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Abstract—This paper explores a new paradigm for the coexis- them is properly cancelled at the corresponding receivers.
tence among heterogeneous multi-hop networks in unplannede- Recent advances in Technology-Independent Multiple-@utp
ployment settings, calledcooperative cross-technology interference (TIMO) [11] even enable the cancellation of the CTI to/from

mitigation (CIM). CIM exploits recent advancements in physical . . . .
|aye? tech(nolog)lies suchp astechnol ogy-independent interpferyence a interferer with a completely different wireless techmplo

cancellation (TIIC), making it possible for disparate networks to  Intuitively, it is possible for two or more heterogeneous-ne
cooperatively mitigate the interference to each other to emance works to cooperatively cancel/mitigate the interferercedch

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

paradigm for unplanned multi-hop networks. We first propose . - .
a novel cooperative TIIC mechanism based on only channel rai simultaneously. We call this theooperative cross-technology

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

bi-criteria optimization formulation to maximize both net works’ enhance throughput within standalone and homogeneous wire
throughputs, and propose a new methodology to compute the |ass networks [2], [3], [13], [28]. However, to date, its pntial
Pareto-optimal throughput curve as performance bound. Simulation for interference mitigation across two or more heterogsnou
results show that CIM provides significant performance gairs . .
to both networks compared with the traditional interference- Multi-hop networks has not been well understood. There is
avoidance paradigm. a lack of both feasibility study and theoretical guidelires
the performance limits of CIM. Recently IC has been adopted
to fulfil the “transparent coexistence” anderlayparadigm in
The ever-growing number of wireless systems and tlegnitive radio networks [31], in that the secondary nefwor
scarcity for available spectrum necessitates highly effici should cancel their interference to/from the primary nekso
spectrum sharing among disparate wireless networks [1hyMato satisfy FCC policy. However, in this paradigm the respon-
of them are heterogenous in hardware capabilities, wielesbility for IC is always assigned to the secondary network,
technologies, or protocol standards, and are expectedetdapv which is only half of the story. This is suitable toplanned
with each other in both frequency and space. This inevitabdeployment but noinplannedones (e.g., secondary networks),
leads tocross-technology interferencéCTI), which can be where there is no predefined priority among networks which
detrimental to the performance of co-locating networkstif adds uncertainty, and they have competing interests which
is not properly mitigated [6], [10], [16], [19]. Some exam-cannot be solved by single-objective optimization. Morov
ples of existing and future radio devices/networks thatiere coexistence between multi-hop networks wiikterogeneous
CTl include: IEEE 802.11 (WiFi), 802.15.4 (ZigBee), 802.16vireless technologies has not been studied yet.
(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
[30]. 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 completanother coexisting network, so that any desirable workisigtp
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 - L

practical aspects. The Pareto-optimal throughput cureeusv- . 2
alent to the outer bound of capacity region of the two network al
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 approach [11] is not " e ink2hwone. o _
general enough to realize arbitrary IC under the CIM pam@i}%(}tﬁ "Ci](l)((;peratwe MIMO interference mitigation can irase the throughput
Ir?eigreo;n:rggss r?:&g?ksN;VeelnzgzgodaChes to enable ICS{Crostreams. For transmitter side I1C, the number of DoFs reduire

. . . at ¢ is equal tos, (i.e., t can cancel its interference atiff.
To this end, we first propose a novel cooperative technolog)(- _ s, > s,). For receiver side IC, the number of DoFs
e KA L

. . L1t
independent IC (TIIC) scheme across different tE"Chr‘()t‘)g'?equired at a receiver is equal ¢p (i.e.,r can cancet’s signal
based on only partial CSI (channel ratio information), idear . A, — s, > s,). To achieve SM a,md IC, antenna weights

to deal with system heterogenelty. Wwe ShOW_ thg feasibility Qre assigned to transmitters and receivers such that thalsig
our TIIC scheme in multi-hop networks, which is also MO, aived will be combined in the desired way

general than TIMO [11] in terms of DoF constraints. Then we Traditional IC techniques depend on full channel state in-

