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Abstract—Interference neutralization (IN) is an interference
management technique that allows simultaneous transmission of
multiple links by nullifying their mutual interference in the air via
cooperation among the transmitters. Although IN has been studied
from information theoretic perspective, its potential for a general
multi-hop wireless network has not been explored. The goal of
this paper is to understand IN in a multi-hop wireless network
from networking perspective. We first establish an IN reference
model. Based on this reference model, we develop a set of feasibility
constraints for a subset of links to be active simultaneously. By
identifying each eligible neutralization node (called neut), we study
IN in a general multi-hop network and develop a set of necessary
constraints to characterize neut selection, IN, and scheduling.
These constraints allow us to study the performance of multi-hop
networks without the need of getting involved into onerous signal
design issues at the physical layer. Finally, we apply our IN model
and constraints to study a throughput maximization problem and
show that the use of IN can generally increase network throughput.
In particular, throughput gain is most significant when the node
density increases.

I. INTRODUCTION

Traditional paradigm for interference management in wireless
networks is avoidance, where interference is avoided by orthog-
onalizing channel access, either in time, frequency, space, or
code. Recent advancement of physical (PHY) layer technologies
allows a shift in paradigm toward interference exploitation,
which allows multiple concurrent independent transmissions in
the interference domain. This is accomplished by the use of
some powerful PHY layer techniques at a node’s transceiver
(e.g., interference cancellation (IC) and interference alignment
(TA)). This paper studies interference neutralization (IN), which
is a new technique in the interference exploitation family. The
IN terminology was coined by Mohajer et al. in [9], [10],
[11] when studying two-hop relay networks. As a special form
of transmitter-side zero-forcing, IN refers to a joint design
of signals at the transmitters so that these transmit signals
nullify themselves in the air at their unintended receivers while
remaining resolvable at their intended receivers. To achieve
interference nullification in the air, IN requires that multiple
transmitters have the same data that is under transmission.
This makes it uniquely suitable for wireless mesh networks.
Note that IN differs from transmitter-side IC, which projects
interference to a perpendicular direction of the desired signal
at the unintended receivers (rather than nullifying interference
in the air). IN is also different from IA. Although both IN and
IA require a joint signal design at the transmitters, the signal
design of IN is to nullify interference in the air, while the signal
design of IA is to align interference in the same direction.

To illustrate the idea of IN, let’s consider three transmit nodes

Fig. 1: An example that illustrates IN.

and six receive nodes as shown in Fig. 1. Each node only
has a single antenna. Suppose that the three transmit nodes
{T1,T», T3} have the same data information « for transmission.
Also suppose that { Ry, Rs, R3, R4} are the intended receivers
of z and {Rs, Re} are the unintended receivers. Further, we
require that the interference on {Rj5, Rg} from {71,752, T3} be
nullified. Denote h; as the channel coefficient between receive
node j and transmit node %, which is a complex number. Denote
u; as the precoding coefficient at transmit node i, which is
a complex number as well. Denote y; as the received signal
(desired signal or interference) at receive node j. Then we have

Yj = (hjlul + hjoug + hj3u3)xa

for receiver R;, j = 1,2,---,6. We now show that through
careful design of the precoding coefficients at the three trans-
mitters {T},7T%, T3}, the interference at the two unintended
receive nodes {Rs, Rg} can be neutralized while the desired
signal at the four intended receivers {R;, Ro, R3, R4} can be
decoded successfully. To do so, we need to show that there exist
precoding coefficients (u;, uz, and ug) that satisfy the following
four constraints:

hjlul + hjg’[l,g + hngg 7£ 0, j € {17 2, 3,4}, (1a)
hjlul + thUQ + hjgu;), =0, j € {5, 6} (1b)
Suppose that the channel coefficients hj;; (7 = 1,2,---,6

and ¢+ = 1, 2, 3) are independent of each other, it is not difficult
to find a set of precoding coefficients w1, us, u3 to meet the six
linear constraints. In fact, it can be shown that if one can find
a set of nonzero value for u;, ue, and ug that satisfy (1b), then
u1, ue, ug will satisfy (1a) almost surely [17]. Therefore, to
find a feasible solution to (1), one only need to focus on (1b).
For two equations with three variables, there exist non-unique



feasible solutions. For example, we can set u; = 1 and solve
ug and ug in (1b). We have

ug = (he1hss — heshs1)/(heshse — he2hss),
ug = (he1hsa — he2hs1)/(he2hss — hsahes).

It is easy to verify that the above precoding coefficients satisfy
all constraints in (1). This indicates that by jointly construct-
ing precoding coefficients at transmitters 73, 75, and T3, the
interference at Rs and Rg can be nullified in the air while the
signal at Ry, Rs, R3 and R4 can be successfully decoded. In this
example, as nodes 77 and 75 help 75 to cancel its interference
at its unintended receive node, we call T} and 75 as 75’s neuts.
In general, as we shall see in Section II, for K transmitters, we
can neutralize their interference to (K — 1) unintended receivers
while there is no limit on the number of intended receivers.

