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Abstract—Interference neutralization (IN) is regarded as a
promising interference management techniques for multi-lop wire-
less networks. Yet most existing results of IN are limited tdwo-hop
networks such as the relay-aided cellular network. Little pogress
has been made so far in the exploration of IN in generienulti-hop
(more than two hops) networks. This paper aims to bridge this
gap by developing an optimization framework for IN in a genelic
multi-hop network with the objective of maximizing the end-to-end
throughput of multiple coexisting communication sessionsWe first
derive a mathematical model for IN in a special one-hop netwd
to characterize the capability of IN, and then generalize tfis model
to a multi-hop network. Based on the IN model, we develop a ciss-
layer optimization framework for a multi-hop network with t he
objective of fully translating the benefits of IN to the end-b-end
throughput of the multi-hop sessions. To evaluate the perfanance
of IN in multi-hop networks, we compare its performance aganst
the case where IN is not employed. Simulation results show &t
the use of IN can significantly (more than50%) increase the session
throughput and, more notably, the throughput gain of IN increases
with the node density and traffic intensity in the network.

Index Terms—Multi-hop wireless networks, interference neu-
tralization, interference cancellation, throughput optimization

|. INTRODUCTION

Multi-hop communications are becoming increasingly impof
tant in wireless networks, and have been considered fotipahc

A. Literature Review

The terminology of IN was invented by Mohajer et al.[in][12],
[13], [14] when studying the two-hop relay networks. Howeve
the similar idea has been around for many years under differe
names such aswltiuser zero-forcing, distributed zero-forcing,
and orthogonalize-and-forward (see, e.g.,[[15],[116]). Due to
its special requirement that multiple transmitters havesame
data information for transmission, the main research thifa
IN (and its variations) is focused on the two-hop relay-dide
networks. In[[16], Rankov and Wittneben studie&ax N x K
relay interference network and showed that it requires adtle
K (K —1)+1relay nodes to achieve IN at the destination nodes.
In [12], Mohajer et al. proposed an IN scheme for a special
two-hop relay networks (so-called ZZ network) and showed
that their IN scheme can convey the maximum amount of
information under deterministic channel models. Seqaéwnti
they applied IN to the same networks, but under Gaussian
channel model, to study the approximate network capacity in
[13], [14]. Ho and Jorswieck il [17] studied an achievablera
region of the instantaneous interference relay channehwie
was employed at the relay nodes. [n1[18], Maier and Mathar
xplored the conditions for IN in full-duplex relay interémce
channel to ensure the resolvability of the desired signebah

use in some wireless systems such as wireless mesh netwdg&ination. _ , _
(e.g., IEEE 802.115T1]) and mobile ad hoc networks (MANET) Another research thread of IN is focused on the aligned in-
[2]. One of the fundamental problems in multi-hop wirelesterference neutralization (AIN) in two-hop interferencéMO _
networks is the management of interference among differdttworks. In[[19], Gou et al. showed that the use of AIN with

data flows. To address this issue, different types of intenfee

two symbol extension allows thex 2 x 2 interference channel

management techniques have been proposed and applie&otﬁ‘:hie"e the min-cut outer bound value2oboFs. A similar

the multi-hop networks with the objective of maximizing th

network throughput under various network constraints, (see,

[4, [Bl, [6], [7], [B], [8], [LQ], [L1]). Existing results Bow

&IN scheme was employed by Lee and Wanginl [20], where

they showed that AIN can achieve significant DoF gain in the
two-user network with instantaneous relay. Vaze and Vesiana

that advanced interference management techniques, aipeci” [21] studied the DoF region of th2 x 2 x 2 relay network

when jointly optimized with the upper-layer protocols, cal

significantly improve the network performance.

gnd showed that an AIN-based scheme can achieve the min-
cut DoF outer-bound, no matter how many antennas the nodes

Recently, a new interference management technique calf@ye-
interference neutralized (IN) was proposed to addressrthe i

terference issue in multi-hop networks [12], [13],][14]. iNa
transmitter-side baseband signal precoding techniqueférs

B. Goals of This Paper and Main Contributions
Although there already exist an abundance of IN resultsen th

to a joint design of the baseband signals at the transmittéiterature, most of them are limited tao-hop wireless networks
so that their emitted radio signals are self-nullifiedthe air and little progress has been made in the exploration of IN in
at their unintended receivers while remaining resolvalile the context of multi-hop (more than two hops) networks. This
their intended receivers. It requires that multiple traitiny vacancy underscores both the technical challenges in ta&s a
nodes have the same data for transmission. Due to this $pearad the critical need to bridge this gap. The goal of this pape
requirement, IN is uniquely suited for interference mamaget is to make a concrete step toward advancing our unders@ndin
in multi-hop networks as the nodes can overhear the data frofmIN in generic multi-hop (more than two hops) networks. We
their neighboring nodes. consider a multi-hop network that consists of a set of nodes,



each of which has the same number of antennas. The network TABLE |

has a set of multi-hop unicast communication sessions. The NOTATION.
routing path of each communication session has already be&fymporT Definition
computed through some routing protocols (e.g., OSPF [22]I\ The set of nodes in the network

To transport data from the source node to the destinatio® ngdVyain | The set of nodes involved in the routing paths
for each session, we assume that the transmission schgdylif¥iae | The set of nodes not involved in the routing paths
is done in a time frame that consists of a set of time slots% The set of links along the routing paths

ST . F The set of sessions in the network
Our objective is to maximize the end-to-end throughput ef th T The set of translmittir:g nodes \gf link

sessions by exploiting the benefits of IN in the network. Ther, The set of receiving nodes of link
main contributions of this paper are summarized as follows:| 7 The set of nodes that may serve as a transmitting nogle
We develop an mathematical model to characterize th of link 1
° s P ) AR . %z The set of nodes that may serve as a receiving node |of
capabilities of interference neutralization and cantelta link 1
(INC) in a special one-hop network. This model consis{ss; The set of nodes that may be interfered by at least one
of two sets of constraints: (i) constraints at the transstt transmitting node of link

The set of nodes that may serve as an assisting node for
nodeq
The set of links that have at least one of its transmitting

to characterize their IN capability; (ii) constraints atka Aq
receiver to characterize its IC capability. We prove thelc,
J

feasibility of the mathematic_allmodel by showing that if nodes interfering with nodg
those INC constraints are satisfied, we can always construag The set of nodes within the interference range of node
a precoding and decoding scheme at the physical layer| s6;" The set of incoming (active and inactive) links at nagde
that the data streams on each link are transported freg df;"" The set of outgoing (active and inactive) links at nade
; Tx(1) The transmitter of link
interference. > ,
Wi lize the INC model f h ial h | Rx(1) The receiver of linkl
- We generalizet e mode rom the Special one-hop net 3 The channel matrix between nogeand nodei
work to a generic multi-hop network by incorporating the 7 The precoding vector for theth stream at node
assisting-node selection and link-activity decision itite | v}* The decoding vector for thexth stream at nodég
INC feasibility constraints. Based on the generalized INCM The number of antennas at each node
constraints, we develop a set of constraints across meiltiplZ, The number of time slots in a time frame
B A large enough constant

layers of the multi-hop network. Collectively, these cross Ao A binary indicator whether nodéserves as an assisting

layer constraints form an INC optimization framework for node for nodey

session throughput maximization in the multi-hop network.r(f) The data rate of session _ _

Under this framework, IN can be exploited to the fullest7:(f) | The amount of rate on link that is used to sessiof
z1(t) The number of data streams on lihkn time slott

extent for a target network performance objective.

