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Abstract—This paper explores a new paradigm for the coex- them is properly cancelled at the corresponding receivers.
istence among heterogeneous multi-hop networks in unplal  Recent advances in Technology-Independent Multiple-Qutp
deployment settings, called cooperative interference mgation (TIMO) [12] even enable the cancellation of the CTI to/from

(CIM). CIM exploits recent advancements in physical layer ech- . . . .
nologies such as technology-independent multiple outpuT(MO), & interferer with a completely different wireless techmplo

making it possible for disparate networks to cooperativelymitigate  INtuitively, it is possible for two or more heterogeneous-ne
the interference to each other to enhance everyone’s perforance, works to cooperatively cancel/mitigate the interferercedch

even if they possess different wireless technologies. Thimper other if they (or as long as one of them) are equipped with
offers a thorough study of the CIM paradigm for unplanned MIMO, such that everyone’s performance can be enhanced

multi-hop networks. We first show the feasibility of CIM among imult V. Wi Il this th Hi technol
heterogeneous multi-hop networks by exploiting only chanel ratio Simuftaneously. Ve ca IS theooperalive cross-technology

information, and then establish a tractable model to accurgely interference mitigatior{CIM) paradigm.
characterize the CIM behaviors of both networks. We also deslop Past research has mostly focused on exploiting MIMO IC

a bi-criteria optimization formulation to maximize both networks’ to enhance throughput within standalone and homogeneous
throughput, and propose a new methodology to compute the \ireless networks [2], [3], [14], [29]. However, to dates it
Pareto-optimal throughput curve as performance bound. Sinu- - . s
lation results show that CIM provides significant performance potential for |nte_zrference mitigation across two or more-he
gains to both networks compared with the traditional interference- €rogenous multi-hop networks has not been well understood.
avoidance paradigm. There is a lack of study on both the feasibility and theoegtic
performance limits of CIM. Recently IC has been adopted to
fulfil the “transparent coexistence” ainderlay paradigm in
The ever-growing number of wireless systems and tlegnitive radio networks [32], in that the secondary nefwor
scarcity for available spectrum necessitates highly effici should cancel their interference to/from the primary neksdo
spectrum sharing among disparate wireless networks [LhyMasatisfy FCC policy. However, in this paradigm the respoitigib
of them are heterogenous in hardware capabilities, weeldsr IC is always assigned to the secondary network, which is
technologies, or protocol standards, and are expectedetdapv only half of the story. This is suitable forglanneddeployment
with each other in both frequency and space. This inevitaliyt not for unplannedones (e.g., networks in the unlicensed
leads tocross-technology interferencéCTI), which can be bands), where there is no predefined priority among networks
detrimental to the performance of co-locating networkstif and each network has a competing interest which cannot be
is not properly mitigated [6], [10], [17], [20]. Some exam-solved by single-objective optimization. Moreover, ificeence
ples of existing and future radio devices/networks thatiere cancellation among multi-hop networks witheterogeneous
CTl include: IEEE 802.11 (WiFi), 802.15.4 (ZigBee), 802.16vireless technologies has not been systematically stugdsed
(WiMax), and Bluetooth in the ISM bands, IEEE 802.22 The goal of this paper is to explore the theoretical limits
(WRAN) and IEEE 802.11af (WLAN) in the TV white space,of the CIM paradigm for coexisting heterogeneous multi-
etc. Often, there is no central administration or planniag fhop networks. We consider an unplanned deployment setting,
the coexistence of such networks. To enable spectrum ghariwhere each network aims at maximizing its own throughput
current approaches mostly follow thaterference-avoidance while adopting the CIM paradigm to cooperatively cancelrthe
paradigm, where transmissions are separated in frequimey, interference to each other. To characterize the performanc
or space in order to share bandwidth among different netsyorbounds, thePareto-optimal throughput curvshould be found,
rather than to reduce or eliminate interference. which contains all the points such that both networks cannot
On the other hand, interference cancellation (IC) has eetergimultaneously increase their throughput. Deriving thisve is
as a powerful physical layer approach to mitigate interfeee important for two reasons. (1) It provides to network design
[31]. IC is enabled by the use of smart antennas (MIMO), whidhe whole spectrum of optimal throughput tradeoff between
uses signal processing techniques to minimize or completelther coexisting networks, so that any desirable workinigtpo
cancel interference from/to other links. MIMO is gainingon the curve can be quickly found without re-computing an
popularity in commercial and future systems such as 802.1bptimization problem every time. (2) It can guide practical
802.16, and 802.11af. With IC, concurrent transmissiortavof protocol design, especially the design and evaluation ef th
or more links are possible, as long as the interference amagregformance-approaching protocols.

I. INTRODUCTION



Link 1's rate

It is challenging to realize CIM from both theoretical and
practical aspects. The Pareto-optimal throughput cureeusv-
alent to the outer-bound of capacity region of the two neksor
However, so far even the capacity region of single multi- ,
hop MIMO network remains an open problem due to the ), !
intractability of previous models. On the practical sidee t
main challenges come from system heterogeneity. For nksvor g 0
with different wireless technologies, their PHY layer aighsll 0 ! 2
structures are disparate, thus the full channel staterirdtion (a) Two link scenario. Link 1
(CSI) cannot be obtained. The existing TIMO approach [12] "™ ™o ntenas link 2 has one.
is based on measuring channel ratio, which works for Simdgé% 1. Cooperative MIMO interference mitigation can irese the throughput

. . . . oth links.
smg[e-hop se.ttmgs but the feasibility of IC under arbyra unintended interference using some of its DoFs, which can be
multi-hop setting is unknown.

. ) . done either by a transmitter or receiver. Assume transiiige
To this end, we first explore the feasibility of CIM amon y

. : . ) Yink carriess; streams and another receives link carriess,
heteroge_n_eous multl-h(_)p networks with d'ﬁer?”t_ techgmzl9 streams. For transmitter side IC, the number of DoFs reduire
by explomn_g only partial CSl (or channel ra_1t|o informatio t ¢t is equal tos, (i.e., t can cancel its interference atiff.
CRI). Specifically, we show thaF cqmpared with full CSI, suchy o> s,). For receiver side IC, the number of DoFs
CRI does not affect the satisfiability of DoF constraints (

t
- . ) ) cyequired at a receiver is equal ¢ (i.e., can cancet’s signal
computability of transmit/receive vectors) in each netwdkle A, — s, > ). To achieve SM and IC, antenna weights

d|_scuss possible methods to measure CRI and achieve COoB?é'assigned to transmitters and receivers such that thalsig
ative technology-independent interference cancellafidiC). received will be combined in the desired way.