Conceptually, IN resembles distributed MIMO in the sense
that both of them exploit precoding technique to achieve inter-
ference nullification at a selected subset of receivers. But there
is a key difference between their objectives. Historically, the
goal of distributed MIMO was mainly to maximize the SINR of
users in a cellular network (rather than to nullify interference at
a subset of receivers). Therefore, we choose to use terminology
IN in this paper (as in [9], [10], [11]) so as to contrast its
objective with that of distributed MIMO.

The next question is: why is IN particularly suitable for
wireless mesh networks? We answer this question by applying
IN to a wireless mesh network. Consider the wireless mesh
network in Fig. 2 as an example. There are three sessions in
the network: S; — D1, So — D>, and S3 — Ds3. Each session
goes through multi-hop transmissions to deliver message from
its source to its destination. Inside the network, due to broadcast
advantage of wireless channel, there will be multiple nodes
overhearing the same message from one of the source nodes
and each of them can help relay the message to its next-hop
nodes. In this regard, consider the scenario in Fig. 2, where
the set of nodes in 7 can send message to the set of nodes in
R in one hop. Within the set of nodes in 7, there are three
subsets of nodes, differentiated by the legends v, W, and A,
each of which has message from 57, S5, and S3, respectively.
By using IN, the three subsets of nodes in 7 can send their
respective messages to their intended receivers in R (marked
with the three different legends) simultaneously, in one time
slot (instead of three). Inside R, three subsets of nodes can
successfully decode their own desired incoming messages since
the undesired messages (interferences) can be neutralized by IN.

The above example illustrates the potential benefits of IN in
a multi-hop network, i.e., allowing multiple data transmissions
in the same interference domain. To date, the previous arts
of IN have been limited to simple and specialized network
configurations, such as 2 x 2 x 2 network in [2], [15], half-
duplex relay channel [1], [12], full-duplex relay channel [6],
instantaneous relay channel in [3], [5], and ZZ network in [9],
[10], [11]. It is not clear how IN can be systematically exploited
in a general multi-hop network, such as the multi-hop network
shown in Fig. 2. This knowledge gap underscores both the
technical depth of this problem and the critical need of bridging
this gap. The goal of this paper is to make a concrete step toward

Fig. 2: An example that illustrates IN in a wireless mesh
network.

advancing IN technique in a general multi-hop network. The
main contributions of this paper are summarized as follows:

o We establish a reference model for IN. Under the reference
model, we derive the maximum number of unintended
receivers whose interference can be effectively neutralized.
By applying the IN reference model to a set of links, we
derive a set of feasibility constraints for a subset of links
that can be active simultaneously.

e We show how IN can enable simultaneous data trans-
missions at different nodes in an ad hoc network by
taking the broadcast advantage of wireless channels and
the assistance of idle nodes. We introduce a concept called
neut to represent those idle nodes that can be exploited for
IN.

o Based on the notion of neut, we study IN in a general
multi-hop network. We show that the thrust of the problem
is to select an optimal set of neuts along each session’s
routing path. Subsequently, we develop the necessary
mathematical models (constraints) to characterize neut se-
lection, IN, and scheduling. Collectively, these constraints
allow us to quantify the throughput benefits of IN at
network level while not getting involved into the tedious
signal design at the PHY layer.

e As an application, we apply our IN model to study
a throughput maximization problem. We compare the
throughput of the network with IN against that without IN.
Simulation results show that the use of IN can generally
increase throughput. We find that the throughput gain is
most profound when the network is dense and the number
of idle nodes that can be used as neuts is abundant.

The remainder of the paper is organized as follows. In
Section II, we establish a reference model for IN, based on
which we characterize the feasibility constraints for a set of
active links. In Section III, we develop a mathematical model
for IN in a multi-hop network. In Section IV, we apply our IN
model to study a throughput maximization problem. Section V
presents performance evaluation results. Section VI concludes
this paper.



Fig. 3: A reference model for IN.

II. FEASIBILITY CONSTRAINTS FOR INTERFERING LINKS IN
A SINGLE Hop

In this section, we study the feasibility conditions (con-

straints) for IN to work in a single-hop transmission. These
constraints will lay the groundworks for our study of IN for
multi-hop in the next section.
A Reference Model and Basic Result. Figure 3 shows
the reference model (or building block) for IN in our study.
Denote 7 as the set of transmitters and R as the set of
intended receivers. Each receiver in R is in the transmission
range of the transmitters in 7. Denote P as the set of receivers
that are interfered with by all the transmitters in 7. That is,
each receiver j € P is within the interference range of every
transmitter ¢ € 7. In the figure, the solid arrow line represents
“aggregate” transmission link from the transmitters in 7 to the
receivers in R. Such an aggregate link refers to concurrent
transmissions from 7 to R. Likewise, the dashed arrow line
represents “aggregate” interference link from transmitters in 7~
to unintended receivers in P. Again, such an aggregate link
refers to concurrent interference from 7 to P. In the following,
if there is no ambiguity, we drop the wording “aggregate” when
we refer to such links.