L oo ay(t) A binary indicator whether link is active in time slott
« Asan appllcf’:\_tlon of our INC optimization framewo_rk,_V\_/E B1,;(t) | A binary indicator whether the interference from the
study a specific network throughput problem — maximizing transmitters of link to node; is neutralized in slot
the minimum end-to-end throughput for a set of multi-hopé&,,;(¢) | A binary indicator whether nodg needs to cancel the
sessions. To evaluate the performance of IN, we compare interference from the transmitters of lirkkin slot ¢

it against the case where IN is not employed (but still wiqhgkgj(t) ?hteenr?w?r?iﬁ:;ymlnrtgtgeegfvﬁlqr:aazfs;?cr)rllsn?r?rtlkf:tlr?gwork
IC). Our simulation results show that the use of IN cap——

increase the session throughput significantly (more than ) ) i

50%) for most cases. Further, we find that the throughpﬁf’all_ﬂjltes the throughpl_Jt gain of IN in multi-hop networksl an
gain of IN increases with the node density and traffic€Ctionly concludes this paper.

intensity in the network.

We note that the goal of this paper is not to develop a prac-
tical solution to implement IN in multi-hop wireless netwsr
Rather, this paper is focused on the exploration of the mamim
possible performance gain of IN in multi-hop wireless netwo
without taking into account the communication overheacdsedu
by CSI feedback and node coordination. Results from t .
optimization framework serve as a performance upper boutthis Paper.
for IN and provide guidance on the future design of practical
IN solutions. A. A Primer of INC
Interference Neutralization (IN): IN is a cooperative
transmitter-side zero-forcing interference technigaeetuires
that multiple transmitters have the same data informatam f

The remainder of this paper is organized as follows. lmansmission. With the same data at multiple transmittis,
Sectior(l, we develop an INC model for a set of one-hop linksintly constructs the baseband signals at those traremito
and prove its feasibility. In Sectidn]Il, we generalize itNC  achieve two objectives: (i) nullifying their emitted radi@nals
model from one-hop to multi-hop scenarios and develop an INE the air at theirunintended receivers; and (ii) warranting the
optimization framework for multi-hop networks. Sectignl IVresolvability of their emitted radio signals at thaimended

II. MATHEMATICAL MODELING OFINC

In this section, we first offer a primer of INC and then
develop a mathematical modeling to characterize IN's arisl IC
capabilities in a special one-hop network. Results from the
special one-hop network will lay the foundation for our stud
ﬁé INC in multi-hop networks. Tablg | lists the notation weeus

C. Paper Organization
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Fig. 1. An example that illustrates the benefits of IN in a ¢anep network. P

airnultiple antennas to nullify its interfering signals andaeer

FECEIVETS. Since IN can nuliify the u_ndeS|_red radio sign its desired signals. As such, IC capability is only consader
(interference) at the unintended receiver, it can have maor

active concurrent links in the network and thereby imprdwe taFthe receving nodg and only avgllable when the_ n_ode has
multiple antennas. Different from IN in the sense that ituiegs
network throughput.

. . . . _cooperation among multiple transmitters, IC does not mrequi
We use an example to illustrate the benefits of IN in multi-ho S)operation among different receivers.

networks. Consider a three-hop network as shown in[Hig, 1(a
which has a source nodg, a destination nod®, and3 relay
nodes between them. Each node has a single antenna. SupBedeasibility Constraints of INC
that the interference from the source nafles negligible at Before studying INC in multi-hop networks, we first study
the destination nodé due to the long-distance attenuationiNC in a set of special multipoint-to-multipoint links asasiin
Also suppose that the links are scheduled within a set oflequia Fig.[2. Results of INC in the set of one-hop links will lay
length time slots and the amount of data on each link in a tiniee foundation for our study of INC in multi-hop networks.€rh
slot is one unit. Then, for this network, under the interf@® connection between the special links and a multi-hop ne¢wor
avoidance scheme, it requirgdgime slots to transport one datawill become clear later. Suppose that the nodes in the n&twor
unit on each link since any two links cannot be active in theave the same number of antennas, which we denot&/ as
same time slot. Therefore, the session throughput under thenote£ as the set of links in the network, with being its
interference avoidance schemelig3. However, if we apply cardinality (i.e.,L = |£|). Different from the traditional link,
IN to this network, each link can transport one data unit imith which has only one transmitting node and only one receiving
2 time slots, thereby achieving a session throughpuit/af node, the link in this network may haweultiple transmitting
The IN scheme for this network is depicted in Fid. 1(b)rodes ananultiple receiving nodes. For linke £, denote7; as
(c). In time slotl, R, sends data td&?,; and R3, as shown in the set of its transmitting nodes afj as the set of its receiving
Fig.[d(b). In time slot2, S sends data t®?; and, at the same nodes. We assume that the transmitting nodeg;ilave the
time, R, and R3 send data td, as shown in Fid.J1(c). We now same data streams for transmission and the receiving nodes i
show that through a joint design of transmit signals?atand R, want to decode the data streams from the transmitting nodes
Rs, their interference can be neutralized@t Denotehj; asthe in 7; free of interference. Denote, as the number of data
channel coefficient betweeld; and ;. Denoteu; as the signal streams on linki € £. For each transmitting node € 7;,

precoding coefficient af?; (i = 2,3). Then we construct the denote{xz}, z7,--- ,zj'} as the set of its outgoing data streams;
signal precoding coefficients &, and Rs by letting:us = h13  denoteu? as the precoding vector of its outgoing data stream
anduz = —hy2. It is easy to verify that by using the abover?', n =1,2,---,z. We assume that the transmitting nodes in

amplifying coefficients atR, and R3, the interference af?; 7; have a fixed interference range and have the same interfering
will be neutralized:hisusxs + hisuszs = 0, wherexs is the area. Their interference to those receiving nodes outsidie t
transmit signal at?, and R3. Therefore, one data unit can beinterference area is negligible and will not be considereduir
transported on each link withi@ time slots and the sessionstudy.
throughput achieves/2. Consider each receiving node € R;. DenoteK; as the
From the example we can see that IN exploits the idle nodsst of links whose transmitting nodes (at least one of them) a
in the network to handle interference. The idle no@&)(first interfering with receiving nodg. Specifically, if receiving node
overhears data information from the previous hdp)(and j is within the interference range of at least one transngjttin
then exploits the overheard data information to help nullifnode in7, thenk € K;; otherwise,k ¢ K;. DenoteH;; as
the interference in the next hoj]. As such, IN fully uses the channel matrix between receiving nogdand transmitting
the network resource so that the network throughput can bede:. For a data transmission channel, we asstie # 0
maximized. for i € 7; andj € R;. For an interference channel, we assume
Interference Cancellation (IC): IC in this paper refers to H;; # 0 if receiving nodej is within the interference range of
the signal design at each individual receiver by exploititsy transmitting node and H;; = 0 otherwise. Then, at receiving



i = )Ty = T (30 Hlﬁur)xrwrr%n (V) (Z Hju))af + ) Z (X Hyug)ag + (v ws . (2)

€Ty n=1---z keK; n=1 €Tk

Desired data stream intra-link interference inter-link interference

nodej € R;, the received signal and interference can be written
as:

z] Zk

€Ty n=1 keK; i€Tp n=1

useful signals interference

where w; is the noise vector at nodg In order to decode

its desired data streams, we dem)gé as the decoding vector Fig. 3. An example that explains IN constraints. Solid armegresents data

of its desirable data stream”, m = 1,2,---, 2. Then the transmission and dashed line arrow represents interferenc

decoded data stream can be written[@s (2), whefeis matrix

transpose operation. In particular, when the node has desing & € KC; can be nullified, i.e.(vl’”)T(ZieTk Hjiu?) =0

ar;:tenna (i.e.M =1), ch?nnnel matrixH ;;, precoding ve_ct_or in (3d) wheny>, - Hjup # 0.