Then we propose a tractable model for CIM that accuratelyTrad't'onaI IC techniaues depend on full channel state in-
captures both networkgilateral cooperative IC decisions, ”nkformatiloln (CSl) at ea(;?\unode \E)vhich s ul;ually estimated \I/ia
scheduling, and yanousforrns of system h(_aterogertmlyed on training symbols in an OFDM packet. However, with the CTI
recent advances in MIMO link layer modeling. Then we forml#_rom a different wireless technoloav. the full CSI mav not
Iateabi-criteriq optimizatiqn problem with mixed intedi@ear be obtained (or very costly to ob?a%n) due to the ger)wlerally
(MILP) constraints fo maximize both r_wetworks throughpat. unknown signal structure. If the other wireless networloals
order to characterize the Pareto-optimal throughput cawve ses OFDM as the PHY layer and its preamble is known
performgnce bpund, we gxploit the i_nherent prop.erties of tt en we can assume full CS): is available. But in reality this,
formulation which reveal it to be_ata_lr-shapefuncuon. Our requires prior knowledge of the protocol standard of vasiou
new methodology enables the derivation of éxact throughput oexisting networks, which incurs significant overhead and
curve under a finite number of slots, without solving a Iargé8nnot hgndle new ’systems. Fortunatgely Gollakota et 8|, [1
?Ouﬁgegiix]tsu%rgb;?r?ﬁé It;;%ggte r?g;:;jr?doﬁstv?clovrzirl;i?ﬁg roposed Technology-Independent Multiple-Output (TIMO)
MIMO networks in the DoE sense y hich enables an 802.11 MIMO link to completely cancel the
' high power and wide-bandwidth interference to/from a non-

Th? rest of this paper is organized as follows. In Sec_tion Ié’OZ.ll device (e.g., a ZigBee sensor and microwave oven)
we give necessary background on MIMO and the moUvanBy only measuring ’the:hannel ratio information. TIMO is ’

Section Il describes our proposed technique to deal wiblsser O?gnosticto the interferer’s technology, making it possible to

technology IC. In Section IV, we present the modeling .
. A . .2 “enhance coexistence amohgterogeneousetworks.
the CIM paradigm and formulate the bi-criteria optimizatio .
Motivation. The advancement of both MIMO and TIMO

problem to find the performance bound. In Section V, we give

our approach to find the optimal throughput curve. Section W makeg it possible for two or ’more CoeX'St'ng netvyorks to
presents the simulation evaluation results. Section \&¢uases cooperatively enhance everyone’s throughput. Fig. 2titiues

related works, and Section VIII concludes the paper. _th|s |d_ea using a simple two interfering link _settlng. Link 1
is equipped with two antennas at both transmitter and receiv

sides, while link 2 only has one antenna (different techggjo
Assume we use TDMA with amfinite number of slots, and
MIMO Background . There are two key techniques enabledefine each link’s throughput to be the average number of
by MIMO communication: spatial multiplexing (SM) and in-streams transmitted (or DoF for SM) over time. Fig. 1 (b)
terference cancellation (IC). The degrees of freedom (Doshows their optimal throughput curve, which is derived from
[31] at a node represent the available number of interferenthe convex hull of all the possible base rate combinations:
free signaling dimensions. SM refers to transmitting npleti (2,0), (1,1), (1,0),(0,1), (0,0). Suppose we want to achieve
streams simultaneously on a single MIMO link using multipleroportional fairness, and let the ratio between the thinpug
DoFs, which is upper limited bynin(A:, A,) where A; and of two links to be the same as that of their maximum through-
A, are the antenna numbers at the transmitter and receipet without interference (i.e., 2:1). Under the interferen
sides, respectively. IC refers to a node’s capability tocehn avoidance paradigm, the Pareto-optimal fair throughpirtipa

A " i o
Link 1 Link 2 W Plopomo}lal fairness
line

2
(]

Cooperative
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] Link 2's rate

(b) Optimal throughput curves

Il. BACKGROUND AND MOTIVATION



(1,0.5). In contrast, under CIM (link 1 uses both transmittecombinations that constitute the feasible base rate péitiseo
and receiver side IC), the new pair(i%, %), which is achieved two networks, which involves enumerating not only the link
by sending1,1), (1,1), (2, 0) streams during three consecutivescheduling but also DoF allocation on each link. To the bést o
slots for each link. Note that this also requires link 2 to@oo our knowledge, this problem also remains open to date.
erate by not transmitting during the third slot. This exaenpl

clearly shows the potential of using IC for CIM. 1. FEASIBILITY OF COOPERATIVETIIC AMONG

. . MULTI-HOP NETWORKS
To enable such cooperation among heterogeneous multi-hop

networks, information including active sessions and therin  In this section, we study the feasibility of realizing coope
ference graph in each network needs to be shared with oth@té/e TIIC across heterogeneous multi-hop networks. $ipeci
This can be difficult in unplanned deployments, as theredacgally, considering the basic scenario of two coexistinguoeks,

a common communication channel (CCC) between networkether the links’ transmissions in both networks can be
with different protocol standards. However, it is possibbe Scheduled such that all the interference from/to each ather
obtain such information without a CCC. For example, Zharge cancelled (subject to the DoF constraints at each node)?
and Shin [35] proposed GapSense, a lightweight protocol ifd the case of a single MIMO network, it has been shown
coordinate among heterogeneous wireless devices basedfeasible [2], [3], [14], [18], [24], [29] that links can caet
energy sensing. It can be regarded as a side channel ugiligthe interference in the same network by allocating their
implicit communication. In reality, we can assume each oeitw transmission DoFs for SM and IC. However, the previous
has a central controller or base station, and these coerisoliresults are derived under the assumption of full CSI. To deal
can exchange necessary information for CIM using impliciith cross-technology interference, only partial CSI can b
communications. The performance bounds for each netwdktained (such as channel ratio in TIMO [12]). Thus the
form a Pareto-optimal curve. In reality, to choose from ongatural question is, can MIMO and TIMO work together in
working point on the curve, two networks can make agreemefwgterogeneous multi-hop networks (use the former for dntra
based on certain criteria like fairness (max-min or prapagl) network IC and the latter for inter-network 1C)?