propose?t_ractable model fqr CIM that_a_ccurat_ely capt : bformation (CSl) at each node which is usually estimated via
networks’ bilateral cooperative IC decisions, link SChedu“ngtraining symbols in an OFDM packet. However, with the CTI

and various forms of system heterogenefiased on recent rom a different wireless technology. the full ’CSI may not

advances in MIMO link layer modeling. Then we formulat . ;

a bi-criteria optimization p):oblem withg mixed integer lare € obtained (or very costly to obtain) due to the generally
(MILP) constraints to maximize both r_1etworks’ throughpluat. 3222032§§n:; ?Lrgcltau;& :;;2? :rgrc]ie:tgwgralezsribrl]:t\izorkfc?vlvsn
order to characterize the Pareto-optimal throughput cave F]hen we can assume full CSl is available. But in reality this’

erformance bound, we exploit the inherent properties ef t . . .
b ' P prop © requires prior knowledge of the protocol standard of vagiou

formulation which reveal it to be atair-shapefunction. Our coexisting networks, which incurs significant overhead and
new methodology enables the derivation of éixact throughput Y ' Y
cannot handle new systems. Fortunately, Gollakota et &l. [1

curvewithout solving a large number of MILP problems. It is

the first tractable approach to compute the capacity region &rr(])_pﬁsed k;l;echnolé)g%/-llridl\eﬂrl)&rgel{ni ?/Iultlple-lotu tlput (TH\IA%)
two multi-hop MIMO networkgin the DoF sense). which enables an ' ik 1o completely cancet the

: . ) . high power and wide-bandwidth interference to/from a non-
Thg rest of this paper is organized as follows. In Segtloq I%%’02.11 device (e.g., a ZigBee sensor and microwave oven)
we give necessary background on MIMO and the motlva'uoBy only measuring ’the:hannel ratio information. TIMO is ,

Section Il describes our proposed technique to deal witlsser . . , o :
. . gnosticto the interferer’s technology, making it possible to
technology IC. In Section IV, we present the modeling o .
enhance coexistence amohgterogeneousetworks.

the CIM paradigm and formulate the bi-criteria optimizatio .
problem to find the performance bound. In Section V, we give Motivation. The advancement of both MIMO and TIMO

our approach to find the optimal throughput curve. Section W makes it possible for two or more coexisting networks to

presents the simulation evaluation results. Section \&¢aises COOPeratively enhance everyone’s throughput. Fig. 2tiiaies
related works, and Section VIII concludes the paper. this idea using a simple two interfering link setting. 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 (Dofhows their optimal throughput curve, which is derived from
[30] 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 interfaxen
sides, respectively. IC refers to a node’s capability tocean avoidance paradigm, the Pareto-optimal fair throughpirtipa
unintended interference using some of its DoFs, which can b 0.5). In contrast, under CIM (link 1 uses both transmitter
done either by a transmitter or receiver. Assume transniite and receiver side IC), the new pair(i%, %), which is achieved
link carriess; streams and another receives link carriess, by sending1,1), (1,1), (2, 0) streams during three consecutive

T Proportional fairness
line

Cooperative
mitigation

Interference
avoidance

] Link 2's rate

(b) Optimal throughput curves
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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 I1l. COOPERATIVEIC ACROSSDIFFERENTTECHNOLOGIES

To enable such cooperation between heterogeneous multil-n this section, we propose a cooperat_we technology-
hop networks, global information of active sessions and tffiependent IC (TIIC) scheme to handle the interference can
interference graph in both networks needs to be known. THig!Iation to/firom an arbitrary number of concurrent and co-
can be difficult in unplanned deployments, as there lackB@nnel CTI sources (subject to the DoF constraints at ajnode
a common communication channel (CCC) between networksov_erv'ew' First We give an overview Of_ our approach.
with different protocol standards. However, it is possilde Consider a scenario W'th one communication likkwhere
obtain such information without a CCC. For example, ZhantBe transmlt.ter and receiver both haveantennas, and one
and Shin [34] proposed GapSense, a lightweight protocol Qg more aptlve QTI links (interfererd), ....,ZM from another
coordinate among heterogeneous wireless devices based"gif'ork with a different technology. We first assume each CTI