Ui and decodmg veciors® degrade to a cqmplex coefficient In what follows, we explore IN constraints on the transnnitte

(instead of being a complex vector or matrix). side and IC constraints on the receiver side so that each link
Suppose that the noise is negligible compared to the s'gnﬁlé L can transport; data streams free of interference (i.e.,

and interference (i.e., high signal-to-noise ratio regimiéien o .on aways construct precoding and decoding vectots tha
we employ zero-forcing technique for each data stream tisfy [3) forl € £, j € Ry, andm = 1,2 2)

_each receiving node with the aim of completely nu!lh_‘ying itIN Constraints on Transmitter Side. To explore the con-
interference. _Based _0(2)' to ensure that each_recelwdgﬁo straints of IN on the transmitter side, we first study a small
can deque its desired data Streams free of mterferen@e,.gQample and then extend our observations to the generic case
should jointly construct the precoding vectors and deapdin Consider the two-link network as shown in F. 3, where each
vectors so that the following constraints are satisfied ferZ, node has the same number of antendﬂse(ntennés)’ and each
JERy andm =1,2,.... 2 link has three transmitting nodes and two receiving nodeth B
T( 3 Hjl.u;n) — 1 (3a) links have)/ data streams (i.ez; = z» = M) and all nodes are
in the same interference domain. Consider the three traisgi
nodes in7;. Their outgoing data streams are desiredatand
T(Z Hjiu?) =0, 1<n<z;m#n; (3b) R, butconsidered as interferencef and R,. We now show
i€T that the interference at the two receiving nodesiin can be

€Ty

neutralized through the joint design of precoding vectartha

T( Z Hﬁ“?) =0, keKjlsn<z; (30) three transmitting nodes . Denoteyff andy§ as the desired
€Tk signal and interference at receiving noflerespectively. Then

where [3h) ensures the success of receiving the desired dagahave

streamz]”, (30) ensures the nullification of intra-link interfer-

ence, and(3c) ensures the nullification of inter-link ifeeznce. y5 =

Among these constraint$, {3a) hagquation,[(3b) hasz; — 1)

equations, and_(Bc) hd«’;| - z; constraints. It is easy to see

( nuy + Hyppuy + Hyguy )
that nullifying the inter-link interference is the most danding yh = Z (H21u1 + Haouy + Hazuy )I :

:E )

job as we need to make sure that the precoding and decoding
vectors satisfyj;| - z; constraints.

Consider the inter-link interference ih_{3c). There are two
approaches to nullify the inter-link interference: nelitaion B
and cancellation. We summarize them as follows: yh = Z (H41u7f + Hyppu? + H43u§})x’1’.

o Neutralization: IN refers to a joint design of the precoding n—1

vectors at the transmitting nodes of likke K;, so that
the interference from the transmitting nodes of lihko
receiving nodg € R, is nullified, i.e.,> ;. Hju =0
in (34d).

. Cancel_lation: IC refers tq a sophisticated design of the Hyu} + Hijpu) + Hizuf #0, (4a)

decoding vectors at receiving nogles R;, so that the un-
neutralized interference from the transmitting nodesrdf li Hju] + Haoujy + Hazuy # 0, (4b)

H31111 + Hzouy + Hazug |y,

To neutralize the interference at the receiving node®in
the precoding vectors at the transmitting nodes/inshould
meet the following conditions fon = 1,2,--- | 2.



Hsul + Hsouly + Hssuy =0, (4c) Lemma 2. Through the design of its decoding vectors, each
receiving nodej € R; can decode itg; desired data streams

Hyu) + Hypuy + Hyzug = 0. (4d) free of interference if the following constraint is satisfie
2+ Z(l—ﬂk,j)'szM, leL,jeR,. (6)
Given that the channel matrices are independent of each othe keK;

the precoding vectors will satisfy conditiorls (4&)2(4bnast
surely if uf’, uf, or u} is a nonzero vectof [23]. Therefore, to . . .
solve the problem ir{4), we only need to focus BA (4S1-(4g). NC Modeling Summary. Collectively, [3) and [(6) consti

. : no . tute a mathematical model of INC, which can be used to
using the Gaussian elimination (also known as row reduytio - .
. : . ) check the feasibility of a given degree-of-freedom (DoRjtue
algorithm, we can obtain one solution as follows:

The proof of this lemma is given in AppendiX B.

(21,22, -+ ,21) for a network in Fig[R. Specifically, for any
ul = ul, given DoF vector(z, za,- -+ ,21), if it satisfies_lﬂi) and[(6), _
N . . IR . . then one can always construct a set of precoding and decoding
uy = (Hy Hip — Hy ' Hsp)  (Fp) Hop — Hyy g )ugy, vectors that satishi{3) foke £, j € R;, andm = 1,2,..., 2.
ul = [(H3'Hse) (Hy Hyo — Hg11H32)71 More concisely, we have the following theorem:
(Hy'Hys — Hy ' Hao) — (H3'Has) Jul, Theorem 1. Each linkl € £ can transport; data streams from
1 M _ its transmitting nodes to its receiving nodes free of ire¥hce
wheren = 1,2, -,z and{u,,,- -, u} is a set of linearly B) and [8) are satisfied
independent nonzero vectors. It can be verified that by usiné '

these precoding vectors, the interference from the tratisgi ~ The proof of this theorem is straightforward based on
nodes in7; can be neutralized at the two unintended receividgemmall and Lemmil 2. We thus omit it. It is worth pointing
nodes inR,. out that our INC model is applicable to both single-antenmé a
One observation from this example is that the success of Multi-antenna networks. For a network with a single antesina
relies on the fact that the number of transmitting node;ins  €ach node (i.e}/ = 1), it does not have IC capability but it still
larger than the number of receiving nodegdn. We now extend has IN capability. This is because that the IN capability esm
this observation to the generic case in Fiy. 2. Considerka liffom the cooperation of multiple transmitters. Also, in the
I € £ in the network. DenoteS; as the set of receiving nodessingle-antenna case, the precoding and decoding vectgradie
that are interfered by at least one transmitting nodg.ilDenote to a complex number and the integer variabledegrades to a
B.; as a binary variable to indicate whether the interferendénary variable.
from the transmitting nodes iff; to receiving nodej € S; is
neutralized. Specificallyg; ; = 1 if the interference from the I1l. AN INC OPTIMIZATION FRAMEWORK FORMULTI-HOP
transmitting nodes iry; to receiving nodej is neutralized and NETWORKS

0 otherwise. Then we have the following lemma: In this section, we develop an optimization framework for

Lemma 1. Through the design of their precoding vectors, theNC in multi-hop networks. Consider a multi-hop network eon

transmitting nodes iff; can always neutralize their interferencéisting of a set of nodes as shown in fip. 4(a). Among the nodes
for at least|7;| — 1 receiving nodes irs;. there is a setF of multi-hop communication sessions, with