or max total rate. This can be achieved because we assuméllC based on Channel Ratio Information (CRI). We first
that the networks are cooperative. In the case that netwogkge a theoretical treatment of TIIC based on CRI. We adapt th
are selfish and may deviate from cooperation, a game-theorstatrix representation of MIMO IC based on the Zero-Forcing
approach is needed which will be left for our future work. beamforming (ZFBF) [27], which is used by previous works
8], [24]. W.l.o.g., consider the cross-technology ifteence

Key Chall There invol i t of chall > ) .
ey ~Natenges There MVONVEs a Uique Sew of CRalengee o ihe transmitter TH) of a link [ to receiver Rxk), where

to realize CIM in a multi-hop network setting. (1) How to - .
P g (1) de: has A; antennas. For each active lirik denotez; as

cancel the interference from/to nodes in another muIti—ht b f data st d the si | of st (1 <
network of different wireless technology without havingeth ' e number of data streams ang the signal of stream (1 <

full CSI? So far TIMO has only been applied to the single%gt 21)- Den((;teH(l;) thg éTX%) x ﬁRﬁ’“) (;hﬁnnelkgam matrix
link and non-cooperative setting, but its feasibility in ltitu etween nodes T¥ and Rxk) which is full-rank (assuming

hop networks is unexplored. In a multi-hop network, therd rich scattering environment). Let transmitter(7j5s transmit

. ) A X i L1<i< i " i
can be multiple simultaneous active links in each netwo?’f(e'ght Vectors bel;, 1 <1 < #, and receiver R)'s receive

which cause interfere to a link in the other network. ThelfS/dNt VECIOrS bevi;, 1 < j < 2. The interference to data
how can the transmit/receive vectors of multiple active ged €& on link & is:

can be designed to satisfy all nodes’ DoF constraints? (2) , * T Gl

To theoretically model and quantify the performance limit Zulislz‘) H(1,k) Vi) :Z((uli)TH(l,k)ij)'Sli-

of CIM among heterogeneous MIMO networks, the intrinsic =1 i=1

complexity involves both networks’ cooperative link scbied To cancel this interference, the following constraintsigtidoe
ing, MIMO DoF allocation for spatial multiplexing (SM), IC satisfied:

for both intra- and inter-network. The model must capture

network heterogeneity: different PHY technologies, nuntfe ()" HapViey =0 (1 <i<z,1<j < z). 1)

antennas, transmit power, data rates, etc. (3) Networks hiYowever the complete matrid is unknown due to dif-
competing interests such that each wants to maximize its ow ’ (L,k)

n )

throughput. One may think of extending the capacity regioﬁrent technology. In the special case where linkas only
. ) one antenna, we havg = 1 andu; equals to a constant

concept to derive the Pareto-optimal throughput curve ef tr\}vh"e H s an A dimensional vectoh Then we

“combined network”. Previously, Toumpis and Goldsmithdstu bR Rx(k) _ (k)

i ; ; : i t> B h (d) - vk (d) = 0. Sinceh( (1) # 0 w.h

ied the capacity region of SISO multi-hop wireless network@Et 2.q=1 " V(i.k) kj . (1K) \ N.p-,

[30], which showed the region can be derived from the convéxWe divide i ) (1) on both left and right sides, we obtain

hull of a set of base rate matrices via arbitrary time-sharin Aty

However it remains open for MIMO ad hoc networks due to the Vi = vrs (1 _ :

. - ; Vi = v (1) + d)vg;(d) =0 (1 <7< 2g),

intractability of SNR model. Even if we adopt a DoF model but "™/ k(1) d; B(d)o; (d) (1<j<z)

still use the convex hull based approach, there are nhumerous (2)



Link 1

where the thannel ratid between Il}?kls transmitter and link e ‘' 9 @ lcuwork
k's receiver is defined asi; x(d) = “ ’“)( ) , 2 < d < Aryiy ’ !

Link 3
Note that, Eq. (2) is equivalent to E>q (1) thus it does not =l Network
change the rank of the coefficient matrix of;. This means, . bink 2 .
the degree-of-freedoms consumed by all constraints in Bq. ( 4 3 v ©
are unchanged. Note that, similar results can be derived for Order:5,1,3,6,2,4 Probing schedule: 5, 3

transmitter-side lC'_ ] Fig. 2. An example realization of cooperative TIIC betwebree links (two
When the CTI links have multiple antennas, we need t@m the same network). All links have two antennas and transne stream.

define ‘extended channel rafioﬂ’ Observe that in Eq. (1) Dotted lines represent the direction of IC on interferedkdin

(u)T Hop = h (k) which is an Ary,) dimensional vec- a PP within a non-overlapping mini-slofi{ in total). Upon
tor, Whereh'lk (d) = Zémlz) wi(5') < b (i, d) , where each probing, the channel ratios on each interferered node