energy sensing. It can be regarded as a side channel uéii%_ only h_as one antenna (e.g., ZigB_ee sensor or Bluetooth
implicit communication. In reality, we can assume each oetw device). Different from TIMO [11] which assumes the CTI

has a central controller or base station, and these caarsollSOUrce is non-cooperative (thus a receiver needs to estiet

can exchange necessary information for CIM using implicﬁhannel ratios in the presence of the concurrent transmission

communications. The performance bounds for each netwdtkinterference signal), we assume the CTl links and the MIMO
form a Pareto-optimal curve. In reality, to choose from ondk areé cooperative. The goal is to make only one of the

working point on the curve, two networks can make agreemeljﬁlgerferer'S signal present at a t|me’ such that the re_oﬂemlen_s-
based on certain criteria like fairness (max-min or prapaet) mitter can compute the interferers’ channel ratios diyedthis

or max total rate. This can be achieved because we ass be done by each interferer sending a short probing packet

that the networks are cooperative. In the case that netwolkd) at different times (while link: is silent). For example,

are selfish and may deviate from cooperation, a game-tfieor§f'PP0Se TDMA is used, at the beginning of each time slot,
approach is needed which will be left for our future work. all the active transmitters in a 802.15.4 network can scleedu

. ] their PPs such that each is transmitted within a non-ovpittap
Key Challenges There involves a unique set of challengegini-siot (17 in total). After the probing froml;, the channel

to realize CIM in a muIti-_hop networl_< setti_ng. (1)_80 f?‘rratios (B:(j) = Zgg }ielz.4) are obtained by taking the ratio
TIMO has only been applied to the single-link setting witly¢ e received symbols on each antenna, whetg) is the
non-cooperative CTI, and it is limited to canceling only Onﬂ’requency version) channel gain frolto link k's receiver's

concurrent and cq-c_hannel CTl source [11], ‘_NhiCh reduc% antenna. After all the probing, the signal-of-interestnd
concurrent transmission opportunities. In a multi-hopaoek, interference signals may transmit concurrently.
there can be multiple simultaneous active links in each otw Feasibility of Cross-Technology Cooperative IC Next

which cause interfere to a link in the other network. How cale show the feasibility of the cooperative IC. We adopt the
we develop a feasible and general IC approach to cancel-mylfj, iy representation of MIMO IC based on the Zero-Forcing

ple concurrent interferers across different wirelessnetigies, beamforming (ZFBF) [26], which is used by previous works
without knowing the CTI's protocol type and signal struetar [17], [23]. W...0.g., consider the cross-technology ifeeence

(2) To theoretically model and quantify the pen‘ormanceitlimfrom the transmitter T() of a link [ to receiver Rxk) in a slot
of CIM among heterogeneous MIMO networks, the intrinsiE where node hasA; antennas. For each active limkdenote
complexity involves both networks’ cooperative link sched = as the number of data streams andthe signal of stream
ing, MIMO DoF allocation for spatial multiplexing (SM), IC, (1 < i < 2). DenoteH,, the Am) x Ary) channel
for both intra- and.inter.-network. The model .must captur&ain ‘matrix between nodes T and Rxk) which is full-
network heterogepelty: different PHY technologies, nurife rank (assuming a rich scattering environment). Let trattemi
antennas, transmit power, data rates, etc. (3) Networkse h%(l)’s transmit weight vectors bey;, 1 < i < z, and receiver
competing interests such that each wants to maximize its OWQ(k)’s receive weight vectors békj,_l < j < 2. The

throughput. One may think of extending the capacity reqiqﬂterference to data streagnon link % is:
concept to derive the Pareto-optimal throughput curve ef th '