] o ] sre(f) being the source node amdt(f) being the destination
The proof of this lemma is given in AppendiX A. In the proof,,qde” of sessiory € F. Denoter(f) as the end-to-end data

we propose a Gauss—Jordan Elimination algorithm to cotistriyte of sessiorf € F. To transport data from a source node to

the precoding vectors for the transmitting nodes7inso that jis corresponding destination node, we assume that thangout

their interference can be neutralized at _those rece_wm;tpso path of each session has already been computed through some

Based on LemmEl 1, we have the following constraints: routing protocol (e.g., OSPF[22]). Based on the routindigat
Z B <|Tl—1, lecL ®) the nodes in the network can be classified into two subsets:
, = ’ ' Npath andNiqie, WhereN,.q, is the set of nodes on the routing

jes paths (marked as solid circles in Fig. 4(a)) ang. is the

IC Constraints on Receiver Side.Consider a receiving noderest of nodes (also called idle nodes, marked as empty sircle

j € Ry in Fig.[2. Recall thatC; is the set of links that have in Fig.[4(a)). Denotel as the set of links along the routing

at least one transmitting node interfering with receivirm@ paths of the sessions. For the links4n we assume that their

j. Foralinkk € K;, if 5 ; = 1, then receiving nodg does transmission scheduling is done in a time frame that cansist

not need to take care of the interference from the transwmitti7" time slots.

nodes of linkk since it has already been neutralized on the For the communications in the multi-hop network in [EiD. 4(a)

transmitter side. Otherwise (i.e3; ; = 0), receiving nodej we consider the cooperative case where the nodeg.in are

needs to cancel the interference from the transmitting s@dle willing to help the communications of the nodesAf},.n, as

link k£ through the design of the decoding vectors at receivinliustrated in Fig[%(b). Consider idle nod¥; in Fig.[4(b) as

nodej. To successfully decode its data streams at receivingan example. It serves as an assisting node for path ngde

nodej € R;, we need to construct a decoding vector for eac®pecifically, it overhears data information froés's intended

of its desired data stream so that (3) are satisfied. Then we heransmitter (i.e.N3) wheneverN5 is a receiver; it also trans-

the following lemma: mits the same data information &$; does whenevelNs is
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Fig. 5. Two examples that illustrate the séf of possible assisting nodes for
routing nodeg.

Fig. 6. The links in a multi-hop network with the possible iaisg nodes.
Solid circles represent routing nodes and empty circlesesgmt idle nodes.

transmitting. Similarly, idle nodeV; is another assisting nodenOde for nodey, we have

of path nodeNg). S!nce N4, N5, and N7 always_ .have thel A, = m {Z . d(i, Tx(k)) < Dr, i ENidle}, q € Noatn,
same data information, they have the IN capability to nullif
their interference to their unintended receivers when they
transmitting. Since they always have the same data inféomat whered(i, j) is the distance between nodand nodej, D is
they can neutralize their interference at some of theirtenided  the transmission range of a transmitting nodg, is the set of
receivers through the design of their precoding vectorsaAs incoming links of nodey, andTx(k) is the transmitting node of
example, Figl(c) depicts data transmissions in a time slghk k. In particular, if nodey is the source node of a session,
Through jointly designing their precoding vectors, traiting there is no node eligible to be its assisting node (i, = ().
nodes N4, N5, and N7 can neutralize their interference at Referring to Fig.[B, denoté®, as the set of all possible

keLin

receiving nodeN3 and Nss. transmitting nodes of link and denoteQ, as the set of all
possible receiving nodes of link Based on the definition of
A, we have

A. INC Constraints in Multi-hop Network

L . . Pr = Arxy U{Tx(1)},
Assisting-Node Selection. Before extending the INC con- 4 Rx(l
straints to a multi-hop network, we first need to specify tae s Q1 = Arx(y U {Rx (1)}
of transmitting nodes (i.e];) and the set of receiving nodes

(|.e.,th) f(?r ?:gcesllnklv\f L. ”Cons_l((jjler a god%e Npath an assisting node for multiple nodesM,..1, as illustrated in
as shown in g (@) ¢ call an 1dle nodes Nidle as an Fig.[d. How to select the best serving node for an idle node
assisting node for node if it behaves in the same way as. pyy;

; - o /3 idle 1S @ part of our optimization problem. Denolg; as
nodeg (i.e., receiving and transmitting the same data strean(;smnary variable to indicate whether or not nodserves as

as nodej). Therefore, to be eligible for serving as an assistingn assisting node for nodee A, Specifically,\, ; — 1 if
path- 1\q, 0 —

node for nodey, nodei should be within the transmission rangde Jqes serves as an assisting node for nadend 0 otherwise
of nodeg’s intended transmitting nodes. FIg. 5(a) illustrates th’aeince a node € Ay, can serve as assisting node for at most

set of eligible assisting nodes for nogdevhen nodeg has one : : i
) . . . : one node inV,.:n, We have the following constraints:
incoming link and Fig[Bb(b) illustrates the case where ngde path g

has two incoming links. More formally, by denoting, as the Z A <1 i € Nite @)
set of idle nodes that are eligible for serving as an asgistin - ’ ’

For an idle node € Nq., it may be eligible to serve as

qeEM;



where M; is the set of nodes itN,.:, for which nodei is only for those receiving nodes within the interference mng

eligible to serve as an assisting node. of every transmitting node of link. Consider a transmitting
For notational convenience, we define a virtual variablg node: € P; and a receiving nodg € S;. We defineE;; as

for nodeq € M,.n and force it to one to indicate that nodea binary constant to indicate whether or not ngdis within

q is always a transmitting (receiving) node of its outgointhe interference range of nodeSpecifically, E;; = 1 if node

(incoming) links. This constraint can be written as j is within the interference range of nodeand 0 otherwise.

If node j is not within the interference range of noddi.e.,

Azg =1 q € Nparn. (8) E;; = 0), then we haves; ;(t) + Ay, < 1. Otherwise, there
Based on the definition oP;, Q;, and \,;, we have is no additional constraint of; ;(t) and Ary(;,;- Combining
o these two cases, we have
Ti={ii€ P, <y, =1},
Rl:{i:ie Qla/\Rx(l),izl}- ﬁl,j(t)‘f')\Tx(l),iSl"‘Eip lelyiceP,jeS,1<t<T.