are obtained by taking the ratio of the received symbols on
Py (1) #0 with high probability. Then, each antenna. After all the probing, the signal-of-intesesl
) h’(l 0 (d) interference signals may transmit concurrently.
Birld) = 5 0 (2 <d < Apx) The extended channel ratio can be obtained in a similar way
(k) as the channel ratio. An active node on lihkends a weighted
Similar to Eq. (2), by replacing; ) with h{; ;) and 5;x(d)  probing signali;;-s; during each mini-slot(1 < i < z;) where
with 3; ;. (d), the DoFs consumed are unchanged. Hereafter, wgis the probe packet, and is the intended number of streams
use channel ratio information(CRI) to refer to the union of to transmit onl. The received signal vector on all the antennas
channel ratio and extended channel ratio. of Rx(k) is (uss)"H k)51 = hy (1.xy51- Then, dividing the signal
DoF Criterion. Now we explore the feasibility of TIIC in on thedth antenna by that of the 1st antenna Y'Qﬁ%‘% (d).
general for two multi-hop networks. Assume there is a global The above describes the use of receiver side IC, which means
“node ordering”r among the nodes in the “combined network™the CTI transmitter T{) determines its transmit vectors;
denoterry;y and mryr) a@s the positions of nodes T and first, and the receiver Rk) decides its receive vectons,;
Rx(k) in m, respectively. Because in a CRI-based TIIC schemigter. The same approach can be easily extended to traesmitt
every IC constraint equation is equivalent to the origina by side IC (Txk) cancels its CTI to R{)), for which the receiver
a constant factor, the number of consumed DoFs of a vector d&() transmits a probing signal, and then(%x can estimate
to a set of linear constraints among its elements is uncttingke CRI based on channel reciprocity [12].
compared with standard IC with full CSI. Based on Lemma 5 Interestingly, the probing order can be derived from theenod
in [24], we have the following lemma: orderr, since a higher-priority node must decide its vector first.
Lemma 1: Consider the cross-technology interference fromObservation 1: A node needs to perform probing in a time
Tx(1)'s z; streams to R¢k)'s z;, streams. Based on only CRlslot¢ iff. it is active in¢ and is pointed “to” by an IC relation
from the IC constraints in Eq. (1), we have (iyify;) > mryr), Where both endpoints are in different networks. A probing
then the number of DoFs consumed by IC afeand O at schedule of CRI measurement is given by the set of all the
Tx(l) and RXk), respectively. IfAr,;) = 1 and z; > 1, then need-to-probe nodes ordered by their node ordering for IC.
2z = 0at TXI). (i) If 7rxq) < Tryk), then the number of DoFs  Fig. 2 shows a simple example with three links. The node
consumed by IC are 0 ang at Tx(!) and RXk), respectively. ordering is (5,1,3,6,2,4), and the cross-network probing
The proof is straightforward. Such a node ordering is bo#thedule is(5,3) (only two mini-slots are needed). Intra-
sufficient and necessary to ensure the feasibility of tratiem network IC needs little overhead for estimating the CSI so it
ceive vector allocation on each link, thus showing that the neglected. In this way, the interference among all thkslin
CRI-based TIIC can be used in multi-hop networks along wittan be cancelled, independent of the wireless technologg. us
standard IC with full CSI. Discussion Here we discuss the overhead of our CRI-based
Measuring the Channel Ratio Information. In order to cooperative TIIC scheme. First, the exchange of network flow
obtain the CRI, TIMO can be used to measure the chanmeformation and interference graph (input to the optimiza-
ratio for single antenna interference sources. Its curignt tion problem) is done at the beginning, which is a one-time
plementation is limited to single concurrent and co-channeverhead and can be amortized. Second, regarding probing
interferer. Extending to multiple interferers is possibl& the signals, the number of mini-slots needed in the worst case is
IC algorithm will be more complex. Therefore, we propose a; - Ny + Ay - N3), where A; is the number of antennas
alternative, cooperative approach to suit the CIM paradigm for each node in theth network. In reality it can be much
Our idea is to ensure only one of the interferer's signal mmaller because not all active nodes are involved in cross-
present at a time such that the channel ratios can be measuretvork interference. Besides, the probing frequency dépe
directly. We assume time is slotted (e.g., TDMA is usedhn the channel coherence time, which is typically hundrdds o
which is necessary for optimized transmission scheduliagh milliseconds in static indoor environments [11]. In thatea
interferer sends a short probing packet (PP) at differemé¢si the overhead can be amortized over multiple data slotsdThir
sequentially. Suppose there aré active nodes in total in one time synchronization among networks is only required in our
slot according to link scheduling, each of them can broadcamalytical optimization framework, which can be relaxed in




practice. For example, if a CSMA-like MAC protocol is used inV; = ||V4]| and No = ||V,|. Assume the nodes in at least
both networks, neither probing and synchronization areleée one network possess MIMO capability (e.g., an 802.11n ad
CRI measurement can be done by opportunistically exploftec network v.s. WiMax, or ZigBee with SISO links). The
ing overheard non-interfered signals from RTS/CTS/DatdA MIMO nodes also uses our cooperative TIIC scheme to cancel
packets. the CTI from/to another network of different technoldgy¥he
Next, we illustrate the overhead using a concrete examphetworks operate in the same band, and we considéme
Assume that network 1 and 2 ha§ and N, nodes respectively. slots to be available to both netwofkd et F; represent the
The first interference graph detecting phase needs all nodes of multi-hop sessions in netwoik andr(f) denotes the
to report their interference graph to the controller. THimge rate of sessiom € F;. Assume routing is given and denofg
is needed only at the beginning, thus is a one-time overhe#tte set of active links in network Let z;(¢) be the number
The main overhead is sending the probing packets to cadculaf data streams transmitted over linkc £; during slott. If a
channel ratio. In the worst case, each nadwill send A; network is SISO, then;(t) = 1 when link{ is active during
streams which is its available amount of DOF. Thus the worsiot ¢, otherwisez; (t) = 0. Each network’s goal is to maximize
time overhead isV; x A; and N x A for the two networks its own utility (function of session ratesd h[r(f)]) while
respectively. In reality nodeé doesn’t need to send; probes feFi

if it is not allocatedA4; streams to transmit. Therefore, we carllJSIng CIM.

see the overall time overhead¥ N; + N,) in the worst case. Modeling the CIM Paradigm. We describe the general case
This overhead is acceptable as long as the sizes of netwoffere both networks are MIMO. To model channel access,
are not large. In some scenarios, the overhead could besfurt® consider half-duplex transceivers for both networksidze
reduced. For instance, in the networks shown in Fig. 4 (&inary variablesr;(t) andy;(t) (i € ViU V2,1 <t <T) as if
networks 1 and 2 both have 7 nodes. The nodes in netwdiRdei transmits or receives at slot We have:

1 and 2 has one and four antennas respectively. As the nodes

in network 1 are not able to do any IC, thus network 2 does zi(t) +uyi(t) <1 (i€eViUVa,1<t<T) (4)

not needs to send probes to let network 1's nodes measure the

CRI. The channel measurement within its own network USEST, realize CIM, both networks should use some of its

”Or”Pa' preambles which causes much less overhead Fhan rg,:?ources to mitigate the interference with each other. For
probing, and can be neglected. Therefore we only consider tg MIMO network, each node can use MIMO IC to cancel

overhead lcauszd by network 1. l\Ne udse slot 7 ((;;\s in Table'tt]ré interference either to/from other nodes within the same
as example and we can see only nodes 58 and 41 are ac work, and to/from nodes in the other network. While for

Therefore only 2 probing packets need to be sent by netwarks s network, it is not able to carry out any IC. Thus its

1H Whr:Ch ca}usehs onlg (.)'5 - 1 ms tlrr|1|e ovle(;head.h_Even I';qcooperative behavior can be regarded as refrain from trigtnsm

t el channe cof erir;;e t'fmﬁ IS as small as 1oms, this over ﬁﬁﬁ' on a subset of its links that will interfere with the MIMO

only accounts for b of the time. network during each slot, through link scheduling. The main
IV. M ODELING AND FORMULATION complexity of the problem is due to the lack of predefined

