 13 for all e € E.

We assume that for every edge (i,7) € E, edge (j,i) € E, i.e., the graph G is essentially an undirected graph
without the interference constraints given by the sets Z(e)’s. This is a reasonable assumption in many time division
and frequency division systems where the channels are reciprocal [18]. The interference sets Z((7,7)) and Z((34,4))
may not be identical because the transmissions which interfere with a signal received at node ¢ may not be the
same as transmissions which interfere with a signal received at node j.

The above definitions can be used to induce a dual conflict graph as follows.

Definition 6: The dual conflict graph is an undirected graph GP = (E, EP) with vertex set E and edge set E7,
where an edge el € EP exists between e; and es if e; and ey cannot transmit simultaneously due to interference
constraints. Thus, each link e € E is connected to all links in Z(e).

For the rest of the section, we will suppress the explicit dependence of all quantities on the combinatorial
interference model parameterized by the graphs G' and GP7; this helps to simplify notation. Let us denote the
node degree and the chromatic number* dual conflict graph G” by A = max.cp |Z(e)| and & respectively. Note
that k < (1 + A). Let {E}, Ex, C E, be the set of all possible link sets that can be active simultaneously, i.e.,
simultaneous transmissions on all the links in Ej, at rate W (e) = 1 are feasible for the given interference model.
Each E}, corresponds to a vector Cj € RI”l, where Cj(e) = 1¢ecE,} = liecr,}- Let C be the convex-hull of all
such vectors {Cy}. Thus C is the set of all vectors C' such that link capacities C'(e) (for link e) can be obtained
by time-sharing between the Cj’s for the given interference model. We then define the capacity region to be the
set of traffic matrices which can be routed over the graph G = (V, E), where each edge e has capacity C(e) for
C € C. The formal definition is as follows.

Definition 7 (Capacity Region (A)): The capacity region is the set of traffic matrices A € R™*™ such that the
following set of conditions are feasible for some C' € C:

Z (l’ij(i, ]ﬁ) — IU(/C,Z)> = /\ij7 1 S i,j S n,

k:(i,k)EE

m:(k,m)EE

Zzl'ij(kam) < C(kam)a V(k‘,m) €k,
=1 j=1

3As long as W (e) is bounded below and above by a constant, scaling laws do not change even though the bounds for a given number of
nodes n will change.

*The chromatic number of a graph is the minimum number of colors needed to color the vertices of the graph such that no two nodes of
the graph which are connected by an edge share the same color.



where C'(k,m) = C(e) with e = (k, m) € E; variables are {x;;(k,m) : (k,m) € E,1 <4,j,k,m <n}.

Thus, the capacity region consists of all traffic matrices which are feasible using routing and link scheduling (time-
sharing between the sets { E}). We now illustrate this capacity region by a couple of special cases corresponding
to widely used models for wireless networks.

1) Protocol Model: The protocol model parameterized by the maximum radius of transmission, r, and the amount
of acceptable interference, 7, is defined in [1] as follows.
(a) A node 7 can transmit to any node j if the distance between 7 and j, 7;; is less than the transmission radius 7.
(b) For transmission from node ¢ to j to be successful, no other node k within distance (1 + n)r;; (n > 0 a

constant) of node j should transmit simultaneously.

The corresponding definitions of £ and Ep follow. A directed link from node ¢ to node j is in E if r;; < r. For
a link, e € E, let e™ denote the transmitter and let e~ denote the receiver. Then

I(e) = {é EFE:rere- < (1 + n)re+e—}-
Thus the protocol model is a special case of the combinatorial interference model.

2) SINR Threshold Model: Assume that all transmissions occur at power P, and the channel gain from the
transmitter of node j to the receiver of node ¢ is given by h;j, i.e., if node j transmits at power P, the received
signal power at node ¢ will be h;; P. A signal to interference and noise ratio (SINR) threshold model is parametrized
by a threshold « such that a transmission from node ¢ to node j is successful if and only if the SINR is above «,
ie.,

Phij
>«
For example, if we assume that each link transmits Gaussian signals and that the Shannon capacity on each link is
achievable, then the threshold is given by NoB(2" — 1) (assuming W (e) = W for all e € E as before).

We can define a corresponding combinatorial interference model such that the feasible simultaneous transmissions
defined by the combinatorial interference model are a subset of that described by the SINR threshold model. Consider
the set of directed links £, such that a link, (4, j), from node i to node j, is in E, if and only if hj; > . Also,
define Z(e) = {é € Ey : he-¢+ > (}. Then link e can transmit at rate W if no other links in Z(e) transmit
simultaneously, if and only if v and § are such that

Phe- o+ S
> ech,, e¢z(e) Phe-e+ + NoB —

It is easy to see that the above condition is satisfied if the following condition holds.

5<t ( < —NOB>

a, VecE, )

nP \2W —1

B. Results

We now derive results for the combinatorial interference model which relate the maximum PMF f to spectral
properties of the underlying graphs induced by the interference model. Most of the results in this section use ideas
from known results. While important in their own right, these results and their proofs motivate the results for an
information theoretic setting for wireless networks with Gaussian channels. Also, they provide alternate derivations
for known capacity scaling laws in random networks. Towards the end of this section, we obtain simple bounds on
the delay.

1) Bounds on PMF: For any C' € C, we denote the maximum PMF on graph G where each edge e has capacity
C(e), by fr(C) , and the corresponding min-cut by

_ 2(ij)iesjese O, 7)
YO = m(S)m(Se)

We denote the corresponding quantities for the special case of UMF by f(C') and ¥(C), respectively. Then we
have the following lemmas.




Lemma 3: V. :C — R is a continuous function for any m > 0.
Proof: Consider a cut S such that 7(S)w(S¢) > 0. Then, the following is a continuous function of C:

> (i,j)ies,jese C(64)
m(S)m(S¢)

The lemma then follows since the minimum of a finite number of continuous functions is continuous. [ |

Lemma 4: fr : C — R is a continuous function for any 7 > 0.
Proof: For C € C and any € > 0 define the set

Bs={CecC:||C-C| <6}

To prove the Alemma, we have to show that for any ¢ > 0, there exists a 6 > 0 such that for all C' € Bg,
|f7r(0) A_ fﬂ'(C)| <€
For C' € C consider

51:(k%i)réE{aCA’(k,m) : C(k,m) >0}, 0<a<l,

and

0 = min {5 min 6}
i ger(iym()>0 2m(i)m(j) |
Then for any C' € By, it follows from 1 that f(C) < fr(C) +e. It only remains to show that f(C) > f(C) —e.
For this note that C' = C for all C' € Bs, where C is as follows:
o0 Clk,m) = 0
Clk,m) = { C(k,m) — &, otherwise

Now by scaling all the variables by (1 — ) in the LP (1) for C and using the monotonicity of f(C) in C, we can
see that f(C) > (1 —a)f;(C) for all C € B;. If fr(C) = 0, we are done. If not, choose a = min(e/ fx(C),0.5),
which gives f(C) > fz(C) — ¢, and so we are done.