“combined network”. Previously, Toumpis and Goldsmithdstu i e TH Vi
ied the capacity region of SISO multi-hop wireless networks ( “S“) (k) ks
[29], which showed the region can be derived from the convex o _ )
hull of a set of base rate matrices via arbitrary time-srgarinTO cancel this interference, the following constraintsigtidoe
However it remains open for MIMO ad hoc networks due to theatisfied:

intractability of SNR model. Even if we adopt a DoF model but T , ,

. u;)'H Ve =0 (1<i<2,1<75<z). 1
still use the convex hull based approach, there are numerous (Ui) " H i Vig (lsisz J ) @
combinations that constitute the feasible base rate péitiseo However, the complete matrid; ;) is unknown due to differ-
two networks, which involves enumerating not only the linkent technology. In the special case we discussed above where
scheduling but also DoF allocation on each link. To the bést link [ has only one antenna, we have= 1 andu;; equals to
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Link 1

a constant whileH; 1y is an Ary(x) dimensional vectoh; ;. e ‘' 9 @ Nework
2 1

1's node

Then we gethj{’” h.i)(d) - v;(d) = 0. Sincewy;y # 0, if Link 3

we divide 1) (1) on both left and right side, we obtain . o Fanods
ARx(k) ’< - 3.‘ v 6

h(l,k) “Vgj = vkj(l) + Z ﬂl(d)vkj (d) =0 (1 < -] < Zk)’ Order:5,1,3,6,2,4 Probing schedule: 5, 3
d=2

(2) Fig. 2. An example realization of cooperative TIIC betwebree links (two

_ ham(d) . from the same network). All links have two antennas and tréinene stream.
where 3;(d) = hiz (1)’ 2 < d < Aryr)- Note that, Eq. (2) iS potted lines represent the direction of IC on interfereddin

equivalent to Eq. (1) thus it does not change the rank of thesych an ordering is both sufficient and necessary to ensure

coefficient matrix ofvy;. This means, the degree-of-freedonge feasibility of the above cross-technology IC schemel, an

consumed by all constraints in Eq. (2) is unchanged. the node order also determines the probing order. Integti
When the CTI links have multiple antennas, we need {ge have the following observation.

define ‘extended channel rafio’. Observe that in Eq. (1), opservation 1: A node needs to perform probing in a time

(Uis)"Hky = 0’ k) Which is an Agy) dimensional vector, giot iff. it is active in¢ and is pointed “to” by an IC relation

Tx(1)

Whereh’ﬁ_’k)(d) = Zﬁzl wi(§') - hawy (77, d) (hig (1) # 0 where both endpoints are in different networks. A probing

with high probability). Then, schedule of channel ratio measurement maps to the set of all
, the need-to-probe nodes ordered by their node ordering@or |
hyy 1 (d) ) : . .
B(d) = f ) , (2<d < Arey)- (3) Fig. 2 shows a simple example with three links. The node
h(z,k)(l) ordering is (5,1,3,6,2,4), and the cross-network probing

. : . - schedule is(5,3) (only two mini-slots are needed). Intra-
The extended channel ratio can be obtained in a similar wa : s .
. N . twork IC needs little overhead for estimating the CSI so it
to the channel ratio. In the beginning of a slot, the active C ; . :
link { sends a weighted probing signal durina each Is neglected. In this way, the interference among all thkslin
9 P g signai - s 9 can be cancelled, independent to the wireless technologyy. us

ini- i(1<i< i i . . . >
m|n|_ sloti(1 < i < 2;) wheres, is the probe. packet, an:d_ IS Compared with TIMO, our approach is cooperative, simpler,
the intended number of streams to transmit/oimhe received . - )
and is not limited to handle a single concurrent and co-celann

signal vector on all the antennas of ®X is (u1;)"H 451 = .
b’ (1,x)s1- Then, dividing the signal on théth antenna by that CTI source thus is more general
of the 1st antenna yields exacth(d).