For the transmitters in 7, they may not be able to neutralize
their interference to all the receivers in P. So we ask the
following question: How many receivers in P can have their
interference be neutralized by the transmitters in 7 ?

Define Q as a subset of P (i.e., @ C P). To have the
transmitters in 7 neutralize their interference to each receiver
in Q while keeping their signals decodable at each receiver in
‘R, we need to ensure that the following linear constraints have
a feasible solution:

Z hjiui #0,  j€R; 2
€T
Z hjiui =0, Jj € Q; 3
€T

where hj; is assumed to be a constant and u; is a variable.
Since the channel coefficients are independent among them-
selves, it was shown in [17] that a nonzero solution to (3) also
satisfies (2) almost surely (with probability 1). Therefore, we
only need to make sure that there exists a nonzero solution
to (3). For the linear equations in (3), there are |Q| constraints
and | 7| variables. According to [8, Ch. 2], a sufficient condition
for the existence of nonzero solution to (3) is that it has more
variables than constraints, i.e., | Q| < | 7| —1. Therefore, (2) and
(3) always have a feasible solution if |Q| < |T| — 1. Simply

Fig. 4: A set of “aggregate” transmission links.

put, the transmitters in 7 can neutralize their interference to
|T| — 1 receivers.

To find a set of precoding coefficients that satisfy (3), we can
use Gauss—Jordan elimination algorithm. By performing row
reduction on (3), we can obtain the reduced row echelon form
as follows:

u1+higus+higus+ -+ + hyr_yur—1) + hirur =0,
uzt+hizuz+ -+ + hor—1)ur—1) + horur =0, (4)

u(r—1) + horur =0,

where T'= |7 and Q = |Q)|.

In the reduced row echelon form (4), if a variable is a leading
variable for an equation, then it is a basic variable; otherwise,
it is a free variable [8, Ch. 2]. Denote G as the set of basic
variables and £ as the set of free variables. Then, a solution to
(3) can be computed as follows:

1, for u; € €,

u; = T Q)
— > higug, foru; €G.

k=i+1

Given that | Q| < |T|—1, there exists at least one free variable
in (4), i.e., £ # (. Since the free variable is set to 1 in (5), the
solution is nonzero and thus satisfies (2) almost surely. The
following lemma summarizes our results:

Lemma 1: Through joint design of precoding coefficients, the
transmitters in T can neutralize their interference to any subset
of receivers Q in P if |Q| < |T|— 1.

Feasibility Constraints. We now apply the results in Lemma 1
to a general one-hop transmission scenario as shown in Fig. 4. In
this figure, there is a set £ of concurrent links, where each link
l € L denotes aggregate transmissions from the transmitters
in 7; to the receivers in R;, as we discussed previously. For
each transmitter in 7;, we assume it has a fixed interference
range. Then, for the receivers of link k (e.g., Ry), some of
them may be interfered with by the transmitters in 7; and some
of them may not. Denote P; as the set of receivers that are
interfered with by at least one transmitter in 7;. Then the subset



of receivers in Ry, that are interfered with by the transmitters
in 7; can be written as P; N 'Ry.

Denote oy as a binary variable to indicate whether link [ €
L is active. Specifically, oy = 1 if link [ is active (i.e., the
transmitters in 7; are transmitting to the receivers in R;) and 0
otherwise. Obviously, not all links in £ may be allowed to be
active at the same time. So the question is: for a given subset of
links, how can we determine if they can be active at the same
time? In what follows, we present feasibility constraints that
can be used to make this determination. Further, this feasibility
constraint can be used to plot the entire feasibility region for
(041, o, ,OéL).

To explore the feasibility constraints, we consider the follow-
ing two cases for link [ € L:

e Linkl is active (i.e., oy = 1). In this case, the transmitters
in 7; must neutralize their interference to all receivers in P,
that are receiving signals from their intended transmitters.
To do so, the number of transmitters in 7; should be at least
1 more than the number of active receivers in P; (based on
Lemma 1). We now count the number of active receivers
in P,;. For link k£ € L, the subset of its intended receivers
in Ry that is also within P; is P;NR . So the total number
of active receivers in P; is ZZ?L [Py NRi| - . Based on
Lemma 1, it is required that Z’,félﬁ [PiNRE|-ar < |Ti|—1.

e Link l is inactive (i.e., oy = 0). In this case, the transmit
nodes in 7; do not generate interference. So there is no
restriction on the number of active receivers within their
interference ranges.