]

We now define a quantity for the combinatorial interference model corresponding to the min-cut of a graph.
Definition 8: The min-cut for the combinatorial interference model is defined as

U* = max min Z(ZJ)-ZESJES (4, 7)
cgeC Scv ﬂ-(S)ﬂ.(SC)

Note that ¥ is well defined since ¥, (C') is a continuous function of C, and C is closed and bounded because
it is the convex hull of a finite number of points. The above definition can be interpreted as the min-cut of the
graph G, where each edge has capacity C'(e), and the vector C' is chosen from the set C such that it maximizes the
min-cut of this graph G. The following result is an extension of Theorem 2 to combinatorial interference models.

Theorem 3: f* is bounded as

Q(‘I’ﬂ)sf:sqf;:. 3)
log pr

Proof: Since C is closed and bounded, it follows from Lemma 4 that there exists C* € C such that f = f(C*).
Then, using Theorem 2, it follows that

This completes the proof of Theorem 3.



Note that unlike the case for wireline networks (or equivalently graphs), f* is a hard quantity to compute. Also,
note that W is a function of both G and the dual graph G”. We next relate the maximum UMF f* to spectral
properties of graphs G and GP.

Definition 9: The conductance of a graph G is defined as follows.

®(G) = min Yicujeve 1[(i7j)eE]’
UCV,|U|<n/2 U]

where 1) is the indicator function.

Corollary 1: Recall that & is the chromatic number of the dual graph GP. Then, f* is related to ®(G) as follows.

a( oo )<p <O
knlogn n
Proof: Consider vertex coloring for the dual graph G” = (E, EP). The chromatic number of G? is defined
to be x and hence we need s colors for vertex coloring of G”. Thus we have partitioned the set £ into subsets,
say, F1,..., E, such that the links in each subset can transmit simultaneously at rate 1. Now let Cj(e) = licer,)-

Then, C' corresponding to uniform time-sharing between the s edge sets F1, ..., Ej is given by
1
C: ;(Cl—i——l—C,{),

which is a convex combination of C1,...,C, € C. Hence, C(i,j) = 1/ for all i # j, and C' € C. Then, using
Theorem 2 and the definition of conductance above,
v (G
Fereze(—L) - (29 )
logn knlogn
]
For the upper bound, note that for any C' € C, C' < 1, i.e., C' is lexicographically less than 1, and f(C7) > f(Cs)

if C1 > Cy. Hence, f* = maxcec f(C) < f(1). Then, the upper bound follows again by a straightforward use of
Theorem 2 and the definition of conductance.

2) Average Delay: We now provide bounds on the average delay for a class of traffic matrices. We measure
delay in number of hops. We assume that the packet size is small enough so that the packet delay is essentially
equal to the number of hops taken by the packet. This is similar to the assumptions in, for example, [1],[2], and
[4].

We restrict ourselves to periodic link scheduling schemes (similar arguments extend to any ergodic scheduling
scheme as well). For fixed networks, C is the convex hull of the set, {C}}, which has a finite cardinality. Hence,
any vector in C can be written as a linear combination of the C}’s. Thus to maximize the supportable uniform
multicommodity flow it is sufficient to optimize over transmission schemes with periodic scheduling of links where
the periodic schedule corresponds to time division between the C}’s.

We obtain the following general scaling of delay.

Theorem 4: Let S(n) be the total number of transmissions by the n wireless nodes on average per unit time”.
When data is transmitted according to rate matrix A € A, the average delay, D(n), over all packets scales as
D(n)=06 5’(/\71) , where \ = Do Nig-

Proof: Let I denote the set of all possible paths (without cycles) in the network. The amount of flow generated
at node i to be transmitted to node j is \;;. Let us consider an arbitrary but fixed® routing scheme where a fraction
azj of the flow from node ¢ to node j is routed over path v € I'. We assume that the traffic matrix A is feasible.
Hence, there exists a link scheduling and routing scheme to support it. The total number of transmissions per unit

The quantity S(n) is well defined since we consider periodic scheduling of links.
%Here, we consider a fixed deterministic scheme. However, it is easy to see that the result extends for any randomized scheme as well.



time at node [ is Z@l D 4 o) ;Aij- Hence, the average number of transmissions per unit time in the entire network,

denoted by S(n), i
=D AT 2 Z alAi

=1 31 1,
where H7 is the number of hops on path ~. The total flow over a path ~ is Z Aij, 1.e., the fraction of total
flow over path -y is Z Nij/ \. Hence, the average number of hops traversed by all packets is given by
1 S(n)
— Y TNy — -~ 7
= Y e =2
¥ i,J
This completes the proof of Theorem 4. ]

We note that the above result uses very little information about the specific underlying transmission scheme.
Next, we present an immediate corollary of the above result and Theorem 1 that bounds the delay for a scheme

that maximizes the UMF in the network.
Corollary 1: Since f* = Q H%fg)n), the corresponding delay scales as D(n) = O ‘ﬂpl?é; )
Proof: Consider the link scheduling scheme in the proof of Corollary 1, where we partition the set of links F
into subsets E1, ..., E such that all the links in each subset E; can transmit simultaneously. Note that this scheme

can support UMF f Q <m gog)n> For this transmission scheme, every link transmits at rate 1 for at most 1/

fraction of the time. Hence, we have S(n) < Lf‘ Thus, it follows from Theorem 4 that D(n) = O ('fg?g;l )

C. Computational Methods

We now describe computational methods to obtain bounds on f* (the extensions to PMF are straightforward). As
noted earlier, for wire-line networks, the computation of f* is equivalent to solving an LP. However, in a wireless
network, the link capacity is a function of the link schedule. Since, the number of link schedules is combinatorial, it
is a hard problem. Specifically, the question of checking feasibility of a rate vector A\ was proved to be NP-hard by
Arikan [19], that is there exists an interference model and graph under which checking feasibility of A is NP-hard.
Motivated by this, here we address the question of providing a simple computational method to bound f*.