The above describes the use of receiver side IC, which means

the CTI transmitter T) determines its transmit vectots; In this and the next section, we systematically study the

first, and the receiver Rx) decides its receive VeClON; performance bounds of two (or more) heterogeneous multi-
Ia_lter. The same appro_ach can be easﬂy_extended to tr_aesm%p MIMO wireless networks under the CIM paradigm. Due
side IC (TXk) cancels its CTI to Ri)), which can be achieved 1 ‘he apsence of central administration, we consider each

by letting the receiver RX) transmit a probing signal (€.9., @hetork aiming at maximizing its own throughput, assuming

CTS packet in the beginning of a slot, or an ACK packet igoy, cooperatively cancel/mitigate the interferencer¢off each
the end), under the assumption of channel reciprocity [E1]. oyer  However, the networks’ objectives conflict with each

the channel is static the probing overhead can be amortize%ther because of their mutual interference. Thus, we wil de

DoF Criterion . In general, we consider two multi-Nop netyg|o ghi-criteria optimizationframework, and characterize the

works with different technologies. Similar to [23], et teebe  paretq-optimal throughput curveather than a single optimal

a global “node ordering# among the nodes in the “combinedysint |n order to be tractable, we adopt a recent DoF model
network”; denoterry() and mry(r) as the positions of nodesom [23], and assume that time is slotted and finite instefad o
Tx(1) and RXk) in 7, respectively. Because in our channel rati@qntinuous assumed in capacity region research. Sinceaaybi
based IC scheme, every IC constraint equation is equivedent;,« sharing is not supported by a finite number of slfts

the original one by a constant factor, the number of consumggl resyit can be regarded as a lower bound to the case when
DoFs of a vector due to a set of linear constraints among i

. k > s o (however it is exact under our formulation).
elements is unchanged compared with normal IC with full CSI.
Based on L(.emma 5 in [23], we have the foIIo_wmg lemma: A. Mathematical Modeling

Lemma 1: Consider the cross-technology interference from
Tx(1)'s z; streams to R¥k)’s z; streams. Based on only channel System Model Consider two unplanned multi-hop wireless
ratio information, from the IC constraints in Eqg. (1), we leavnetworks A7 = (Vi,FE;) and Ny = (Va, Ey) with het-
(i) if Trx@) > TrRyk), then the number of DoFs consumed bgrogeneous technologies that interfere with each othet, an
IC are z; and 0 at TX/) and RXk), respectively. If{Ar,;) =1 N; = [|[V1]| and No = |[V;|. Assume the nodes in at least
and z; > 1, thenz; = 0 at TX(). (i) If 7ry;) < Tryr), then one network possess MIMO capability (e.g., an 802.11n ad
the number of DoFs consumed by IC are 0 apét Tx!) and hoc network v.s. WiMax, or ZigBee with SISO links). The
Rx(k), respectively. MIMO nodes also uses our cooperative TIIC scheme to cancel

IV. M ODELING AND FORMULATION



the CTI from/to another network of different technoldg¥fhe model, a transmittei needs only to cancel the interference
networks operate in the same band, and we consfdéme to the set of neighboring nodeg, c V5 U V5, (within its
slots to be available to both netwofkd et F; represent the interference range) that are before itself in the ordesdaind

set of multi-hop sessions in netwoik and r(f) denotes the the DoF spent is equal to the number of streams received by
rate of sessiom € F;. Assume routing is given and dendfg those interfered nodes. A similar rule is used for a recel¥er
the set of active links in network Let z/(¢) be the number nodei is transmitting/receiving, its DoF consumptions cannot
of data streams transmitted over lihk £; during slott. If a exceed the total number of DoFs of itself. Dendlg,,; and
network is SISO, then;(t) = 1 when link ! is active during L;;, as the set of outgoing and incoming links from nade
slott, otherwisez;(t) = 0. Each network’s goal is to maximizerespectively. The transmitter side DoF constraints are:

its own utility (function of session ratesd_ h[r(f)]) while

) CIM fEF; Tx(k)#t

using CIM. n(t) < D al)+] O34() Y- 2(@)lai(t)
Modeling the CIM Paradigm. We describe the general case leg;m jezmze;,lwz ! ke%;m

where both networks are MIMO. To model channel access, < Ajri(t), i€ViUVa,1<t<T (6)

we consider half-duplex transceivers for both networksi@e

binary variablesr;(t) andy;(t) (i € ViU V2,1 <t <T)asif  The receiver sides’ DoF constraints are similar:
nodes transmits or receives at slot We have:

Rx(k)#t
i) +yi(t) <1 (GeViUVa,1<i<T) ()  yt)< > a®+l > 0 Y. 2®)wi®)