Generalized INC Constraints. Consider the network in Figl 4 (10)

in a given time slot. Due to the half-duplex and interference Now we consider the IC constraint on the receiver side.
conflict, not every link can be active in the same time sloBefore generalizing IC constrairifl (6), we first introduceeavn
Denotecy () as a binary variable to indicate whether the link binary variable¢y ;(¢) to indicate whether receiving nodg

is active in time slot. Specifically,o;(t) = 1 if link I is active Needs to cancel the interference from the transmitting siode

in time slot¢ and 0 otherwise. To generalize the INC modelink % in time slot¢. Specifically,,; (t) = 1 if receiving node
for a multi-hop network in time slot, we need to incorporate J Needs to cancel the interference from the transmitting siode
variables), ; anda;(t) into (8) and [(6) so that the number ofof link k_ in time slot¢ gn_d 0 otherW|se_. Referring 'Fo Figl 6,
data streams on each link in time slotan be characterized.We consider the transmitting nodes of likkand an unintended
Without causing ambiguity, we add indexto some defined receiving nodej in time slott¢. Basically, there are two cases
variables to represent their values in time sloFor example, where receiving nodg¢ does not need to cancel the interference
z/(t) represents the number of data streams on itk time from the transmitting nodes of link. First, receiving nodé is
slot ¢. out of the interference range of all the transmitting noddmk

To generalize IN constrainEl(5), we consider a link £ in  : 1€ icp, 7, Arx(k).s = 0 With Z; being the set of nodes
time slot¢ in Fig.[8. If link [ is active (i.e.,a(t) = 1), then, within the interference range of nogeSecond, the transmitting

based on[{5), we have nodes of linkk have already neutralized their interference for
receiving nodeyj, i.e., §; ;(t) = 1. These two cases can be
S BB < T =1= Ay — 1. summarized as
JES i€P;
If link [ is inactive (i.e.,a;(t) = 0), there should be no 0 if 3 Arxwyi =00r fiy(t) =1
k,j (t) — 1€ PrNI;

constraint ong; ;(¢) since the transmitting nodes of linkdo

not interfere with any nodes. Combining these two cases, we 1 otherwise

have the following constraints: (11)
It can be verified that the relationship betweén;(¢),
> Bt <> Mwa — 1+ (1 - au(t) - B, Br,j(t), andAr(r) ; in the above expression can be equivalently
JES = interpreted as the following mathematical constraints:
leL,1<t<T, (9) \
wheres; is the set of nodes that are within the interference range Z Tjék)’l = Br,i(t) < &ki(t) < Z ATxc(k) i+
of any possible transmitting node of lirk(i.e., S; = U;ep, Z; €PN i€PLNT;
with Z; being the set of nodes in the interference range of node kel,jeS,1<t<T,
i) and B is a large enough constant (e.§,= N - M). (12)

We need one more constraint on the transmitter side. Ac-
cording to Lemmél1, constrairffl(5) can guarantee that at leséereé; ;(t) is a binary variable to indicate whether receiving
one transmitting node of link has nonzero transmit power, buthode j needs to cancel the interference from the transmitting
it cannot guarantee that every transmitting node has a monzeodes of linkk in time slot¢; the right-hand side is a mathe-
transmit power. Referring to Fi@l] 6, the receiving nodesik | matical representation of whether receiving ngdaiffers from
I is only guaranteed to be within the transmission range itterference from the transmitting nodes of link and the
transmitting nodél'x(1). Therefore, we need to make sure thdgft-hand side is a mathematical representation of whether
for each active linkl € L, the transmitting nodél'x(!) has interference is nullified by IN. While the physical meanirafs
a nonzero transmit power. Based on the proof of Lenina this constraint is not straightforward, it is easy to verifat,
if the transmitting nodes of link neutralize their interference from the mathematical perspective, this constraint is\edent
only for those receiving nodes within the interference mpf§ to the summary of those two cases[inl(11).
every transmitting node of link then the constructed precoding Based on[{1l2), we now generalize IC constrdint (6) to multi-
vectors would not b® and every transmitting node of lilkhas hop network in time slot. Consider a receiving nodge Q;
a nonzero transmit power. So we develop constraints to ensim Fig.[6. We now study its IC requirements by the following
that the transmitting nodes of linkneutralize their interference three cases:



o ay(t) = 0: In this case, linkl is not active and thus the aggregate data rate requirement (for its traversingjses
node; does not need to decode the data streams on lioknnot exceed the achievable data rate, we have
l. Therefore, there should be no IC requirement at npde

T
_ . o : 1
e Arx(),; = 0: In this case, nodg is not an active r(f) < = (), lecl. (16)
receiver of link! and thus it does not need to decode the j;l - T ;
data streams on link Therefore, there should be no IC
requirement at nodg. C. Put It Together and Linearization

o ai(t) =1 andAgx(y,; = 1: In this case, it should be as- . . . :
sured that nodg is able to decode its desired data streamS_Collectlvely, constraints[{7)E(16) constitute our INC iept

from the transmitting nodes of link Based onl{6) in our mization framework for a multi-hop network. These constisi
(t) < M characterize the achievable data ratgf) of each session

kAL ¢ (1) .
INC model, we havex (¢) + >y . (f) - 2 (¢ € F, making the framework applicable to solve a wide range

Combining these three casefs] (6) in our INC model can Be rqughput optimization problems in multi-hop wireless
equivalently interpreted as the following constraints:

networks.
k#1 In a multi-hop network, suppose that the objective is to
zi(t) + Z §kj(t) - zi(t) < M + (2 — au(t) — Arx@),;) - B, maximize the minimum rate among all sessi@mefining romi,
keL as the minimum rate among all sessions, we have

leL,jeQ,1<t<T,
jeQ ) rain <7(f),  fEF. (17)

wherez;(t) on the left-hand side is the number of desired data'A‘CcordIng o the constra_lnts n our I.NC optimization frame-
- kAl work, we can formulate this optimization problem as follows
streams for receiving nodg, >, 7. & ;(t) on the left-hand

side is the number of interfering streams for receiving ngde OPTINC ™ Max 7o

(2 = ai(t) — Arx(1),;) On the right-hand side is an indicator of St Assisting node selectiord (71 (8):

NG consas ) T10L121 )
J- u i : u Ving o Link activity constraints:[(14),(15);

has enough spatial DoFs to cancel its interference and eecov Link rate constraints{{16);

its desired signals. Min rate constraints{(17).

B. Cross-layer Optimization Constraints In this optimization formulation,[{13) is the only nonlirea

Based on the INC constraints derived in Sec{iolll-A, Wgonstrgint. To linearizd (13), we define a new'integer véeiab
develop other necessary constraints to characterize traga PY 1€tNG i j(t) = &.;(1) - (1) for k € L, j € &, and
end-to-end data rate of each sessioff’itime slots. t=1,2,---,T. Then [IB) can be replaced with

Link Activity Constraints. For each node; € Npaehn, We k#l

assume that it works with half-duplex radio, i.e., it cannot z(t) + Zék,j(t) <M+ (2 - ait) = Aex),j) - B,
transmit and receive in the same time slot. We also assume kel

that each node cannot be a transmitter or receiver of meiltipl lel,je 9,1 <t<T. (18)

links simultaneously. Denotég‘lt as the set of outgoing links
at nodeq. Recall thatcf;‘ is the set of incoming links at node
g. Then we have

S+ D> al) <1, g€ N, 1 <t ST, (14)

To ensure the equivalence df _{13) arid](18), we need to
add ¢y ; (t) = &k ;(t) - zi(t) to the formulation, which can be
equivalently interpreted to the following two linear caménts:

OSQCJ(t)SZk(t), kel,jesS,1<t<T. (19)

leLout lecin
Recall thatz;(¢) is the number of data streams on lihkn 2 (t) + (& (t) — 1) - M < (i () < & j(t) - M,
time slot¢. If link [ is active (i.e.,cu(t) = 1), then we have kel,jeS,1<t<T. (20)
zi(t) > 1. Otherwise (i.e.,;(t) = 0), we havez(t) = 0.
Therefore, we have In summary, by replacing nonlinear constrainfl (13) with){8

(20), we have the following optimization problem:
at) <alt) <M -a), el 1<t<T.  (15)