We use ideas of node coloring to induce a link schedule in a way similar to, for example, [20]. In particular, we
can obtain an upper bound f}* and a lower bound f5 for maximum UMF f* in polynomial time such that

i <kfy

The upper bound can be computed by solving the LP in (1) with C'(e) = 1 for all e € E. For the lower bound,
since the dual graph G has chromatic number x, we can color the nodes of G (which are given by the set E of
wireless links) such no two nodes which share an edge share the same color. This in turn induces a link scheduling
scheme, where each link in F is scheduled for at least a fraction 1/x of time, and the resutling C' is such that
C(e) > 1/k for all e € E. Again, the lower bound can be computed by solving the LP in (1) with C(e) = 1/
for all e € E. It is easy to see that fI' < Kf3.

Now from Theorem 3, we know that {2 ( oan ) < f* < W. Thus, we can now also bound ¥ as

f5 < U < O(fflogn)

Thus, the upper and lower bounds differ by at most a factor of  log n. In addition, using the algorithm in [17], we can

. . . . i iyics.iese 6,7
find a vector C(e) and the corresponding cut (U, U®) such that the capacity of this cut, mingcy/ ("'”'lle;"ﬁf' C J),

is within a factor x(logn)? of .



D. Application

We now illustrate our results for the combinatorial interference model through an application to geometric random
graphs. The geometric random graph has been widely used to model the topology of wireless networks after the
work of Gupta and Kumar [1]. However, it has been a combinatorial object of interest for more than 60 years. We
derive scaling laws for a combinatorial interference model which is more restrictive than the protocol model. Note
that the lower bound hence obtained is also a lower bound for the protocol model. Specifically, the lower bound
is weaker by log?° n compared to the lower bound obtained in [1]. Specifically, we show that the scaling of the
lower bound is closely tied to the known combinatorial properties of geometric random graphs.

We first define the restricted protocol interference model. 1t is also parameterized by the maximum radius of
transmission, r, and the amount of acceptable interference, 7.

(a) A node i can transmit to any node j if the distance between ¢ and j, 7;; is less than the transmission radius 7.
(b) For transmission from node i to j to be successful, no other node & within distance (1 + n)r (where n > 0 is
a constant) of node j should transmit simultaneously.

We now state a version of the well-known Chernoff’s bound for binomial random variables that we use multiple
times in this paper.

Lemma 5: Let Xi,..., Xy be iid. binary random variables with Pr(X; = 1) = p. Let S,, = Y ,_; X}, for
n=1,...,N. Then, for any § € (0,1)

2
Pr (]S, — np| > dnp) < 2exp (—5 gp) :

2Llogn

Specifically, for § = D

, we have

2
Pr (\Sn —np| > \/2anlogn> < vt

Consider n wireless nodes distributed uniformly at random in a unit square, and the interference model given
by the protocol model with transmission radius r. We denote such a wireless network by G(n,r). It is well-
known that for G(n,r) to be connected with high probability, it is necessary to have r = Q(y/logn/n). We
take r = @(log3/ 4n/\/n) and prove the following bounds on the maximum UMEF, f*, for the restrictive protocol
model; the lower bound is only log?®n weaker than the result of Gupta and Kumar for the protocol model with
r = 0(y/logn/n).

Lemma 6: For G(n,r), with r = ©(log**n/\/n), maximum UMF is bounded as

1 1
Q| ———— ) < < Oo(————).
<n3/2 log5/2 n) < f = <n3/2 10g3/4 n)
Proof: To prove the above bounds, we obtain appropriate upper and lower bounds on the quantity W. These

bounds along with Theorem 3 imply Lemma 6. To obtain an upper bound on ¥, we evaluate the cut-capacity for
a specific cut-set. For the lower bound, we first, establish that a grid graph on n nodes is a sub-graph of G(n,r)
and then use the known conductance of the grid graph.

First, consider the upper bound on W. Specifically, consider the square, say S, of area 1/9 (of side 1/3) that is
in the center of the unit square. Let S be the set of nodes that fall inside this square. By definition, we have

sup Zie&jeSc C(ia ])
cec |S|S5¢|

Therefore, it is sufficient to required obtain bound on ¥(S).

Corresponding to node i, define a random variable X; € {0,1} which is 1 is 4 is in S, and O otherwise. Since
nodes are placed uniformly and independently at random in the unit area square, X; are i.i.d. binary random variable
with Pr(X; = 1) = 1/9. Now, Y . ; X; is the number of nodes in S. Using Lemma 5 with § = 0.009, it follows
that for large enough n, |S| € (0.1n,0.2n) (and so |S¢| € [0.8n,0.9n]) with probability at least 1 — n~%. Now,
consider squares SV, S! of sides 1/3 4 2r and 1/3 — 2r respectively with their centers being the same as that of
S. That is, S' € S € 8. Let A° = S — S and A! = S — S°. Thus, A! is a strip of width 7 surrounding S of

T < U(S) =
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and A" is a strip of width 7 on the boundary and inside S. Since, r = @(10g3/ 4n/\/n), it can be easily shown
that A° and A is O(r).

Now, nodes that are in S (i.e. physically inside S) can only be connected to those nodes in S¢ that lie in A".
Similarly, nodes in S¢ that are connected to nodes S must lie in Al. Thus, nodes that can communicate across
the cut (.5,.5¢) must lie within a region of area ©(r). For the protocol model, if a node transmits, nodes within
distance (1 + n) of the receiver must not transmit. That is, each transmission effectively silences nodes within an
area of ©(r?). Thus, at any given time, the maximum number of simultaneous transmissions between S and S° is
©(1/r). This along with |S|, |S¢| = ©(n) implies that