To realize CIM, both networks should use some of its IE€L in JET;,jEVIUV, kEL; out
resources to mitigate the interference with each other. For < Ayi(t) i€VUVL1<t<T (7)

a MIMO network, each node can use MIMO IC to cancel
the interference either to/from other nodes within the sameNote that, these constraints are also satisfied under
network, and to/from nodes in the other network. While foBISO@; = 1). This is because a SISO node either transmit-
a SISO network, it is not able to carry out any IC. Thus its/receives or not (for latter case, either= >~  z/(t) =0,
cooperative behavior can be regarded as refrain from tridgnsm I€Li,out

ting on a subset of its links that will interfere with the MIMO®" ¥ = le%:m #(t) = 0). The above also captures the cross-
network during each slot, through link scheduling. The maifetwork IC using the proposed cooperative TIIC scheme, kwhic
complexity of the problem is due to the lack of predefinegatisfies the same DoF constraints for transmitters/recewe
order/priority between any two networks so the resporigitif  neglect the probing overhead for theoretical analysis).
cooperation is in both networks in general. There are nuo®ero For the link capacity model, to reflect heterogeneous data
combinations as to how the nodes should cancel the intedererates, we multiply a different constant weight for each roetw
to/from links in its own network, and to/from the other netlio (one DoF corresponds to 1 unit of data):

and scheduling its transmission to not interfere with aapth
network in case of SISO.

To this end, we adopt a recent MIMO link layer model “l
[23], which introduces an ordering among the nodes for DoF
allocation to ensure the feasibility of IC and avoid unnseeg Reformulation. In order to convert the non-linear constraints
duplication of IC. By inserting a formulation of the ordegin into linear ones, we reformulate Eqgs. 6 and 7 into the folfmyi
relationship into a specific optimization problem, an optim First, by imposing an upper bound (large constaft) =
ordering can be found. In our case, a global order of nodes in Ta(k)#i ;o Ta(k)#i

. - . Z Ag, and B’ = Z Z A,
both networks needs to be established in each time slot.tBeng-z, jcv, uv, rer;.,. JETIJEVIUVa k€L out
1 <m(t) < N = N;+ N, as the absolute ordering of node whereZ; is the interference node set of link Eq. 6 can be
in slot ¢, andé,;(¢) as the relative order between nodeand converted into Eq. 9, and Eq. 7 can be converted into Eq. 10.
i (0;;(t) = 1if j is beforei and O otherwise). Then we have
the following relationship:

T
1
= - 1<t<
Wy, TtEZI,zl(t), VieLy,ne{l,2},1<t<T (8)

Tx(k)#i
mi(t) = N 050 +1 < m;(t) < mit) — N -05(t) + N — 1, Yoam+l Y 0) Y ()]
€L out JE€EL;,jeV1IUV, kELj in

i,j €VAUV2, 1<t <T (5)
<z(t) A+ (1 —a(t)B, i€ViUV1<t<T (9)
Next we describe the constraints for DoF consumption at
each node, which includes DoFs spent for spatial multipkgxi

(SM), intra- and inter-network IC. With the above MIMO link

Rx(k)#i
1We assume that the networks’ technologies are unknown to ether, thus Z Zl(t) + [ Z (6‘]-71-(15) Z 2k (t))]
complete CSI across networks is not obtainable. 1€L;, in JETL; jEVIUV, kEL; out

2This reflects that spectrum is crowded. We can also extersdtéhimodel

an additional set of channel resources. <wi(t) - Ai+ (1 - yi(t))B/’ ieViUVp,1<t<T (10)



Then, we apply the Reformulation-Linearization Techniqu%n U — A
(RLT) [22] to transform the above to linear constraints. Gfpe & Z ()]

Ta (k)i feh
ically, define \,;;(t) = 6,,(t) > z(t), EQ. 9 can be maxU»= > hlr(g)]
. kEL; in 9EF2
rewritten as: s.t. (for both networks)
Half duplex constraint$);
Z )+ Z Ai(t) < as(t)-A+(1—i(8)) B, Node ordering constrain{(s);