Link Rate Constraints. Consider a linkl € £ in the OPT-INC: Max  7min

network. It may be traversed by multiple sessions’ routing S.t.  [1)-{12), [(IH)£(20),

paths. DenoteF; as the set of sessions whose routing paths

traverse linkl. Then the aggregate data rate requirement Where M, T, and B are constants (depending on network
link 1 is 3,5 7(f). For the same link, we assume that Setting, not optimization variablesy(t), A, f(t). and
fixed modulation and coding scheme (MCS) is used for ife.;(t) are binary optimization variables;(t) and ¢y,;(¢) are
data stream transmission and one data stream in one time slg&ote that problems with other objectives such as maximizign of
corresponds to one unit data rate. Then the achievable alata y,

g ) ) T . eighted rates or a proportional increase (scaling faatdrall session rates
of link [ (averaged ovefl’ time slots) IS% > +—1 2(t). Since belongs to the same category and can be solved followingatme goken.




non-negative optimization integers;,;, and r(f) are non- IV. PERFORMANCEEVALUATION
negative continuous optimization variables. It should béed | this section, we evaluate the performance of IN in multi-
that the linearization does not change the optimality of the,, networks using the optimization framework we developed
problem, i.e., OPT-INC*™ and OPT-INC have the same optima|, the previous section. Specifically, we study the optimal
objective value. _ throughput of the sessions in a generic multi-hop networtk wi
OPT-INC is a mixed-integer linear program (MILP). Al-\Nc and compare it against the case where IN is not employed
though the theoretical worst-case complexity of solvingea-g ¢ still with IC). As a performance benchmark, we formalat
eral MILP problem is exponential [24]. [25], there existhilg the same problem but without IN (still with IC) to another

efficient optimal and approximation algorithms (e.g., i@n qhimization problem and denote it as OPT-IC, which is given
and-bound with cutting planes_[26]) and heuristic algongh ;. Appendix(T.

(e.g., sequential fixing algorithrh [27], [28]). For smallrwod-

erate network size, an off-the-shelf solver such as CPLEX [2 ) )

may also be effective. Since our goal is to study the perfamaa A Smulation Setting

gain of INC in multi-hop networks (rather than developing a Without loss of generality, we normalize the units of distan

solution procedure), we will employ CPLEX solver to solve thdata rate, bandwidth, and time with appropriate dimensiga.

optimization problems as it can serve our purpose appriabyia consider a multi-hop network consisting of a set of randomly

generated nodes that are uniformly distributed itH80x 1000

D. Discussions of Practical Issues square region. Each node is equipped with the same number
i ) o . of antennas and the transmission range is assumed to be 250

Discussions of the practical issues related to IN are in rordﬁ_e_, Dr = 250). There is a set of sessions in the network,

Synchronization. Practical use of IN in wireless networks, i their source and destination nodes being randomlyctede
requires a r_obust synchrpnization mechanism to SY”C*EG_I"Z among all the nodes. For simplicity, the routing path frora th
the nodes in both the time and frequency domains. Differegy ;e node of each session to its corresponding destinatio
approaches have been developed to synchronize the nodegqfe is established by the shortest path (in terms of the Bumb
a multi-hop wireless network. For example. [30] proposed &f} pos) we assume each source node has persistent traffic fo

efficient and scalable timing synchronization functionfl8BEE .- \<mission. Unless otherwise stated. we assume that aer
802.11 networks in ad hoc modé. [31] proposed a clock SY{Y time slots.in a frame for scheduliné
chronization algorithm for multi-hop wireless ad hoc netkg '

The IN scheme proposed in this paper can take advantage of )
the existing synchronization approaches for its implermon  B- Case Sudies
in real-world networks. IN in Single-Antenna Network. As a case study, we
CSI Feedback Implementation of IN in multi-hop wireless investigate a network instance as shown in Eig. 7(a). Inteufdi
networks requires CSl on the transmitter side. To obtain C®l the parameters in Sectign TV-A, we also assume that the
on the transmitter side, we can leverage the well-desigrigld Gnterference range, denoted Bg, is twice of the transmission
feedback mechanisms in single-hop wireless networks sschrange (i.e.,Dr = 500). There are 50 nodes and 2 sessions in
WiFi and LTE. For example, Wi-Fi has defined a poll-basettis network instance, with the routing path being showrhia t
CSI feedback mechanism to support downlink MU-MIMdigure. For ease of exposition, we assume there are only 3 time
transmission [[32], and LTE has specified a codebook-basgdts for scheduling. We note that this network instances ohme
CSI feedback mechanism for efficient spatial multiplexi@8][ have IC capability because its nodes have only one antenna.
Although these mechanisms were originally designed faglsin By solving OPT-IC for this network instance, we obtained the
hop networks, they can be used for the CSI feedback in multiptimal objective value of. This indicates that, without IN, it
hop networks. is not possible to establish data communication for eactiaes
Node Coordination. IN is a cooperative transmitter-sidein 3 time slots. In contrast, by solving OPT-INC for this network
interference management technique. It requires the fiaggd instance, we obtained the optimal objective valud (3. This
coordination among the nodes in each group (consisting ofreeans that, by employing IN, one can establish successfal da
routing node and all its assisting nodes) to jointly desiggirt communication for each session with an average rate/6f
precoding vectors for interference nullification in the. dio To see how IN manages to enable the communication for each
achieve such coordination, special control channel shbeld session, let's scrutinize the optimization results in e#ofe
established for the information exchange among the nodesslot, which are exhibited in Fid.] 7(b)—(d). In the figureserih
each group. We may customize the distributed coordinatiane three types of symbols. Solid circles represent the srode
functions defined in 802.11 networks (e.d..][34]) to achiewaong the routing paths of the sessions, which we alting
coordination of the nodes in each group. nodes. Solid squares represent the nodes that are scheduled
It should be noted that this paper is focused on the exptoratito help the transmission/reception of routing nodes, wineh
of the maximum possible performance gain of IN in multi-hopall assisting nodes. Empty circles represent the nodes that
wireless networks without taking into account the commanicare not being scheduled for the communication. There are two
tion overhead induced by synchronization, CSI feedback andtegories of solid arrow links in the figures. The solid arro
node coordination. How to address those practical issueslitee connecting two solid circles represents an active étdng
enable IN in real-world wireless networks is beyond the scophe routing paths, which we calbuting link. The solid arrow
of this paper. line associated with at least one assisting node reprefieats
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Fig. 7. A case study of IN in a multi-hop network where eachenbds a single antenna. Solid squares represent selectstingssodes. Solid and dashed
arrows represents data transmissions and interferensgeatively.

data transmission for assisting node(s), which we asdisting can be explained by Fidll 7(c), whefé;, N35, and N3; are
link. In particular, the boxed number beneath a routing linlequired to neutralize their interference at both recesivéys
represents the number of data streams on the routing lin&. Tdnd N34.

dashed slim line in the figures represents interference. IN in multi-antenna Network. To see how IN performs in