For the lower bound, we identify a grid subgraph of G(n,r) with r = ©(log®*n/\/n). Consider a grid graph
G, of \/n x y/n nodes with each node connected to one of its four neighbors (with suitable modifications at the
boundaries). The nodes of G,, are placed in a uniform manner in a unit square; each node is at a distance 1/\/n
from its neighbors. Now consider a minimax matching between nodes of GG;, and n randomly placed nodes in the
unit square, where a minimax matching is a perfect matching between the n nodes of G,, and the nodes of G(n,r)
with maximum length minimized. Leighton and Shor [21] established that the maximum edge length in a minimax
matching, say r*, is @(10g3/ “n/\/n) with probability at least 1 — 1/n*. Now we identify the subgraph G/, (with
grid graph structure) of G(n,r) as follows. G/, has all n nodes. Consider the minimax matching between G,, and
G(n,r). If a node of G(n,r) is connected to node number m of Gy, then renumber it as m to obtain nodes of
G),. Now by setting r > r* 4+ 2/./n, clearly a node m and m’ are connected in G, if they are connected in G),.
Thus, we have established that G,, C GJ,. Now, we will focus only on the edges of G(n,r) that belong to G/,
and provide them with positive capacity by an appropriate communication scheme that is feasible for the restricted
protocol model. For this, note that in G/(n,) each node is connected to at most O(log®?n) nodes with probability
at least 1 — 1/n* (using Chernoff’s bound and Union bound) for large enough n. Hence, using a simple TDMA
scheme based on vertex coloring of G(n,r), each node gets to transmit once in every ©(1/log*?n) time slots.
This transmission can be along any outgoing edge. Since, we are interested in providing positive capacity to only
at most 4 outgoing edges, we have established that there is a simple TDMA scheme which provides ©(1/ log®/? n)
capacity to each edge of a grid subgraph of G(n,r). To complete the proof, we recall that the conductance of a
grid graph is ©(1/4/n) [22]. That is,

. 2iesjese H(ijer) 1
) =mp = = © <n3/2> |

Now, putting all the above discussion together we have the following.

2 ies,jes- €0, 7)

¥ = supmin
cecSCV |5]1:5¢]
1
> -
z 2(Gn)® (10g3/2n>
- o @
B n3/2log®?n)
In summary, upper and lower bound on ¥ along with Theorem 3 implies the Lemma 6. ]

Now, we discuss briefly delay. In [4], delay was defined as the average number of hops per packet, and the packet
size was assumed to scale to an arbitrarily small value. For any communication scheme feasible for the protocol
model with maximum transmission radius r = @(10g3/ 4n/\/n), the maximum number of transmissions per unit

time is upper bounded as O(n/ log®/? n). Using this and Theorem 4 we obtain the following result immediately.

1
n3/2log® % n

D(n) = O (v/nlogn) .

Lemma 7: The delay D(n) for any scheme achieving f* = Q ( ) is bounded above as



I'V. GAUSSIAN FADING CHANNEL MODEL

In the previous section, we assumed that the wireless network was defined by two graphs G and G”. We
extended the results of Leighton and Rao to wireless networks modeled by a combinatorial interference model;
this mainly exploited the fact that all possible transmission schemes could be described in terms of routing over a
set of capacitated graphs, where the set of edge capacity vectors belonged to the convex hull of a finite number of
vectors. Thus, in this sense, the inherent discrete nature of the model worked to our advantage.

While the combinatorial interference model can allow for arbitrary scheduling and routing schemes, it does not
model all the degrees of freedom in a wireless network. Specifically, the results are not information theoretic. In
this section, we provide an information theoretic characterization of PMF in a wireless network with Gaussian
fading channels. The techniques for the combinatorial model can be easily extended to obtain a feasible scheme
and a lower bound on the maximum PMF f*. However, for information theoretic upper bounds we have to work
harder, especially to obtain a bound that relates to the lower bound and allows us to quantify the gap.

Our key contribution is in quantifying the suboptimality of the UMF/PMF for a simple feasible scheme and
an upper bound on the UMF/PMF for an arbitrary network topology, in terms of a simple graph property. The
bound is general when channel side information (CSI) is assumed to be available only at the receiver. For AWGN
channels, we quantify only for UMF, and when the SNR is low enough. To the best of our knowledge, this is the
first such result which guarantees that a feasible scheme achieves rates within a certain factor of an outer bound for
an arbitrary graph. We also illustrate these results through applications. The results hence obtained are interesting
in their own right.

Our main approach is as follows. We construct two directed capacitated graphs GU and G for the given wireless
network. The graph GV is such that the capacity (defined appropriately later) of each cut in GV upper bounds the
corresponding cut-capacity in the wireless network. The graph G is such that there exists a communication scheme
that simultaneously achieves the capacity of each edge in G*, and the ratio of capacity of each cut in GV and
G' is bounded above by a quantifiable term. This leads to an approximate characterization of PMF in an arbitrary
wireless network with Gaussian fading channels. Moreover, the feasible scheme that induces the capacities in G
supports PMF which is within a quantifiable factor of the optimal.

A. Channel Model

This is similar to the model in, for example, [23]. We have V' = {1,...,n} wireless nodes with transceiver
capabilities located arbitrarily in a plane. Node transmissions happen at discrete times, ¢ € Z,. Let X;(¢) be
the signal transmitted by node i at time ¢t € Z,. We assume that each node has a power constraint’ such that
limsupy_, o % Zi\il |X2(t)| < P. Then Y;(t), the signal received by node i at time ¢, is given by

Yilt) = Ypps Han Xi(t) + Zi(t), 5)

where Z;(t) denotes a complex zero mean white Gaussian noise process with independent real and imaginary parts
with variance 1/2 such that Z;(t) are i.i.d. across all 7. Let 7;; denote the distance between nodes ¢ and j. Let
H;.(t) be such that

Hi(t) = /g (re) Hir (1),
where H;;, (t) is a stationary and ergodic zero mean complex Gaussian process with independent real and imaginary
parts (with variance 1/2). It models channel fluctuations due to frequency flat fading. Also, g(-) is a monotonically

decreasing function that models path loss with g(z) < 1 for all z > 0. We assume also that the H;;(¢)’s are
independent.

B. Graph Definitions
Consider the following two graphs induced by a wireless network of n nodes:
(1) K, is the fully connected graph with node set V;

"For notational simplicity we assume that each node has the same power constraint. The general case, where each node has different
maximum average power can be handled using identical techniques.



(2) G, is the graph where each node ¢ € V is connected to all nodes that are within a distance r of 7. Let E,
denote the edge set of G,. Let A(r) be the maximum vertex degree of G,. Finally, define

r* = min{r: G, is connected}.