In this and the next section, we systematically study thoerder/prlorlty between any two networks so the resporisyiar

ﬁooperation is in both networks in general. There are nuasero
performance bounds of two (or more) heterogeneous multi-

hop MIMO wireless networks under the CIM paradigm. Dugomblnatlons as to how the nodes should cancel the intedere

to the absence of central administration, we consider ea(%from links In its own netvx{orl_<, and to/frqm the othe_r netkio
network aiming at maximizing its own throughput, assuminﬁnd sche_zdullng its transmission to not interfere with aeoth
they cooperatively cancel/mitigate the interferencetwff each etwork- in case of SISO. )

other. However, the networks’ objectives conflict with each T0 this end, we adopt a recent MIMO link layer model
other because of their mutual interference. Thus, we will dE24], which introduces an ordering among the nodes for DoF
velop abi-criteria optimizationframework, and characterize the2llocation to ensure the feasibility of IC and avoid unneeesp
Pareto-optimal throughput curveather than a single optimal duplication of IC. By inserting a formulation of the ordegin
point. In order to be tractable, we adopt a recent DoF mod&fationship into a specific optimization problem, an ogtim -
from [24], and assume that time is slotted and finite instefad @dering can be found. In our case, a global order of nodes in
continuous assumed in capacity region research. Sinceaabi both networks needs to be established in each time slot.tBeno
time sharing is not supported by a finite number of slts | < mi(t) < N = N1+ N, as the absolute ordering of node
our result can be regarded as a lower bound to the case wHeflot ¢, andd;;(t) as the relative order between nodeand

T — oo (however it is exact under our formulation). i (0:(t) = 1if j is beforei and O otherwise). Then we have

A. Mathematical Modeling

System Model Consider two unplanned mqu—ho_p W|relessComplete CSI across networks is ot obiainable.
networks N1 = (V1, El) and N2 = (V2v_ Ep) with het-  21pis reflects that spectrum is crowded. We can also extersdtéhimodel
erogeneous technologies that interfere with each othef, am additional set of channel resources.

1We assume that the networks’ technologies are unknown to @her, thus



the following relationship:

mi(t) = N-0;(t) +1 < m;(t) < mi(t) — N - 0;(t) + N — 1, Bak)#i
T Yoam+l D 0 D> w®)]
LieNUVIst<T (5 27 €T GEVIUV: kEL; out
Next we describe the constraints for DoF consumption a& y;(t) - A; + (1 —y;(t))B’, i€ ViUV, 1<t<T (10)
each node, which includes DoFs spent for spatial multiplgxi . . o )
(SM), intra- and inter-network IC. With the above MIMO link Then, we apply the Reformulation-Linearization Technique

model, a transmittei needs only to cancel the interferencéRLT) [23] to transform the abo%/me(]:géliinear constraints. §pe

to the set of neighboring nodes C Vi UV (within its jcally, define \;;(t) = 6,:(t) . z(t), Eq. 9 can be

interference range) that are before itself in the ordersiddind _ ' kEL; in

the DoF spent is equal to the number of streams received lgyvritten as:

those interfered nodes. A similar rule is used for a receiver

node: is transmitting/receiving, its DoF consumptions cannot

exceed the total number of DoFs of itself. Dendtg,,; and Z 21(t)+ Z Aji(t) < ai(t)-Ait+(1—z:(t)) B,

L;in as the set of outgoing and incoming links from nage '€ out JET;,jEVIUVR

respectively. The transmitter side DoF constraints are: ieViulL,1<t<T (11)

Ta(k)#i Because we also have;;(t) > 0, 1 — 6,,(t) > 0,
wt) < D0 am+l >0 @ X Al R S o and 4 - TS () > 0. we can obtain
leLi out J€Z;,jeVIUV, k€L in k€Lj in k€Lj in

< Ai(t), i€ViuVa,1<t<T (6) the following linear constraints by multiplying them tobet:

The receiver sides’ DoF constraints are similar:

R (k)i Aji(t) =0, (12)
w® < D am+l Y @) Do a®)lu() Aji(t) < Aj - 0,4(1), (13)
1€Lsin JET1,jEVIUV: kELj out Ta(k)#i
< Awit) ieViUVa,1<t<T (7) M) <Y a(), (14)
k?eﬁr',in
Note that, these constraints are also satisfied under ’ T (k)i
SISO(Ai = 1). This is because a SISO node either transmit- Xii(t) > Aj-0,4(t) — A, + Z 2 (t), (15)
s/receives or not (for latter case, eithgr= > z(¢t) =0, kel s
lGﬁi,out .
ory; = Y. z(t) =0). The above also captures the crosdoralli € V;UVa,j € T;,1 <t < T.Egs. 11-15 are equivalent
€L in Rx(k)#i
network IC using the proposed cooperative TIIC scheme, vhiwith Eq. 9. Similarly, defing.; ;(t) = 0;,(¢t) >  zx(t), Eq.
satisfies the same DoF constraints for transmitters/rece{we keLj,out

neglect the probing overhead for theoretical analysis). 10 can be replaced by:

For the link capacity model, to reflect heterogeneous data
rates, we multiply a different constant weight for each roetw Z 2(t) + Z 1.6 () < wi(t) - A+ (1 — g (1)) B,

(one DoF corresponds to 1 unit of data): €L in JEL; JEVIUV,
T (16)
—wp e leLone{l,2}1<t<T (8)
T ;Zl(t)’ e nia(t) >0, (17)
Reformulation. In order to convert the non-linear constraints Hgi(t) < A '9j=_i(t)7 (18)
into linear ones, we reformulate Egs. 6 and 7 into the folimyi Ra(k)#i
First, by imposing an upper bound (large constamt) = wiat) < a(b), (19)
Tx(k)#i Tx(k)#t kELj out
Ii,jEVIUV; k 2 AvandB = z Zv Vo k z A Ra (k)7
i€Li,J U jrin iE€ET;,j U i out
\ﬁhe?gfi is2 theeﬁ interference node égt c;feliiil,( 2Eq€.£6 can be pyi(t) = Aj - 054(t) — Aj + Z z(t), (20)
converted into Eg. 9, and Eg. 7 can be converted into Eqg. 10. k€L out

whereie ViUV, j€Z;,,1<t<T.