As shown in Fig[J(b)—(d), there ar® assisting nodes in MIMO networks, we study a network instance consisting of 50
the solution obtained by solving OPT-INGiys is the assisting nodes as shown in Figl 8(a), where each nodedhastennas.
node for routing nodeVs,; N1, and N35 are assisting nodes There are3 sessions in this network, with the routing path being
for routing nodeNs;; Nos and Ny, are assisting nodes forshown in the figure. We assume that the interference range is
routing nodeN;. To see how these assisting nodes make [\vice of the transmission range and there are 3 time slots for
possible, let's first look at time slot 1 in Figl 7(b). In thime scheduling (for ease of illustration). Since each node ispgred
slot, there are active routing links{ N34, N3;) and(Ng, Na7), with multiple antennas, the network has IN capabilities loa t
which could not be active in the same time slot if IN wer&ansmitter side and IC capabilities on the receiver side.
not employed. SincéVys is an assisting node falsy, it has By solving OPT-IC for this network instance, we obtained the
the same transmit information @;4. By jointly designing the optimal objective value of /3. In contrast, by solving OPT-INC
precoding complex numbers &f;, and Nyg, the interference for this network instance, we obtained the optimal objectiv
from N34 andNyg can be neutralized dYs;, making it possible value of 2/3. This means that the use of IN in this network
to transport data stream on routing liikVs, N37). One may can increase the session throughputlb9%. The scheduling
wonder why assisting nod®,s always has the same transmitesults obtained by solving OPT-INC are shown in . 8(b)-
information as routing nodeéVs,. The reason is reflected in(d). Similar to Fig[7, solid circles represewntiting nodes, solid
Fig.[d(c), whereN,s and N3, are always receiving the samesquares represemssisting nodes, and empty circles represent
information fromN,. More generally, the IN constraints in ourthe nodes that are not being scheduled. Further, solid dimew
optimization framework ensure that every assisting nodbls representsouting link andassisting link while dashed slim line
to successfully receive the same information as the routotte represents interference. In particular, a blue dashedntieans
it serves. One may also wonder why assisting naligs and that this interference is nullified by IN on the transmittetes
N3s5 need to receive the information froiiz, in Fig.[d(b). This while a red dashed line means that this interference isfiealli
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Fig. 8. A case study of IN in a multi-hop network where eachenbes four antennas. Solid squares represent selectetingssizdes. Solid and dashed arrows
represents data transmissions and interference, resggcti

by IC on the receiver side.
To see how IN works with IC, let's look at the scheduling M=1, N=75 Dg=500 M=2, N=75 Dp=500

results in time slotl in Fig.[8(b) as an example. There &e ?

active routing links in this time slot{/Ny2, Nos), (N3, N3g),

o
S
o
S

=3
=}

@
=]
@
=]

Throughput gain (%)
Throughput gain (%)

and (N4, Nog), each of which hag data streams. Consider % 4 40

routing link (N3, N3g). Receive nodéVsg is interfered by nodes 20 20

Ni2 and Ny4. Since assisting nod#&,, has the same transmit H H

information as routing nodeVi,, the interference fromVi, o The nianber of sossions o The nianber of sossions

and N44 can be nullified at receiving nod¥®35 via IN on the
transmitter side (and thus marked blue). Receive nige is
also interfered by nod&,. Since each node hdsantennas and M=3. N=75. Dg=500
each link ha2 data streams, this interference can be nullified
by IC at receiving nodéVss (and thus marked red). As a result,
link (N3, N3g) can transpor? data streams free of interference.
Similar IN and IC behaviors can be observed for other nodes ii3 H H

1 2 3

(a) One-antenna case (b) Two-antenna case

o
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M=4, N=75 Dr=500

1
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®
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ghput gain (%)
(2]
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=)

Throughput gain (%)

IN]
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other time slots. We note that if IN were not employed, these”
3 routing links could not transpofz data streams as their IC 0

(=)

. 4 .
capabilities are not enough to nullify all the interference The number of sessions The number of sessions
(c) Three-antenna case (d) Four-antenna case
C. Extensive Results Fig. 9. The average throughput gain of IN versus the numbsesgions, where

. . . M is the number of antennaéy is the total number of nodes, arddy is the
We now present extensive simulation results to show thgerference range.

throughput gain of IN in various networks. For each randomly

generated network instance, the throughput gain of IN is olpact of Traffic Volume. We first study the impact of traffic
tained by (75, — Toim) /T, Where#, and %, are the volume on the throughput gain of IN in the multi-hop network
optimal objective values by solving OPT-INC and OPT-IC fowith 75 nodes and00 interference range. Fifil 9(a) exhibits our
this network instance, respectively. simulation results for the network instances with one améest
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the interference range exceeds 500, the throughput gail of |
M=1, F=3, Dg=500 M=1, F=3, N=75 decreases as the interference range increases. This igskeca
consequence B is more significant than consequence A when
interference range exceeds 500.
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V. CONCLUSIONS

IN)
=]

IN) N
=] =)

0—+5 B s 0555 s 750 000 While most of IN results in the literature are limited to two-
cumberonoces rererence rangs hop networks, this paper made a concrete progress in adganci
(a) Impact of node density (b) Impact of interference range

, _ - our understanding of IN in the context of large-scale multi-
Fig. 10. The average throughput gain of IN versus node deasi interference

range, wherel/ is the number of antennay is the total number of nodeg? hop (more than two hops) ngtworks. We dev_eloped an IN_C
is the number of sessions, ati?k; is the interference range. model for a set of one-hop links to characterize IN at their

transmitters and IC at their receivers. We proved that ag lon
each node. The-axis is the number of sessions in the networlgs the constraints in our INC model are satisfied, there away
ranging froml to 4. They-axis is the average throughput gairexist precoding and decoding vectors so that the data stream
of IN over 100 randomly generated network instances. Fro@ach link can be transported free of interference. Basedhisn t
the figure we can see the significant throughput gain of I]NC model, we developed an INC optimization framework for
in the two-, three-, and four-session cases. Furthermbee, & multi-hop network with a set of sessions. As an application
throughput gain of IN amplifies when the number of sessior$ this framework, we studied a specific network throughput
increases. The reason why IN has a relatively smaller gai”dfbblem of maximizing the minimum end-to-end rate of the
the one-session case- (30%) can be explained by the highgessjons. Simulation results show a significant througbpist
probability of generating network instances with only one f |N in multi-hop networks. Furthermore, the throughpuirga

two links, in which there is no room for performing IN. Anothe of |N increases with the number of nodes and sessions in the
observation of the results in F[g. 9 is that the correlatietween network.

the throughput gain of IN and the number of antennas on
each node is very weak. This is not surprising, because the
throughput gain of IN comes from the participation of the
assisting nodes rather than the multiple antennas on eatth no This work was supported in part by the NSF under Grant
Impact of Node Density. We now study the impact of node 1642873, Grant 1617634, and in part by ONR under Grant
density on the throughput gain of IN in the network with N00014-15-1-2926. H. Zeng's work was partially supportgd b
sessions and00 interference range. Fig_1l0(a) presents orNS-1717840 and KSEF-148-502-17-400. The authors thank
simulation results, where-axis is the number of nodes inVirginia Tech Advanced Research Computing for giving them
1000 x 1000 square area ang-axis is the average throughpuficcess to the BlueRidge computer cluster.

gain of IN over100 network instances. From the figure we can

see that the gain of IN increases with the node density. When APPENDIXA

the number of nodes increases frdifh to 75, there is a big PROOF OFLEMMA [T]

improvement for th_e gain of IN. This is because the _increase,:or ease of exposition, we dendf as a subset of;. We

of node density brings a considerable new opportunity of 'B‘rove this lemma by showing that [B;| < |7;| — 1, then the

for the network, thereby significantly improving the sessiojyierference from the transmitting nodesTinto every receiving
throughput. But when the node density keeps increasing(fro,oge in 5, can be neutralized through a joint design of their