C. Preliminaries

In the analysis in this section, we utilize the following two simple lemmas.
Lemma 8: Given z; € (0,1),1 <i <N,

SN log(1+ va@) < VANV, log(1 + 2,).
Proof: For any z € (0,1), /2 <log(l+x) <z, so

Sivilog(l+ @) < YN, V@< \/N\/ Y (6)
\/W\/Zfil log(1 + ),

where (6) follows from Cauchy-Schwarz inequality. [ ]

IN

Lemma 9: For any z > 0, a € (0,1), Llog(1 + az) > log(1 + z).
Proof: Define f(x) = log(1 + az) —log(1 + z). Note that f’(x) > 0 for z > 0 and f(0) = 0. [

T a

D. Results
We obtain bounds on the maximum PMF for three different cases:

(1) fading channel with AWGN, and channel side information (CSI) available only at the receiver,
(2) deterministic (no fading) additive white Gaussian noise (AWGN) channel, and
(3) fading channel with AWGN, and CSI available at both the transmitter and the receiver.

The exact bounds for the above cases are different, but the analysis and bounding techniques are similar.

1) Random Fading with Rx-only CSI: We first obtain bounds on the PMF for Gaussian channels with random
fading under the assumption that CSI is available at the receiver, but not the transmitter. We then relate the bounds
for PMF, and show that the gap can be quantified well, and under very general assumptions. We note that this is
the case for which we can obtain the strongest results.

Theorem 5: With channel state information (CSI) only at receivers, f: is bounded as follows:

ZieS,jeSc E(log(1 + P’Hji|2))
=5V (S)m(5°) ’

P|H;;|?
=0 sup 1 o |min Zies,jeSc 1, j)er,Elog (1 + 1+nPg(r(1+77))>
T r>re, >0 L1+ A)A(r(141n)) Scv log prm(S)7(S¢)

Theorem 5 provides bounds on f* which relates to the “cut capacity” of appropriate capacitated graphs. Specifi-
cally, we can compute the information theoretic upper bound (for any PMF) in polynomial time using flow arguments,
and by solving an LP as detailed in Sec. IV-E. However, it is not clear how tight these bounds are. We now quantify
the gap between the upper and lower bounds.

Corollary 2: For any r > r*, denote 6(r) = max; ) ;.. -, Pg(ri;). Then,

T
& <(1 + A%(r))(1 4 6(r)) log px

)gﬁsu+wmr

where )
. ZiES,jESC:rugr EIOg(l + P|H’LJ‘ )
T = min ,
scv 7(S)m(SY)




and 9
. max ZiES,jGS’C:rU>rE10g(1 +P|HZ]| )
SCVir(),m(59)>0 Dics jegen, <r E10g(1 4+ P[Hij[?)

y(r)

Note that both (r) and &(r) are decreasing functions of r, while A(r) is an increasing function of 7. Also,
since power typically decays as 1/r® for 2 < a < 6, while for uniformly distributed networks A(r) grows only
linearly with 7, the decay of ~(r) and &(r) is much faster than the growth of A(r). Hence, for r large enough the
gap is dominated by the term log p, (14 A(r)?). Specifically, assume that there exists an € > 0 such that the graph
G = (V, E¢) is connected, where E° = {(i,5) : E [log (1 + P|H;;|?)] > n~/?}. Then the above bound for UMF
reduces to [24] _ \

min-cu . ,
(W) = f* = O(min-cutg),

. . Yiesjeser;. <r Blog(1+P|Hi;|?) .
where min-cutg = mingcy =<4 fsﬂsc‘ ~ =, and r is such that §(r.) < n}“.

Proof: [Theorem 5] We first prove the upper bound. Following the steps in the proof of Theorem 2.1 in [23]
and using (1 + > o) <[ (1 + ;) for o > 0, we obtain that for A € A,

Coicce Aif < Ellogdet(I + H HE
Zzes,ges ij = QSEO{?SZ()“SP logdet(I + HsQsHy)]
< ZieS,jeScE(IOg(l +P‘Hji|2)) . (7

Now, for any PMF M = M(fr,7), it must be that ;g icge Mij = frm(S)m(SY). Hence, for any such PMF
M(f,m) € A, the upper bound in the Theorem holds.

To establish the lower bound, we construct a transmission scheme for which the PMF is greater than or equal
to that in the lower bound. For > r*, consider the graph G, = (V, E,) on the n nodes defined above. We use
A(r(1+mn)) to denote the maximum vertex degree of the graph G (14n)- Now, consider the following transmission
scheme. A node 7 can transmit to a node j only if r;; < r. Also, when a node ¢ transmits, no node within a
distance (1 + n) of the receiver can transmit. Thus, when a link (i, j) € E, is active, at most A(r(1 + 1)) nodes
are constrained to remain silent, i.e., at most « = A(r(1+n))A(r) links are constrained to remain inactive. Hence,
the chromatic number of the dual graph is at most (1 + A(r(1 +7))A(r). In addition, we assume that the signal
transmitted by each node has a Gaussian distribution. For any given link that transmits data at a particular time,
we treat all other simultaneous transmissions in the network as interference. Now focus on any one link, say link
(1,2) between node 1 and 2, without loss of generality. We claim the following.

Lemma 10: For the above scheme, the following rate on link (1,2) is achievable:

A2 = a_lElog (1 + 714‘"1;‘5573%‘14'77))) .
We prove Lemma 10 later. First we explain how it implies the proof of Theorem 5. A similar analysis holds for
other links that (1,2) in E,. Thus, for graph G, the following rate are achievable on link (7, j) € E,:

~ P|H ;|2

1 Jt

a "Elog {1+ ,
g( 1+nPﬂN1+n»>

Now given the capacitated graph GG, we can use classical wireline network based routing algorithms for obtaining
a product multicommodity flow that is lower bounded by the following quantity:

P|H;,|?
1 ) Zz’ES,jESC 1 j)er Elog (1 + Wr(l-ﬁ-n)))
fre(r,n) =Q X n

1+ A(r)A(r(1+n)) scv log p7(S)m(S°)

This implies the following lower bound on f}:

fx> sup fre(r,n).
r>r*n=>0

This is precisely the claimed lower bound in the statement of Theorem 5 and thus completing the proof. [ ]
Proof: [Lemma 10] We will use the following result, that follows directly from Theorem 1 in [25].



Theorem 6: Consider a complex scalar channel where the output Y when X is transmitted is given by
Y=hX+Z+065,

where Z is a complex circularly symmetric Gaussian random variable with unit variance, and S satisfies E[S*S] <
P. Also, h is zero mean and i.i.d over channel uses. If X is a complex zero mean circularly symmetric Gaussian

random variable with E[X*X] = P, then I(X; (¥, h)) > Elog (1 + 2.