By defining /N as the total number of nodes in the network,

it is easy to verify that the above two cases can be combined
as follows:

k£l
> 1PN Re|-an < [Ti| =14+ (1—ay)-N,
kel

le L. (6)

Another restriction of neutralization in this network is that
the transmitters in 7; can only neutralize their interferences to
a node that are interfered with by all transmitters in 7;. To
model this restriction, we define a binary constant for links [
and k in Fig. 4 as follows:

0 If there exists a receiver jER, that is interfered
with by a subset of transmitters in 7;,
1 otherwise.

Wik =

Based on the definition of W ;, we have the following two
cases:

e Wi =0: In this case, receiver j € Ry, is interfered with
by some transmitter(s) in 7;, but not interfered with by all
the transmitters in 7;. In our IN scheme, to guarantee the
feasibility of the final solution, neutralization is only done
for a receiver that is interfered with by all the transmitters
in 7;. So we will not employ IN to nullify the interference
for receiver j € Ry. As a result, links k£ and [ cannot be
active at the same time, i.e., oy + o < 1.

e Wi =1: In this case, there is no additional restriction
on «; and ay.

CN36 ONM//’A\\ ONs3  N1gO
ONy /F]\F I | ONWZ\\ /d\/m o
! 4N 1 8\ \N10 P \ N18
! \ : 0 ¥ \\ ONzo
\ ‘\\\\ \ /‘I// \ N14;| ONis ONs,
A Ns \‘\\\\‘/ | \\O O
( \\ ! \ Ng/ N ,.N N25
N3 \ ON7: ~7 /‘O\\ P 2
/ N ”
\\ONZ / ONss | Nir AN " ONa4
S \ RV
ONgr - ONss W16 Ng /N ONag
ONso ”\_,'NM \ ON27
ON: i NN
\ N
ONs * N =2 oy, ONys
/ | ON- 54
o« ¥ ’
T TT | AN
-~ - O ON.
ONsg  Na ONs | ) ‘?:] / N51\‘| 40
| / ! Nazi~< I _-@N.
\ N/ / B On.
ON42 O /4/0/ pN 4E 4 \ 4§/ 8

(a) A network with three sessions. Each oval contains a
node along a session’s path and a set of nodes acting as its

neuts.
ON3g ONy4 ONs3  N19O
N1z
ON. /"\\ VaniN © ‘\713
1 /AN /" Ng N- ON13
[0\ _#O0\ @ ONzo
! ONis QN
| | 52
R ! ONu O ]\(/)
® V' ON; NG T~ OV, %
Ny \ T N7 1 ONi™
! ONzs ! °
\\C)N2 /, 35 \ N16 Nzg ON21
ONsy
ONsg
ONay
ON42 \\ON@/ \\ON;;@// Nag

(b) IN among three active links in a time slot.

Fig. 5: An example of IN in a multi-hop wireless network.

It is easy to verify that the above two cases can be combined
into the following constraint:

al+ak§1+VVl,j, lLke Ll#Ek. 7

Therefore, (6) and (7) constitute the feasibility constraints
for (a1, s, ,ar). By enumerating all possible setting of
(a1, 9, -+ ,ar), we can use (6) and (7) to plot the feasible
region.

III. INTERFERENCE NEUTRALIZATION IN MULTI-HOP
NETWORKS

In this section, we study IN in multi-hop networks. Consider
a multi-hop network consisting of a set of nodes as shown in
Fig. 5(a). Among the nodes, there is a set of sessions S, with
src(s) and dst(s) denoting the source and destination nodes of
session s € S, respectively. Denote 7(s) as the end-to-end data
rate of session s € S. We assume that the routing path of each
session is obtained through some routing protocol for ad hoc
networks. Based on the routing paths, the nodes in the network
can be classified into two subsets: N and Njqi., where N is



the set of nodes on routing paths (marked as filled circles in
Fig. 5(a)), and Nqje is the set of remaining nodes (marked as
empty circles). Denote L as the set of links that are traversed
by the set of sessions S. Assume that transmission scheduling
among the links in Lg is based on a frame that consists of T’
time slots.

For each multi-hop session, if an idle node is chosen to help
a session node cancel its interference at its unintended nodes,
then we call this idle node neut. Figure 5(a) illustrates how
some idle nodes along the path are chosen as neuts by the
nodes along each path. For example, { No, Ny, N7} are chosen
as N3’s neuts, {Ng} is chosen as Ny’s neut, {N1a, N14} are
chosen as Njg’s neuts, and so forth. When receiving, the group
of neuts can receive the same information as the corresponding
node on the path from its one-hop upstream node. For example,
{N3, N4, N7}, which are Ns’s neuts, can receive data from
N3 since they are all within the transmission range of Nj.
When transmitting, based on Lemma 1, { Ny, Ny, N5, N7} can
neutralize their interferences to three other unintended receivers
via the joint design of their precoding coefficients. Fig. 5(b)
shows an example where IN can enable simultaneous transmis-
sions in a multi-hop wireless network. Suppose all nodes are in
the same interference domain. { Ny, N4, N5, N7} can neutral-
ize their interferences to receive nodes Nszo, N, and Ny7.
Similarly, the set of transmitters {Nyg, N17, Nag, Nag, N31}
can neutralize their interferences to receive nodes Ng, Ny,
Ny, and Ny7; the set of transmitters {Nyo, Naz, Naa, Nus}
can neutralize their interference to receive nodes Ng, Ng, and
N35. Since interference is neutralized at the receivers, the three
transmissions can be active in the same time slot. Note that
without IN, only one of the three links (N5 — Ny, Ny4 — Ny7,
or N3; — N32) can be active in a time slot.