T (k)#i B. Formulation

>ooal+l D> 0@ Y a®)] The mathematical formulation of the throughput maximiza-

t€Lsour JeLLjEVIUVL _ WELsin tion problem of both networks can be casted into Fig. 3, which
Sai(t)-Ai+ (1 —zi(t))B, i1€ViUVa,1<t<T (9) can be converted to a bi-criteria mixed-integer linear paoy



line segments. However, each instance is an MILP problem
U, = h
maxt Z ()] (NP-hard in general), thus this method incurs high compfexi

ferF: .
max Us — ZJ hir(9)] and does not give any performance guarantee.
? g Instead of brute-force or trying approximation approaches
gEF2

s.t. (for both networks) through exploiting the property of the curve itself, we find
that the exact curve can be obtained (under our formulation)
Firstly, it is easy to see the curve ison-increasingwith

U,, because wher/; increases the interference 1, also
increases. Interestingly, we have the following Theorenictvh
gives the basis of our method:

Theorem 1: Whefl" is finite, the optimal throughput curve
Us = f(uy) is a stair-shape non-continuous function, and the
minimum unit stair width isv; - w, /7.

(MILP). h(-) is a network utility function representing the Proof: The basic idea can be explained by perturbation
objective. analysis. Observe that the form of Eq. (8)is= kw; /T where

As shown in the formulation, the objective is to maximize > 0 is an integer which increment by a least step of one. First
both networks’ utilities simultaneously while satisfyiati con- we assume that there is only one flow in each network, and the
straints. The optimization variables include: netwarknd2’s link capacity constraints are(f) < ¢, VI on f, 7(g) < ¢,
session rates(f) andr(g), m;(t), 05:(t), z1(t), z:(t),y:(t), and and VI on g. Also, u; = a1 - r(f) = a1 - min{ci}vi on f,
additional variables;; (t), ;:(t) in the reformulated problem. vy = a5 - r(g) = a2 - min{c;}vi on , Which increment by least
Even the single-objective version of the above MILP problesteps ofv;w; /T andasws /T, respectively. Supposé—1)as -
is NP-hard in the worst case. However, we will show that this; /7" < u; < ka; -w; /T, and a small increasgis applied to
can be converted into multiple (a small number of) singler; so thatu} = u; + 6. If v} < ay -kw; /T, it does not violate
objective MILP problems, where there exist highly efficiendiny constraint in\;’s own network, thus all the variables in
optimal [22] or approximation algorithms such as sequéntia/; remain unchanged. Consequently, none of the constraints
fixing algorithms [32] to solve it. in OPT(uy) are violated, therefore the optimél, remains
unchanged.

In the general case of multiple flows contained in each

In this section, we explore a novel approach to find theetwork, each session can be independent or share links with
optimal throughput curve of two heterogeneous multi-hofther sessions. The two networks’ objective functions bexo
MIMO networks. We consider the linear cdsehereh[r(f)] = o, - S r(f) anday - Y 7(g), respectively. The link ca-

Half duplex constraint$4);
Node ordering constrain{s);
Transmitter/receiver DoF constrair(tsl) — (15), (16) — (20);
Flow balance constraints;
Flow rate< link capacity;
Link capacity model:8)
Fig. 3. Original bi-criteria optimization formulation (M®T).

V. PARETO-OPTIMAL THROUGHPUTCURVE

ay - r(f) and hr(g)] = a2 - r(g), such that hlr(f fEF: gEF2
() (o) ) ,EXJ:H r(#)l pacity constraints become > r(f) < ¢, VI € Ly,
and ) h[r(g)] represent the weighted throughput of each f traversel _
gEF2 ) and > r(g9) < ¢, VYl € Lo, respectively. In general,
network, respectively. g traversel

We want to find all thePareto-optimalutility pairs (U, Us) @1 - 7(f), Vf € Fi is upper constrained by a set of linear
such that there doesot exist another solutiorfl/], U3) such expressions in the form of eithes; -7(f) < a1 -min{ci}vi on s
thatU] > Uy andUj > U,. By fixing one objective; = u;) (in case of independent flow) ax; - > r(f) < oo -

. . . f traversel
a_nd find the_opt]mal value of the othél/;), that is to solve a min{c;}wiez, (in case of flow link sharing), which all incre-
single optimization problem:

ments by least step ef;w, /T. Thus, the upper bound to their

OPT(uy) : maxUs, (21) linear combinationl/; = a3 - fez; r(f) also increments by
. . p 1
s.tU; = u,and all constraints in MORT least step ofa;w,/T. Therefore, ifU; changes by a small

. . . amount without violating the current upper bound, the optim
one can obtain a one-to-one mappliig= f(u1) which defines U, remains unchanged. Imagine increasing netwdskutility

an optimal throughput curve containing all theakly Pareto- S~ a1 (/) to a edge point, which means increasing a little
optimal points. A weakly Pareto-optimal point is a utility pair ez, '
(Uy, Uz) such that there doe®texist another solutiofl/;, Us)

. . 1 X .
such that/; > U, andU} > U,. A Pareto-optimal point is also @mountd will break the constraind; - — 2 a(t) on alinkl.

. . t=1
weakly Pareto-optimal, but not vice versa. We could increase other links’ raig (f) to their edge points
Since Uy and U, are continuous, a naive approach tevhile keeping > «ay-7(f) unchanged, thus the overall stream
approximate the curve is to discretif@ U,,..| into a large fer

number in this network must b¥ — ¢, in which N is a integer.
Therefore the network’s rate at this point(i —0) - «vy - w1 /T
|

3Non-linear utility functions will be our future work. The above means we need only to compute the points on the

number of equal intervals, solM@PT (u,) for each discrete
uy, and connect the corresponding optimal valued/efvia
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In (a), Network 1 has 1 session: 45 38 —52. Network 2 has 1

session: 26—+ 0 — 20. In (b), Network 1 has 1 session: 50 30. Network

2 has 1 session: 24> 27 — 13 — 5.
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Fig. 4. (a) Active sessions in two heterogeneous networke{iNet 1, red
Net 2). (b) The optimal throughput curve for the two netwodkegler CIM anc
IAV.
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N

N

curve wherd/; = ayurk/T,0 < k < kpnaz, and connect the R . S

. . . . .4 . . .4 . X
using stair shape line segments. Each computation comes, net1 throughput netl throughput
to solving oneOPT'(u,) instance. But the following theorem (@) (b)

shows it is not necessary to cover @lK k£ < ka0 Fig. 6. In (a), Network 1 has 2 sessions:35 53 — 47, 37— 49 — 36.
Theorem 2: There exists two saturation pointgetwork 2 has 2 sessions: 18 16 — 22 — 18, 12— 15 — 25. In (b),