We consider a transmission scheme where the signal transmitted over each link, when active, is a complex zero
mean white circularly symmetric Gaussian with variance P. Moreover, we assume that the transmissions on all
links are mutually independent. Let t1,ts,... denote times at which link (1,2) is scheduled. Hence, at any such
time ¢ € {t1,t,...}, the received signal at node 2 is given by

Ya(t) = Han (8)X1(t) + D p21 0 How () Xk (t) + Za(2).
Using the mutual independence of transmissions and zero mean property along with the construction of the

scheduling scheme, )
E[Shpnz Har(OXi(t) + Zo(t)] <14 nPg(r(1+m)).

From Theorem 6,
10X (£); (Ya(t), Hai (1)) = Elog (1+ ey ) - ®)

Since the channel is assumed to be i.i.d. over channel uses, a random coding argument can be used to achieve this
rate with a probability of error that goes to zero as the block length goes to infinity.

Combining this with the time-sharing between different sets of links described above, since each link gets to
transmit at least once in « times slots, or at least 1/« fraction of the time, it follows that

P|Ho |? >
1+nPg(r(1+mn))"

Ao > Oé_lEIOg <1 +

Proof: [Corollary 2] Consider any S such that 7(S),7(S%) > 0. Then,
Cut(S, 5°) = > icsjes- E (log(1+ P|Hji|*)) -
< (1+~(r) Zies,jesc;rijgrE (log(l + P|Hji’2)) ) €)

where the second line follows from the concavity of the log function, Jensen’s inequality, log(1 +z) < x for x > 0
and definition of ~(r). Thus,
Cut(S, 5°)
m(9)m(S)

The upper bound then follows from the upper bound in Theorem 5.

Next, we consider the transmission scheme that led to the lower bound in (8) with n = 0. Note that in (8),
we used the term nPg(r(1 + 7)) as a bound on the interference power. However, here we consider the actual
interference Ijj = > ycy.,,, >, P9(rji) for a transmission from i to j. Note that I;; < 6(r). Now, by Lemma 9,
we have

< T(L+(r)). (10)

E [log (1+ 25| = rE (log(1 + PIH;i?)) (11)

Using (9) and (11) along with the lower bound obtained via time-division scheme that led to (8), the lower bound
in Theorem 5 gives us

f* = Q[ min ZiGSJGSC:m_ij(log(l+P\Hﬁy2))
— SV SIS+ AL +0(r)) log pr

T
¢ <<1 AP +5<r>>logpw> | (12)
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2) Deterministic AWGN Channels: We now consider an AWGN channel without fading, i.e., we have H ki =1
w.p. 1, Vk,7 =1,...,n. We first obtain the following set of bounds on maximum PMF using standard arguments.
Theorem 7: The maximum PMF f* is bounded as follows.

2 ZieS,jeSc log(1 + +/Pg(rij))

fx < min

scv (S)m(S¢) ’
Pg(ri;)
=0 sup [ 1 } o | min ZiES,jESC:TUST log (1 + 1+nPg(r(1+17)))
T r>r*, n>0 1+ A(T‘)A(T‘(l + 77)) scv logpﬁ’iT(S)ﬂ'(Sc)

Next, we present a Corollary of Theorem 7 which characterizes the tightness of the above bound for UMF for
low signal to noise ratio (SNR).

Corollary 3: Define I(r) = min{/ > 0: >
6 > 0. Then,

s P9(rig) < 1, forall if; r(6) = min{r > 0: I(r) < &} for

: <<1 RGN T AT oz TQ) =freato (f) ’

where

 DicUjeue, <r(s) 108(1 + 1/ Pg(rij))
T = min .
vcv Ul|ue|

We now present the proofs of Theorem 7 and Corollary 3. The main idea in the proof of Theorem 7 is to neglect
interference to upper bound achievable rates on links, and to construct a transmission scheme to induce achievable
rates on the links. In particular the scheme that we construct consists of time sharing between multiple transmission
schemes, each of which enables direct transmissions between nodes that are separated by at most distance . Then
the lower bound on f* is obtained by routing over graph G,., where each edge has a capacity given by this time
division scheme.

Proof: [Theorem 7] We first prove the upper bound. In order to bound the sum-rate across each given cut, we
refer to the proof of the max-flow min-cut lemma in [8], which yields for any S C V and A € A,

ZieS,jeSc Aij < Zjesc log(1 + E(‘XJP))?

where X; = 3" g(r;i) Xi. We therefore deduce that

€S
ZiGS,jESC )‘ij
< Yjeselog[l+ 3 ks V9 (i) a(rjr) [E(Xi X))
< Yjeslogll+ P(Cies va(rji)?l,
since |E(X;X})| < /PP, < P. Finally, we obtain

Yiesjese Mj < Xjese 2108(1+ VP Y5 1/9(r5i))
< Zies,jesc 2log(1 + V Pg(rji))-

Now, for any PMF M = M(fr, ), it must be that } ;g icgc M;j = frm(S)7(SY). Hence, for any such PMF
M(f,m) € A, the upper bound in the Theorem holds.

To establish the lower bound, we construct a transmission scheme for which the PMF is greater than or equal
to that in the lower bound. For > r*, consider the graph G, = (V, E,) on the n nodes defined above. We use
A(r(1+4mn)) to denote the maximum vertex degree of the graph G (14n)- Now, consider the following transmission
scheme. A node 7 can transmit to a node j only if r;; < r. Also, when a node 7 transmits, no node within a
distance (1 + ) of the receiver can transmit. Thus, when a link (4, j) € E, is active, at most A(r(1 + 7)) nodes
are constrained to remain silent, i.e., at most A(r(1 4+ n))A(r) links are constrained to remain inactive. Hence,
the chromatic number of the dual graph is at most (1 + A(r(1 +7))A(r). In addition, we assume that the signal



transmitted by each node has a Gaussian distribution. Then, subject to the maximum average power constraint, for
any node pair 4, j, such that r;; < r, the following rate is achievable from 7 — j:

Pg(ri;)
log (1 + 1+nPg(r(1+n)))
14+ A)A(r(L+n)
Note that the interference is due to at most n nodes and all the interfering nodes are at least a distance r(1 + 7)

away from the receiver. We now consider routing over the graph G,, where each edge (i, j) has capacity \;;. The
lower bound then follows from the lower bound in Theorem 2. [ ]