It is worth pointing out that for a node ¢ € N, how to choose
a subset of its neighboring nodes as neuts is a key problem
in IN. A small number of neuts will limit the neutralization
capability (see Lemma 1) while a large number of neuts may
increase the interference footprint unnecessarily. For the same
number of neuts, the locations of the neuts are also important
as they will characterize the overall shape and size of the
interference footprint. Therefore, one must choose a set of
neuts for each node ¢ € NV, meticulously and systematically to
maximize the benefits of IN. In our study for IN in a multi-hop
network, we model neut selection as part of the optimization
problem.

A. Neut Selection and IN

Referring to Fig. 5(a), for a node on a path, say N5, not every
idle node is eligible to be its neut. An idle node is eligible to
be N5’s neut only if it can receive the same information from
N5’s one-hop upstream node, i.e., N3. In general, for a node
g € N, denote Z, as the set of idle nodes that are eligible
to be its neuts. Referring to Fig. 6(a), if node ¢ has only one
one-hop upstream node, say p, then Z, is the set of idle nodes
within the transmission range of node p, i.e., Z, = {i : d(i,p) <
Dr,i € Niqle}, where d(i,p) is the distance between nodes 4
and p and D is a node’s transmission range. If node ¢ € N
is traversed by multiple sessions (see, e.g., Fig. 6(b)), node ¢
has multiple one-hop upstream nodes and therefore Z, is the
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(a) The case when g is traversed (b) The case when q is traversed
by only one session by multiple sessions

Fig. 6: An illustration of 4, — the set containing eligible neuts
for a node q.

set of idle nodes that fall in the intersection of the transmission
ranges of these nodes. Therefore, we have

,-= {i:d(i,p)SDT,ie/\/i(ﬂe}, qgeN,,

(p,a)E€Ls

where (p, g) represents a one-hop link in L.

Consider an idle node i € Niqi. It may be eligible to serve
as a neut for multiple nodes in A, but it can only serve as a
neut for only one node in N;. Denote M; as a subset of nodes
in N for which idle node 1 is eligible to serve as a neut. Denote
Ag,i as a binary variable to indicate whether or not node ¢ is
assigned to serve as a neut for node ¢ € M;. Specifically,

N 1 if node ¢ is assigned to be node ¢’s neut,
797 ] 0 otherwise.

Since an idle node can serve as a neut for at most one node,
we have the following constraint:

Z )\i—>q < 1a

qeEM,;

i € Mde- (3)

For notational convenience, we define Aq as the union of Z,
and {¢}, ie.,
A, =7, U {Q} )

We also define B, as the subset of idle nodes in A, that are
chosen to be node ¢’s neuts, plus node q itself, i.e.,

Bq = {Z 11 € Aq,)\i_>q = 1},

where A\, = 1 for ¢ € N,.

For transmission scheduling among the links in L5, we
assume it is based on time slots. Consider all links in Lg in
a time slot ¢ as shown in Fig. 7. Obviously, not all these links
can be active at the same time. Denote a;(t) as a binary variable
to indicate whether or not link [ € L, is active in time slot ¢,

i.e.,
out) = 1 if link [ is active in time slot ¢,
70 0 otherwise.

(10)

Consider link [’s transmitters in Br(;) and a node j among
another link k’s receivers in Agry(;). We define a binary variable

Brox o . .
7, "V (t) to indicate whether or not the transmitters in Bry(;)



Fig. 7: IN constraints and link scheduling constraints. Interfer-
ence between transmitters and receivers is not shown in the
figure.

neutralize their interferences to node j € Agy(x) in time slot ¢.
That is,

1 if the transmitters in Bry(;) neutralize
their interference to node j € Ary(r)
in time slot ¢,

0 otherwise,

Brxa
7TjT (I)(t):

Then, we have two cases:

o ai(t) = 1: In this case, the nodes in By are active
transmitters. Based on Lemma 1, we know that the trans-
mitters in Bry(;) can neutralize their interferences to at
most (|Bryy| — 1) unintended receivers. Based on (10),
we have |Bryp| — 1 = (ZZ—GITX(” Aistx) T 1) =1 =
ZieIT,fm Aim1x() - Therefore, we have the following
constraint:

By
Z 7TjT D) < |Brxyl — 1= Z/\zATx(l) .

FEURZ n ARs(h) 1€Trx(1)

o ai(t) =0: In this case, the nodes in Bty are inactive.
They neither produce any interference to other nodes nor
possess IN capability. Therefore, we have wa"”)(t) =0
for all j € Arx). k € L\{1}.