(Usa, Una), (U1, U4,) on the optimal throughput curvé(u;) — seemor 1188 2 SR 43 51 795,48 34 = 56. Network 2 has 2
whereU,; < U{, and Uss > UJ,, such thatf(uy) = Uss for . . . o
up € [0,Ur,] and £~ (uz) = U, for us € [0, Us,). The_ derived stair-shape curve is ;hown in Fig. 4 (b). T_he
Proof: We only need to prove that when, = max{Us}, blue line denotes th_e curve when using CIM, and the r_e(_:i line
u, = OPT(uy) > 0. This is easy to see, because in genafal de_notes t_he one using IAV. It can be_seen that the minimum
and; are not completely interfered with each other, so thekit step isl/8. Obviously, for every point on the IAV's curve,
are still some available links iV, that can deliver positive ©N€ can find another point on the CIM's curve which Pareto-
flow(s). Similarly, if u; = max{U}, up = OPT(u1) > 0. m dominates the former,.thus both network;' throughputs are
Therefore, we can further reduce computation complexig§ihanced compared with IAV. All computations for the curve
by first identifying two saturation points on the curve (whic finished within reasonable amount of time.
can be obtained by only two instances@PT (max{U, }) and To verify the networks’ cooperative behavior under CIM, we
OPT(max{U,})), then focusing on finding the curve pointsselect the maximum total-throughput pofit5, 2.875) on the
between them. Our method can also be extended to more tlsgirve as an example. It can be derived by drawing a line with
two networks, where the curve becomes multi-dimensional. slope of—1 and find the tangential point with the curve. This
point reflects the maximum overall benefit of both networks.

. In Table. I, we list the stream allocation during all the slot

In this section, we use numerical results to _ShOW the 988 all the links. First, we can verify that all interference
of CIM compared with the Interference Avoidance (IAV)is cancelled. For example, in slot 7, link§ — 41,9 —

paradigm,_w_here each network only cancels/mitigates tfeg-in 11,10 — 16,22 — 18 are active. The interference graph is
ferenc;e Wlthllfl itself but not_to/from another network. Wecal 58 = 11,58 = 18,10 = 18,22 = 16,10 = 41. Nodes9, 11
examine the impacts of various types of interference s@mnar,

and network heterogeneity. DoF used for cancelling the CTI from nod8. Similarly, node
A. A Case Study 22,18, 10, 16 all spare some DoFs for CIM.

We use a case study to show the gain of the CIM paradigm.Second, from the node ordering we can see how cooperation
Consider two multi-hop networks (topology and sessionsvsho IS done. For exampléss 11 = 1, which means nodel applies
in Fig. 4 (a)) with 30 nodes each, deployed inl@ x 100 receiver side IC to cancel the CTI from nod&. On the other
area. Networkd and2 both have two active sessions (14 activBand,t1s 5o = 1, thus node59 in network 1 should cancel its
nodes in total) and min-hop routing is used. We assume nktwérT! to nodel18 in network 2. As the nodes in netwoikhas
1 is a traditional SISO network, while netwotkis equipped ©nly one antenna, nodg) will keep silent. Interestingly, we
with MIMO (4 antennas per node). For simplicity, assumBnd that more of network 2's nodes tend to be ordered behind
w; = ws = 1 anda; = as = 1. All nodes’ transmission network 1's, because the former has more DoF resources.
and interference range are 30 and 50, respectively. There i¥arious other points can be easily identified from the
one band and” = 8 time slots available. We use CPLEX tocurve. For max-min fairness (MMF), the throughput pair is
solve for the exact solution of ea@d@PT (u,) instance. The (0.75,2.375) — the top-right corner point. In this specific case,
results are generated by an Intel 4 core i5-2400 with a 3.1GNWF is realized by network 2 solely canceling its CTI to/from
CPU and 8GB RAM. network 1. The proportional fairness point({$625, 2.5), if we

=
=}

0.2

V1. EVALUATION

use 3 out of their 4 total DoFs for SM, with the remaining 1



Sessions Link Time Slot | DoF of SM | Max Allowable Rate Scenarios| CIM 1AV Scenarios| CIM 1AV
35, 53 g i 0.25 0 35 | 2.75 25 4625 | 4.625
3 I 1 425 4 26 45 4
Sessionl-1| 53 — 58 > 1 0.25 2 8 7.5 27 4 4
T T 3 6 6 28 5 5
58— 41 7 T 0.25 Z 2 Z 29 4625| 4
4 1 5 3 2 30 i 4
55 — 59 0.25
Session1-2 i’ i 6 10 10 31 7 6
59 _s 42 > I 0.25 7 4.25 4 32 2125 2
= 7 8 4.625 | 4.625 33 525 | 5.25
2 Z 9 8 8 34 5 4
28— 9 v 3 1.75 10 2 2 35 4125 4
. 5 3 11 525 | 5.25 36 2 2
Session2-1 1 3 iV 325 | 3.25 37 3 2
911 g i 1.75 13 3.75 3 38 4 4
- 3 14 5 4 39 2125 2
0 5 15 6 6 40 6 6
T > 16 4625 | 4.625 41 6 6
10— 16 3 z 1125 17 2375| 2 2 6 6
7 1 18 6 6 43 4 4
ion2- 2 3 19 6 6 44 4125 4
Session2-2| 15, 59 7 3 1.125 >0 i 7 75 55 55
2 > 21| 6.5 | 65 26 6 6
225 18 T T 1195 22 25 25 47 4625 4
5 a : 23 25 25 48 4 7
7 2 24 525 | 5.25 49 3 25
TABLE | TABLE Il
LINK STREAM ALLOCATION IN EACH SLOT AT THE MAXIMUM TOTAL MAX. TOTAL THROUGHPUT COMPARISON BETWEENCIM AND AV

THROUGHPUT POINT

=
o

~ A
5 1AV 5 —-IAV) £ 510
23 a3 =2 =
5 5 8 s
> =1 = <
g R g | A = e
= = Q Q
S e 11 S SA— < <
= = 0

i 0 02 04 06 08 02 04 06 08
% 02 Oﬁ o 0,6h t0.8 % 02 0{‘1 o D'Gh to,s netl throughput netl throughput
netl throughpu netl throughpu
b @ (b)
@ (0) Fig. 8. In (a), Network 1 has 2 sessions:35 53 — 47, 37 — 49 — 36.