Aij > (13)

Proof: [Corollary 3] Consider any cut defined by (.S, S¢). Due to the symmetry of the upper bound in Theorem 7,
without loss of generality, assume |S| < n/2. Consider any § such that r(§) > r*. Then,

Cut(S, 5°) = ZiES,jESC log(1+ +/Pg(rij))
= EiES,jES“:rijgr(é) log (1 tv Pg(n])) + ZiES,jES“:r“>r(6) log (1 tv Pg(rlﬂ))
< Yies jeser, <r(s) 108 (L V/Py(ris)) + 1516, (14)

where the last step follows from the definition of 7(§), and log(1 + /x) < z for < 1. Hence, the upper bound
in the Corollary follows from the upper bound in Theorem 7. Since we assume Pg(r;;) < 1 for all 4 and j, from

Lemma 8, we have
Yl {1 + ,/Pg(mj)] < \/2A(r(5))5| S log(1+ Pylry). (15)

i€8,jeScri; <r(d) i€8,jeScry; <r(d)

For the lower bound, consider the choice of » = r(d) and n = 0 for the scheme described in the proof of
Theorem 7. Then, the interference during data transmission from i to j, I;; = Zkev:rijT(é) Pg(rjk) < §. Now,
Lemma 9, implies that

Pg(rij) 1
> ii)).
log (1 110 ) 215 log(1 + Pg(ri;)) (16)

Using an appropriately modified lower bound in Theorem 7 for the choice of r = r(d), n = 0, it follows that

o Q[mi ZieS,jGS”:njgr(S)lOg(l+Pg(rij))]

Sev (11 0)(1 + A(r(6))2) log n|S[|S°|

T2
=0 [(1+6>A<r<6>>(1+A<r<5>>2>1ogn}’ a7

where the second step follows from (15). The lower bound in Theorem 7 then implies the lower bound in the
Corollary. This completes the proof. [ ]

3) Random Fading with CSI at both Tx and Rx: We now obtain bounds on the PMF for a Gaussian channel
with random fading when CSI is available at both the transmitter and the receiver. Qualitatively, these bounds are
very similar to the case of deterministic AWGN channels. The main result is as follows.

Theorem 8: With CSI at both transmitters and receivers, fr is bounded as follows.
. . Yiesjese 2E(log(1 + VP [Hji|)
fx < min :
scv w(S)m(S¢)

The lower bound for the receiver only CSI case is a (weak) lower bound for this case as well.

Proof: The upper bound follows again from the proof of Theorem 2.1 in [23], from which we deduce that
for any A € A,

2iesjese Mij < Elmaxgro,g.<plogdet( + HsQsHg)]
< Yjese Emaxgro,q,<plog(l + h;Qshj)l,



19

where h; is the jth row of H. Since thSh]*- is maximum when (Qg);; = P for all i, k € S, we obtain, following
the steps of the proof of Theorem 7,

Yiesjese N < Djese Elog(1+ P(Y g [Hijl)?]
< Djes-2Elog(l + VP Y s [Hijl)]
< ZieS,jeSc 2E(log(1 + VP |Hijl),
so the upper bound on f} follows from Theorem 2. ]

E. Computational Methods

We discuss the implications of the bounds for the case of CSI availability at the receiver only as stated in
Corollary 2. Similar implications follow for the case where CSI is available to both transmitters and receivers as
well.

Corollary 2 shows that an upper bound on f* can be obtained via the maximum PMF on graph K, where each
edge (i,j) has a capacity log(1 + P|H;;|?), and there is no interference; specifically, logn times the PMF thus
computed for K, is an upper bound on f*. The lower bound is obtained via routing on G, with edge (i, j) having
capacity %. Hence, the PMF on G, s) is a lower bound on f7. Both the above computations can be
done by solving an LP in polynomial time. Moreover, the ratio of the bounds is quantified in 2. We note that
such an approximation ratio could be obtained easily for the combinatorial interference model using node coloring

arguments. The arguments here are more complicated, as detailed in the proof of Corollary 2.

F. Application

We now apply the information theoretic characterization of PMF in the previous subsection to obtain a scaling
law for average UMF in a geometric random network with a fading channel, and when CSI is available at the
receivers. The scaling law we obtain is along similar lines to those that exist in the literature. Similar bounds can be
obtained when CSI is available both at the transmitter and the receiver or when the channels are AWGN channels.

We consider a geometric random graph model with a constant node density: n nodes are placed uniformly at
random in a torus of area n (and not unit area). Thus the distance between two nodes is a random variable taking
values in (0,©(y/n)). We assume that all nodes have the same transmission power equal to 1, i.e. P; = 1 for all
1 <i < n. We state the following result characterizing f*.

Lemma 11: Consider the Gaussian channel model with random fading and CSI available only at the receivers.
Let g(r) = (147r)™®, o > 3 and P = 1. Then for a geometric random graph with constant node density (described
above), the average (over random position of nodes) f* is bounded as

1 . 1
& <n3/2 logHan) <E[f]<0 <n3/2) ’

if Pr(|f[ij|2 > ) > v for some strictily positive constants 3, (independent of n) for all 1 <4, j < n. (Note that
the condition is for the normalized channel gains ﬁijs and not the actual gains H;;s.)

Proof: We use Theorem 5 to evaluate the bounds. First we obtain an upper bound by evaluating the bound
of Theorem 5 for a specific cut (U, U¢). Then, we evaluate lower bound by relating it to an appropriate grid-graph
as in Lemma 6.