7510 125), the opportunity of IN saturates and the new room fQ§e o ding vectors. To do so, we need to show that the follgwin

ACKNOWLEDGMENT

IN becomes very limited, making the throughput improvemefifqar equation system has a solution for= 1,2, - - , 2.

marginal. Y

Impact of Interference Range. We finally study the impact of Z Hj;u! #0, jeRy; (21a)

interference range on the throughput gain of IN in the nekwor ieTi

with 75 nodes and sessions. Fid. 10(b) presents our simulation " ,

results, wherez-axis is the interference range apdaxis is ZHﬁui =0, JjéEBy (21b)
€Ty

the average throughput gain of IN ovEl0 network instances.
We can see that the throughput gain of IN is not a monotoniwhere H;; is a given square matrix and} is a vector for
function of the interference range. This non-monotoniciéyy  design. Note that in our problem settirld,; is a nonzero matrix

be explained using the two consequences caused by thesecrdar j € R, andi € 7; while H;; may be a zero matrix fof € B;

of interference range: (A) the IN capability becomes steoras andi € 7;.

more idle nodes get involved in the communication; and (B) th Given that any two channel matrices are independent of each
amount of interferences in the network increases. Consmgueother, a nonzero solution to the linear equationsin J(21H) wi

A tends to increase the throughput while consequence B tersdsisfy the linear equations ifi (21a) almost surélyl [23]isTh

to decrease the throughput. When the interference rangemsans that we only need to show the existence of a nonzero
less than 500, the throughput gain of IN increases as tbelution to [21Ib). For the linear equations [n_(R1b), there a
interference range increases. This is because conseqéendd;| - M linear constraints anflf;| - M variables. SinceB;| <

is more significant than consequence B in this range. Whgh|, we know that [[2Tb) has more variables than constraints.
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Therefore, there exists a nonzero solution[fo [21b), whish a direction is linearly independent of the inter-link interénce

satisfies[(21la) almost surely. directions as they go through different channels. We then
We now propose a Gauss—Jordan elimination algorithm fiocus our argument on the intra-link interference. Based on

construct the precoding vectors that satigfy {21b). Withita i23), our precoding vector construction at transmittingleo

abuse of notation, we index the transmitting nodes7inby ¢ € 7; can be summarized by} = G;ul;, whereG; is a

i = 1,2,---,1 and index the receiving nodes if; by M x M transformation matrix operation and it is independent

j = 1,2,---,J. By performing row reduction on the linearof parametemn. Then we have

equations in[(21b), we can obtain its reduced row echelam for

as follows: dim(@ {> Ha‘i“?}) = dim(@ >3 HﬁGiu?cf})

11711 + ﬁ12u721 + ﬁ13ug + .4 IF:Il(Ifl)u?[ 1) + Hllu[ _ 0 n=1 €T, “ n=1 €T
u§+ﬁ13u§+"'+ﬁ2(171)11(1 1)—|—H2]u1 =0, = dlm( {urct}) =z,

(24)

w4+ Hu =0 Wher_e (a) follows from the assumption that each _channel
(=1) ! (Zé) matrix has full rank and (b) follows from our constructiorath
{ul,---,uM} is a set of linearly independent vectorls.1(24)
where H;; can be obtained by row operations. Note tkh;, indicates that the desired data stream direction is alsily
may represent a zero matrix since it is tieduced row echelon independent of the intra-link interference directionseféiore,
form. We keepﬁji here for notational simplicity. there always exists a solution {d (3) for=1,2,--- , z;. This
In the reduced row echelon form, if a vector is a leadingomplete the proof.
vector with coefficientl for an equation, then it is a basic
vector; otherwise, it is a free vectar [35, Chapter 2]. Givleat APPENDIXC
|Bi| < |Ti|, there exists at least one free vector in the reduced PROBLEM FORMULATION WITHOUT IN

row echelon form. Denotg as the set of basic vectors aitl  As a performance benchmark, we formulate the same network
as the set of free vectors. Then, the (precoding) vectors tRigroughput maximization problem but without employing IN.

satisfy [2Ib) can be constructed as follows: Specifically, we explore the throughput limits of the sessim
u, for u” € 4, the network when employing IC at each receiving node (if it
un = I (23 has multiple antennas). Similar to OPT-INC, we formulats th
‘ — 2. Hyuy, foruf €g, throughput maximization problem to an optimization proble
=il by developing necessary constraints and then solve it uding
forn=1,2,--,z, where{u},,--- ,ul;} is a set of linearly the-shelf optimization solver.
independent nonzero vectors. IC Constraints.  Referring to Fig.[6, we develop the IC

It is worth pointing out that in[{23), the basic vector mayonstraints in time slot by considering two cases. For the
be constructed to a zero vector, but the free vectors areyalwéirst case, we consider an active lihlke £ in the network, i.e.,
nonzero vector. Furthermore, if every receiving nodeBinis  o;(t) = 1. Then receiving nod&x(l) receives desired data
interfered by all the transmitting nodes ifj, then it can be streams from transmitting nodEx(l) and interfering streams
verified that all the vectors constructed {0(23) are nonzefom the unintended transmitting nodes within its intesfeze

vectors. This completes the proof. range. To ensure the success of decoding its desired dedanstr
free of interference at receiving nodex(l), we have the
APPENDIXB following constraints:
PROOF OFLEMMA
We prove this lemma by showing that at receiving node alt) + Z (1) < M,
j € Ry, if (B) is satisfied, there exists a decoding veatsr that Fekrx
meets [(B) form = 1,2,- . Consider the linear equationswhere KCry(;) is the set of links whose transmitting nodes are

in @), where channeHji |s a g|ven matrix, precoding vectorwithin the interference range of receiving node(l).
u” has already been constructed by](23), and decoding vectoFor the second case, we consider an inactive link £
™ has M complex variables. Now let's count the number ofh the network, i.e.,a;(t) = 0. Since receiving nodé&x(l)
linear constraints if{3). SincE{3d)=(3b) hayeonstraints and does not need to decode any desired data streams, there is not
[@d) haSZke;c (1 — Br) - 2 constraints, the total numberlC requirement at this node. By introducing a large enough

of nontrivial constraints in[3) is; + Swex. (1= Br) - 2k, constant, we can combine these two cases by the following
which is less than or equal to the number of variables Pnstraints:
(3). Therefore, the_re always exists a solution fid (3) _|f we 2(t) + Z () < M+ (1—ay(t) - B,
can s_hoyv that_ desired data sFream_ dlre_zct@geﬂ Hjl-ug’f in ke Ky
(33d) is linear independent of intra-link interference diiens

Uzt { Sier Hyu?} in @B) and inter-link interference IL<Li<t<T. (25
dwectmnsuke,é F D ier, Hjiuj } in (3d). Following a similar approach of formulating OPT-INC, we

Since any two channel matrices are independent of eamdn formulate the throughput maximization problem (with IC
other, it is not difficult to see that the desired data streaomly) as follows:



OPT-IC: Max
S.t.

Tmin

Link activity constraints{{14)[(15);
IC constraints:[(25);

Link rate constraints{{16);

Min rate constraints{{17);

2
whereM, T, and B are constants (not optimization variables)[;

aq(t) is binary optimization variablez;(t) is non-negative

optimization integer,min, 7(f), and r;(f) are non-negative

continuous optimization variables.
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