It is easy to verify that the above two cases can be combined
into the following equivalent set of constraints:

> Wfo(”(t) < ( Z)‘i—}Tx(l)> ~ay(t)

JEUNZ - ARy 1€2rx(1)

leLs,1<t<T. (11)

For (11), we implicitly assume that node j € Agy(y) falls
in the intersection of interference ranges of all nodes in By

when Wfo(l) (t) = 1. We now develop the necessary constraints
to ensure that this assumption is valid. Define a binary indicator
E; ; to indicate whether or not node j is within node 4’s
interference range. That is,

o 1 if node j is within node i’s interference range,
“J 71 0 otherwise.

If WJ-BT"(” (t) = 1, then node j must be within the interference
range of every node in By, i.e., E;j = 1 for i € Byygq.
Given that \j_,ry) = 1 for i € Byyq) and \j_,1y() = 0 for
i € Ary)\Brx(), it is required that \;_,pyq) < Ej; for i €
Arx()- Otherwise (i.e., wa"(” (t) = 0), there is no interference
from Bry(;) and therefore there is no requirement on whether
node j is within the interference range of the nodes in Bry ;).
Combining these two cases, we have

B x B x
7 ) Nisrey <y O () - Big
leLgie -ATx(l)a ke ES\{Z}7J S ARx(k), 1<t<T.
(12)
B. Link Scheduling Constraints

For each node, we assume that it has a single antenna and
operates with a half-duplex radio. When acting as a transmitter
(or receiver), we assume a node can only be used by at most
one active link in a time slot. Then we have

>

qe{Tx(1),Rx(1) }

w(t) <1, qeN,1<t<T. (13)

Consider node j € Agry(x) in Fig. 7. We define a binary

. B - C
variable ¢, (t) to indicate whether or not node j is within
the interference range of at least one active transmitter in By ;).
That is,

1 if node j is within the interference range
of at least one active transmitter in
By in time slot ¢,

0 otherwise.

Brx@) 14y _
Hj (t) =

We now explore the relationship between QfT"(”(t) and
ai(t) = 1 as follows. If ay(t) = 1, then the nodes in Bry)

. . . Brx
are active transmitters. Based on the definition of 9jT W),

Gfo(” (t) = 0 if and only if node j is out of the interference
range of every node i € Bry(), i.e., E;j = 0 for i € Byy.
Therefore, we have

1
N 2 FuaSe0ms 3 By,

1€Brx(1) 1€Brx(1)

where N is the total number of nodes in the network. Otherwise
(i.e., ay(t) = 0), the nodes in Bry(; are inactive. So they do

Brx (t) = 0. Combining these

not interfere with node 7, i.e., 0j

two cases, we have

1 Brx
(% > By a0 <[ Y Byl
ieBTx(l) ieBTx(l)
ke Esaj S ARx(k)al S ‘ci\{k}7 1 S t S T.
(14)

Consider a receive node j € Bgryw), K € Ls, in Fig. 7.
Since it has a single antenna, it does not have capability to
cancel interference while receiving. If node j is active and being
interfered with by at least one node in Bry(;), then By ;) must
neutralize such interference to node j. To meet this requirement,
we have the following constraints for GfT"(” (t) and Wfo(l) (t)
in two cases:



e a(t) =1: In this case, link k is active and thus node j

is an active receiver. If Q?T"(” (t) = 1, node j is interfered

with by Bry(;). To neutralize such interference to node j,

we must have W]»BTX(L) (t) = 1. Otherwise (i.e., GfT"”) (t) =

0), node j is not interfered with by Bryy(y. Then Bry)

do not need to neutralize their interferences to node j,

ie., wa"(”(t) = 0. Combining these two cases, we have

) =m0 ().

e ap(t) = 0: In this case, link k is an inactive link
and thus node j is an inactive receiver. Then node j can
be interfered with by any unintended transmitters, i.e.,
HfT"(”(t) can be either 0 or 1. Further, since node j is
inactive, there is no requirement for Bry(;) to neutralize

Brx
6‘T (1

.. . Brx .
their interference to node j, i.e., m; T (t) can be either 0
or 1.

Combining these two cases, we have the following constraint:

L= ()] <0701 = O () < [1— anl®)]
k€ Ls,j € Bruw),l € LNk}, 1 <t <T. (15)

Collectively, constraints (8), (11), (12), (13), (14), and (15)
constitute an IN model, which allows us to determine which
subsets of links can be active simultaneously without the need
of involving onerous signal design at the PHY layer.

IV. AN APPLICATION TO THROUGHPUT MAXIMIZATION
PROBLEM IN MULTI-HOP NETWORK

In this section, we apply IN to study a throughput maxi-
mization problem in a multi-hop network. The objective is to
maximize the minimum achievable data rate among all sessions.
To formulate this throughput maximization problem, let us
consider a specific link [ € Lg in the network. It may be
traversed by multiple sessions’ routing paths. Denote S; as the
set of sessions that share wireless link [/ along their paths. Then
the aggregate data rate requirement on link [ is > _ S, r(s).
For link [, we assume that fixed modulation and coding scheme
(MCS) is used for its data stream transmission and one data
stream in one time slot corresponds to one unit data rate. Then,
the achievable data rate of link [ (averaged over 7' time slots)
is % 2;1 ay(t). Since the aggregate data rate requirement (for
its traversing sessions) cannot exceed the achievable data rate,
we have

(16)

By denoting 7,i, as the minimum achievable rate among all
sessions, we have

Tmin < 7(s), s€S. (17)

Collectively, the throughput maximization problem can be
formulated as follows:

OPT-IN"": max 7min
s.t. Neut selection and IN: (8), (11), (12);
Link scheduling: (13), (14), (15);
Link rate constraints: (16);
Min rate constraints: (17).