Now, we consider the upper bound. Consider a horizontal line dividing the square of area n into equal halves.
Let U be set of nodes that lie in bottom half, and so U€ is the set of nodes that lie in the top half. From Theorem



20

5, we have
Fooe <> Elog(l+ P|Hyl)
icU,jeue
< ) log(1+ PE[|H;;|*)
icU,jeue

= Z log(1 4 Pg(rij))

ieU,jelUe

< Z Pg(rij)
ieU,jeUe
= Z(l + Tij)_al{ieU}]-{jeUc}y (18)
i#j
where we have used Jensen’s inequality, log(1 + x) < x for all > 0, and the hypothesis of Lemma. Since, the

nodes are thrown uniformly at random, the expectation of each term in (18) for a pair (i, j) is the same. Using
linearity of expectation, we obtain that

E[Z(l +7ij) " “Lenlgevay] = n(n—DE[(1+712) " 1epyli2evey]

- ( / / o 5ds /1 dr)
= 0<\/ﬁ/1 n/ ns—aﬂdsdr)
= O <\/ﬁ /1\/5 r_o‘+2dr>

= O(V/n), (19)

where we used the fact that for o > 3 the last integral is bounded above by a constant. The above evaluation can
be justified as follows. First note that Pr(1 € U,2 € U®) = 1/4. Given {1 € U,2 € U}, node 1 in the bottom
rectangle and node 2 in the top rectangle are uniformly distributed. Now, consider a thin horizontal strip of width
dr and length /n at distance r below the horizontal line dividing the square (and inducing U, U€). The node 1 € U
belongs to this strip with probability 2+/ndr/n. Now, the node 2 is at distance at least » from node 1. Consider a
ring of width ds, centered at node 1’s position and of radius s > r. The area of this ring is 2wsds. The probability
of node 2 being in this ring is bounded above by 47sds/n. When the above described condition is true, the nodes
1 and 2 are at distance s. Integrating over the appropriate ranges justifies the final outcome (19).

Now, it is easy to see that under any configuration of nodes, f* = O(n?) since g(r) <1 forany r >0, P =1
and elementary arguments. Let event A = {|U||U¢| = ©(n?)}. Using Chernoff’s bound, it is easy to see that (with
appropriate selection of constants in definition of A) for large enough n, we have

Pr(A) =1—1/n°.
Using this estimate and bound f* = O(n?) we obtain that
E[f] = E[f"1a] +E[f"1a]
. 1
< E[f 1A} + O (n4>

o) o ()
< o (IO 4o (L)
d

1
n3/2> . (20)

IN
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Next, we prove the lower bound. For this we construct a graph with achievable link capacities for which the
average f* is lower bounded as claimed in the Lemma. Consider » = O (logn). Then the corresponding G, which
is the geometric random graph G(n,r), is connected with high probability (at least 1 —1/n* by appropriate choice
of constants in selection of 7). For this choice of r, using the Chernoff and Union bounds it follows that with
probability at least 1 — 1/n*,

A(2r) = O (log*n) .

Again, we can identify a grid graph structure as a subgraph structure of G, based on the argument used in Lemma
6. Denote the edges of this grid sub-graph structure as E. We note that O(1) edges are incident on each of the n
nodes that belong to E (which is a property of the grid-graph structure). Next, we design a feasible transmission
scheme for which each edge in E can support a transmission rate of Q(log™ % n).

Specifically, we consider a TDMA schedule for the graph G, similar to that described in the proof of the lower
bound for Theorem 5. It is easy to see that G, can be vertex colored using O(A(2r)) colors. We use a randomized
scheme to do TDMA scheduling as follows: in each time-slot, each node becomes tentatively active with probability
1/A(2r) and remains inactive otherwise. If a node becomes tentatively active and none of its neighbors in Ga, is
tentatively-active, then it will become active. Else, it becomes inactive. All active nodes transmit in the time-slot
simultaneously. It is easy to see that each node transmits for ©(1/A(2r)) fraction of the time on an average. The
randomization here is used to facilitate the computation of a simple bound on the average interference experienced
by a node due to transmissions by nodes that are not its neighbor.

Now under the above vertex coloring, each node gets to transmit once in ©(A(2r)) time-slots on average at
power ©(PA(2r)) = ©(A(2r)). We wish to concentrate on transmissions for edges that belong to E, which are
a subset of edges of G,. For any such transmission, say from v — v with (u,v) € E, according to the above
coloring of Gs, no other node within distance r of v is transmits simultaneously. Also, any node that is at least
distance r away from v can be active with probability at most 1/A(2r). Hence, the average power corresponding
to the interference received by node v, say I,, can be bounded above as follows:

r z’j2
Lo o X PRSI <o X gt @

Jiry; >T Jiry; >T

where we used the fact that each node transmits at power PA(2r) = A(2r) for 1/A(2r) fraction of the time and
E[|H;;|?] = g(ri;). By another application of Chernoff’s bound and union bound, it can be shown that the number
of nodes in an annulus around node v with unit width and radius R for R € N,r < R < /n, is O(R) with
probability at least 1 — 1/n°. Then it follows that

N
> glry)) =0 > gRR| =0 (),
Jiru; >T R=|r]

where we have used fact that o > 3. Using this in (21), we obtain that with probability at least 1 — 1/ n5/2 we have
I, = O(r ™) =0 (log>“n). (22)

That is, I, — 0 as n — oo for a > 3. Thus, by selection of large enough n, I,, can be made as small as possible.
That is, when transmission from u — v happens, the average noise received by node v due to other simultaneous
transmission is very small, say less than § for some small enough § > 0.

Given this, the arguments used in Lemma 10 imply that when w transmits to v at power PA(2r) once in
©(A(2r)) time-slot, considering other transmissions as noise, we obtain that the effective rate between u — v is

lower bounded as A
2

Now, H,, is independent of everything else and

Pr(’ﬁuv‘z > B) >,
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for some positive constants 3, as per our hypothesis. Therefore, use of Lemma 9 implies

Ausy > Q <A(2r)_1 log (1 + W)) .

Further, I, < § for small enough ¢§. Therefore, another use of Lemma 9 implies that
M 2 2 (A(2r) " og (1 + PA2r)g(ru))) -

Now
Pg(ruw)A(2r) =Q (longo‘ n) ,

where we have used the fact that r,, < r and g(-) is monotonically decreasing. For z € (0,0.5), log(1+z) > z/2.
Therefore, for a > 3
Ao = Q(A(2r) T og? *n) .

Since A(2r) = O(log®n), we have established that the effective capacity of transmissions for each edge under the

above described TDMA scheme is 2(log™*n). That is, each edge of E gets capacity at least (log™“n). Now

1

777 logn ) Hence, using this routing of

recall that a grid graph with unit capacity has f* lower bounded as €2 (
UMF along edges of E with capacity Q(log™*n) we obtain that

. 1
f = <n3/2 logHO‘n) :

By careful accounting of probability of relevant events above and Union bound of events will imply that the above
stated lower bound on f* holds with probability at least 1 — 1/n2. Since f* > 0 with probability 1, it immediately
implies the desired lower bound of Lemma:

¥ 1
B = (g

This completes the proof of Lemma 11.
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