Fig. 7. In (a) and (b), Network 1 has 2 sessions:3951 — 41, 55— 50  Network 2 has 2 sessions: 1@ 16 — 22 — 18, 12 — 15 — 25. In (b),
— 59 — 42. Network 2 has 2 sessions: 28 0 — 27, 10— 16 — 18. For Network 1 has 2 sessions: 4% 51 — 55, 48— 34 — 56. Network 2 has 2
(a), the transmission ranges are (20,40), the interfereanges are (30,60). sessions: 8+ 10 — 4, 5 — 7 — 23.
For (b), the transmission ranges are (33,40) the rangescaréq)
networks, and compare the total throughput. Network 1 and

define the ratio to be : 4 (antenna numbers). Network 2 are equipped with 2 and 4 antennas respectively
) to reflect heterogeneity. The results are shown in Tabldt II.
B. Impact of Different Interference Degrees can be seen that the maximum total throughput under CIM

We further compare CIM's performance with that of 1AV’sis significantly larger than the ones under IAV in some cases.
by changing the extent to which both networks interfere with other cases, the total throughput is the same for these two
each other. For example, we alter the nearest distance d&etwearadigms. Again, this is due to different interferencerdeg
the active sessions in both networks. among the sessions in different networks as their distance

In Fig. 5, we choose two scenarios containing one sessiorVifies. Similar results can be obtained under other thrputgh
each network, while Fig. 6 contains results from two scasariallocation criteria such as max-min or proportional fagsie
with multiple sessions in each network. In Fig. 5 (a), the twihich are not elaborated in this paper.
sessions are far apart so as to not interfere with each other, _
while in Fig. 5 (b) they are near enough to fully interferetwit C- Impact of Network Heterogeneity
each other. But in Fig. 6 (a), the interference degree isdrigh We also show the effectiveness of CIM in more hetero-
than that of Fig. 6 (b). We can observe in Fig. 5 (a), the curvgeneous network scenarios, by considering different inéns
derived by CIM and IAV are exactly the same. In contrast, th@owers and data rates. The former changes transmission and
two curves separate in Fig. 5 (b). The gap between two cuniaterference ranges. This is to reflect reality, such as 1802.
is larger in Fig. 6 (a) than in Fig. 6 (b). The above shows thats. 802.15.4 networks.
more benefit can be gained by CIM compared with IAV as two In Fig. 7 (a), we set the transmission ranges for networks
networks mutually interfere to a larger degree. 1 and 2 to be20 and 40, and the interference ranges to be

We then randomly generate 50 scenarios to show the betérand 60, respectively. In Fig. 7 (b), we increase netwadr&
performance of CIM compared with 1AV in an average sensgansmission range 3, interference range t80. One can see
Again we pick the maximum total-throughput point of twahat both the throughput region and the gap between CIM and



IAV enlarges in Fig. 7 (b). There are two insights: (1) largebetween multi-hop secondary and primary networks using

transmission range decreases hop count thus increases odéMO IC [32]. However, this paradigm is suitable for a

own throughput; (2) Both networks have larger incentives fmanned deployment but not for unplanned ones (e.g., nksvor

cooperate when the interference is more symmetric basediorihe unlicensed bands), where there is no predefined fyriori

their higher simultaneous gains compared with IAV. nor central control and each network has its own interest.
For different data rates, suppogg = 4w; (such as 1Mbps Hence, simple extension of the optimization framework i2][3

in WiFi and 250kbps in ZigBee) instead af: = w;. The is not applicable to the unplanned setting.

results are shown in Fig. 8. Compared with Fig. 6, essetiall

the throughput curve scales by a factor of 4 in the y-axis. VIII. CONCLUSIONS ANDFUTURE WORK

VIl. RELATED WORKS This paper offered a thorough study of the cooperative eross
technology interference mitigation (CIM) paradigm for dret-

In the information theoretic community, prior works mainly eneous multi-hoo networks in unolanned settinas. The main
focused on characterizing the MIMO channel capacity f X P P gs. |
echnical challenges are due to the lack of a predefined net-

Gaussian interference channels, either using the Shamapac< S .
g work priority in unplanned deployments, and various forrhs o

ity [9] or degree-of-fre_e(_jom based app_roach [41, [.16]' Hoare network heterogeneity. We first show that general techngelog
results are mostly limited to very simple settings such as

node/link pairs osingle-hopcommunications. Even for asingleIndependent interference cancellation is feasible foerogte-

multhop MIMO etwork, the exact capaciy in the wractn &2 T2 LR R I UL R S e
Shannon sense is an open problem.

The networking community, on the other hand, has explor%:qfoperformance bounds of CIM via deriving the Parato-oatim

MIMO IC and SM to optimize the performance of multi-hop h U%Ep?ihcugij Throdqgh exten?flve .3|m.]EIat|(:n refsults we
wireless networks [2], [3], [14], [29]. Degree-of-freed¢BoF) show hat the paradigm can offer signiicant performance

is a typical model for MIMO links due to its analytical trabik gains in thrqughput an.d. spegtrum efficiency t-o both r}etworks
ity. Some of them only considered either transmitter or ikese compared with the traditional interference-avoidancegigm.

side cancellation [7], [14], [19] which is a conservative deb The models and results in this paper will guide practical CIM

(sufficient but not necessary), while several works modetgt protqcol design, ahd pave the way to ultimately change the
possibilities [3], [28] but tend to be opportunistic (n coexistence paradigm for unplanned heterogeneous network

but not sufficient). To date, there is no DoF model that 12 unlicensed bands and TV white spaces.

both sufficient and necessary. In fact, Shi et al. showed tl}aﬁ? the iutur(?[, Wehpltan to ext_(tend ou; mod de_}hfto ca:pgurézum_(()jre
finding an optimal DoF model is still an open problem [25 actors ot system heterogeneily, such as different bartiwi

To ensure feasibility of IC, in this paper we adopt the Do e will also investigate the incentives for cooperation idis
model proposed by Liu et al. [18] based on node ordering. tributed setting assuming selfish networks, and fully dsted

However, the above works only studied the standalone n&l_M protoco_ls_ that apprqach the theoretical performarnoés
work setting, which concerns onlynternal-interferencefrom without explicit communication between networks.
within the same network. There is very limited work that ACKNOWLEDGMENTS
apply MIMO IC techniques to mitigatexternal interference ) ]
for multi-hop wireless networks. For spectrum sharing ia th§uThe authors would like to thank Dejun Yang, Huacheng
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