In this optimization formulation, (11), (12), (14), and (15)
are nonlinear constraints and the rest are all linear. We now
show how to linearize (11), (12), (14), and (15) without loss of
optimality.

Reformation of (11). To linearize (11), we define a new
binary variable ;1) (t) = A\i1x@) - ci(t). Then, (11) can
be equivalently transformed to the following linear constraint:

By
Yo omrOM< > s ®)

JENE e Arx(t) €=

le L, 1<t<T. (18)

Based on the definition of ;_,«(;)(t), we can enumerate all
possible cases for A;_, () and oy (t) (both are binary variables)
and obtain the following linear constraint for A;_,ry():

1
Aisrx) T a(t) = 1 < vinrey(t) = §[>‘i—>Tx(l) + ay(t)],

leLie€ ATx(l)71 <t<T.
(19)

Reformation of (12). In (12), E; ; is determined by the
network topology and therefore it is a constant. But we have
a product of two binary variables \;_, 1) and Wfo(” (t). By
enumerating all possibilities for these two binary variables, it
is easy to verify that (12) is equivalent to the following linear
constraint:

Wfo(l) () + Nisrxq) 1+ Eij,
L€ Ly,i € Areq),J € Uplp, Arxiry, 1 <t < T. (20)

Reformation of (14). In (14), E; ; is a constant but By
is a variable set. To linearize this constraint, we classify the
nodes in Ary ;) into two subsets: By ;) and Ay ) \Brx()- For
node ¢ € BTX(Z)’ )‘i%Tx(l) = 1. For node i € ATX(Z)\BTX(I)’
AisTx() = 0. Then we have

Z E;; = Z Eij - NisTxq) -

1€BTx(1) 1€ AT (1)

Based on the above result, constraint (14) can be equivalently
written as:

1 .
[N Z Eij- /\HTx(z)} cay(t) < ng O (4)
i€ A1)

< [ Z Eij-Nisrxqy| - au(t),
iE.ATx(z)
kel je ARx(k:)al e LN{k}L1<t<T. (21)

Constraint (21) is still nonlinear as it involves product of
variables \;_,ry(;) - i(t). Based on our previous definition of
YisTx(1) (£) = NimsTx(1) - 1 (t), nonlinear constraint (21) can be
further linearized as

1 Brx
¥ 2 B viomn®) <0700
i€ATx()

< Z Eij - visx@(t)
1€ATK()



Reformation of (15). For (15), it appears linear, but it is actu-
ally not. This is because the set of nodes in Bry(x) is unknown,
which is determined by variable A;_,ryr). To address this
problem, we want to extend the range from Bry(r) t0 Arx(x) (a
constant set) without any change to the solution space. Recall
that A; ,rx(x) = 1 for j € Bryx) and A\jrxx) = 0 for
J € Agx(k)\Brx(k)- Therefore, for j € Agy(x), we have the
following two cases:
e AjLRx(k) = 1: In this case, node j must be in Bry(x).
Then node j must satisfies (15).
o NjiSRrx(k) = O In this case, node j must be in
ARx (k) \Brx(k)- Then node j does not need to satisfy (15).

Combining these two cases, j € Bgry) in (15) can be
expanded to j € Agy(x) by rewriting (15) as follows:

Brx Brx
—[2 — k() = Njora(e) < 0; 7 (8) — 7,0 ()

< [2 = ak(t) — Ajorxr)]
ke Ls,je€ Arxy,l € LNk} 1<t <T.
(23)

Note that when A; ,ryx) = 1, (23) is exactly (15); when
AjS5Rx(k) = 0, (23) does not impose any additional constraint
on 0770 (1), 7™ (1), and ay, (1)

Problem Reformulation. In summary, by replacing nonlinear
constraints (11), (12), (14), and (15) with (18), (19), (20), (22),
and (23), we can reformulate OPT-IN"%" as follows:

OPT-IN: max 7
s.t. Neut selection and IN: (8), (18), (19), (20);
Link scheduling: (13), (22), (23);
Link rate constraints: (16);
Min rate constraints: (17);

where N, T, and E; ; are constant; N, Nide, Ls, S, Arx()»
and Agy( are given sets; o;(t), i WfT"(”(t), GfT"(”(t),
and ~y;_,7«(;)(t) are optimization binary variables; 7, and r(s)
are optimization continuous variables. Note that the reformula-
tion does not change the optimality of the problem, i.e., OPT-
IN™" and OPT-IN have the same optimal objective value.

OPT-IN offers a centralized approach to exploit IN for
throughput maximization in multi-hop networks. Some discus-
sions of its solution in a practical network are in order. First,
the transmitters in By, ¢ € N, are required to have cooperation
when designing their precoding coefficients for IN. This is
a mild requirement, as the nodes in B, are typically close
to each other in a local area. Second, the transmitters in B,
are required to have channel state information (CSI) between
themselves and their interfering receivers. To send CSI from
the receivers to the transmitters, strategies such as adaptive
feedback compression (AFC) in [16] can be employed to reduce
the overhead in feedback. Third, the transmitters in B, are
required to be synchronized when transmitting their signals.
This is also a mild requirement, as synchronization at the time
slot level is sufficient. Synchronization protocols such as FTSP
[7] can meet this requirement.

OPT-IN is in the form of mixed-integer linear program
(MILP). Although a general MILP problem is NP-hard [13],
there exist efficient optimal algorithms (e.g., branch-and-bound
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Fig. 8: A case study of IN in a multi-hop network.

with cutting planes [4, Ch. 5]) and efficient heuristic algorithms
(e.g., sequential fixing [4, Ch. 10]) to solve it. For networks with
a few hundred nodes, an off-the-shelf solver such as CPLEX
[18] can be used. Since our goal is to study the performance
gain of IN in multi-hop networks, we employ CPLEX in our
performance evaluation.

V. PERFORMANCE EVALUATION

In this section, we first explain our simulation setting and
then use a case study to show the throughput gain of IN in
a network instance. Finally, we present our simulation results
from a large number of network instances to show how IN
affects the throughput performance of multi-hop networks. As
a benchmark for performance comparison, we formulate the
same throughput maximization problem when IN is not used,
and denote it as OPT-noIN. OPT-noIN follows interference
avoidance paradigm and schedules links in such a manner that
there is no interference among the active links in a time slot.

A. Simulation Setting

Without loss of generality, we normalize the units of distance,
data rate, bandwidth, and time with appropriate dimensions. We
consider a multi-hop network consisting of a set of randomly
generated nodes that are uniformly deployed in an 1000 x 1000
square region. Each node is equipped with a single antenna.
The transmission and interference ranges are set to 250 and
500, respectively [14]. There are four sessions in each network
instance, with their source and destination nodes being ran-
domly chosen among all the nodes. The routing path of each
session is computed based on a node’s transmission range and
the shortest path routing algorithm. We assume each source
node has persistent traffic for transmission. We also assume
that a frame has 7" = 15 time slots.

B. A Case Study

Figure 8 shows a network instance that consists of 75 nodes.
Among the nodes, there are 4 sessions, with their source and
destination nodes as well as their routing paths shown in
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Fig. 9: Impact of node density.

the figure. By solving OPT-IN for this network instance, we
obtained the optimal objective value of 2/15, meaning that
each session’s achievable end-to-end rate is 2/15. In contrast,
by solving OPT-noIN for this network instance, the optimal
objective value is 1/15. This means that the use of IN can
increase the session throughput by 100% for this network
instance.

C. Impact of Node Density

We present results of throughput gain of IN under difference
node densities. For each randomly generated network instance,
the throughput gain of IN is calculated by (7%, — 7. )/Te. |
where 7. and 7., are the optimal objective values from
solving OPT-IN and OPT-noIN for this network instance, re-
spectively. Figure 9 presents our simulation results. In the figure,
the z-axis is the number of nodes in the network and the y-
axis is the average throughput gain of IN over 100 randomly
generated network instances. From Fig. 9, we can observe
the significant throughput gain of IN: 57% for the 50-node
networks; 74% for the 75-node networks; 81% for the 100-node
networks; 85% for the 125-node networks; and 87% for the 150-
node networks. Clearly, the throughput gain of IN increases with
the node density. This can be explained by that the more nodes
in the network, the more idle nodes are available to be used
as neuts. The larger pool of neuts allows more interferences
to be neutralized and thus allowing more transmissions to be
carried out simultaneously. In the extreme case (not shown in
the figures), when the node density becomes asymptotically
large, all the interferences can be neutralized and the network
operates in an “interference-free” regime.

VI. CONCLUSIONS

In this paper, we studied IN in a general wireless mesh
network. We found that a multi-hop network environment
(particularly a dense one) provides a fertile environment
for us to unlock IN’s potential. By identifying eligible idle
nodes as neuts that can be exploited for IN, we established a
mathematical framework for neut selection, IN, and scheduling.
This mathematical framework allows us to determine a feasible
space for a set of links that can be active simultaneously
through optimal neut selection, IN among interference links,
and scheduling. As an application, we applied this framework
to study a throughput maximization problem and showed that
IN can indeed boost throughput performance. In particular,

we found that the benefits of IN are most profound when the
network is dense and there is a sufficient number of idle nodes
that can be chosen for IN.
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