Transmitter/receiver DoF constrair(tsl) — (15), (16) — (20);
Flow balance constraints;
Flow rate< link capacity;

l€Li out JEL;,jeV1IUV,
PEViUVa1<t<T (11)

Because we also havé;;(t) > 0, 1 — §;,(¢t) > 0, Link capacity model:8)
Ta(k)#i Ta(k)#i _ Fig. 3. Original bi-criteria optimization formulation (M®T).
> oz(t) >0andA; — > z(t) > 0, we can obtain
kELj,in kELj,in additional variables\;; (¢), u;,;(t) in the reformulated problem.

the following linear constraints by multiplying them tobet:  gyen the single-objective version of the above MILP problem

is NP-hard in the worst case. However, we will show that this

Aji(t) >0 (12) can be converted into multiple (a small number of) single-
/\7 " ;A’ 0. (¢ 13 objective MILP problems, where there exist highly efficient
ji(t) < Aj - .77_1( ), (13) optimal [21] or approximation algorithms such as sequéntia
Talk)#i fixing algorithms [31] to solve it.
Aji(t) < Z 2 (1), (14)
kE€L; in V. PARETO-OPTIMAL THROUGHPUTCURVE
T (k)i In this section, we explore a novel approach to find the
Njilt) > Aj - 0;0(8) — A+ > z(t), (15) optimal throughput curve of two heterogeneous multi-hop
k€Ljin MIMO networks. We consider the linear cdsehereh[r(f)] =
foralli € ViUVa,j € Z;,1 < t < T Egs. 11-15 are equivalent®1 - 7(f) and h[r(g)] = a2 - r(g), such that 3 Alr(f)]
Ra(k)#£i ) feF
with Eq. 9. Similarly, defings; ;(t) = 6;:(t) Y. zx(t), Eq. and ZJZE hlr(g)] represent the weighted throughput of each
k€L out gES2 .
10 can be replaced by: c network, respectively.

We want to find all thePareto-optimalutility pairs (U1, Us)
such that there doesot exist another solutioriU;, U3) such
Z zi(t) + Z () < i(t) - A+ (1 —yi(t))B’, thatU] > U; andUj > U,. By fixing one objective {f; = u;)
l€Liin JET:,jEVIUV, and find the optimal value of the oth@V,), that is to solve a
(16) single optimization problem:

pj.i(t) = 0, 17 OPT(uy) : max Uy, (21)
1i(t) < Aj-054(t), (18) s.tU; = uy,and all constraints in MOPT
Rx(k)#t
1;.4(t) < Z 2 (t), (19) Onecan obtain a one-to-one mapplig= f(u1) which defines
B kel ot an optimal throughput curve containing all thheakly Pareto-

Ra(k)£i optimal points. A weakly Pareto-optimal point is a utility pair
H H ! /
B S A0 () — A+ (1), 20) (U1,U2) suchthatthere doem)texstanother;olutlof_ljlzU2)
Hyi(t) 2 Ay - 05(8) = A Z k(t) (20) such that/] > U, andU;, > U,. A Pareto-optimal point is also
_ _ weakly Pareto-optimal, but not vice versa.
wherei € ViU Va,j € Z;,1 <t <T. Since U; and U, are continuous, a naive approach to
approximate the curve is to discretiz@ U,,,.] into a large

number of equal intervals, solv@PT (u;) for each discrete

_ The mathematical formulation of the throughput_maximiz_qzl, and connect the corresponding optimal valued/efvia
tion problem of both networks can be casted into Fig. 3, whigfye segments. However, each instance is an MILP problem

can be convelrted to a bi—criteri_a mixed_—integer Iinear_ PROY  (NP-hard in general), thus this method incurs high complexi

(MILP). h(-) is a network utility function representing theang does not give any performance guarantee.

objective. _ o ~ Instead of brute-force or trying approximation approaghes
As shown in the formulation, the objective is to maximizenrough exploiting the property of the curve itself, we find

both networks’ utilities simultaneously while satisfyiaj con- hat the exact curve can be obtained (under our formulation)
straints. The optimization variables include: netwarknd?2’s

session rates(f) andr(g), m;(t), 0;:(t), z1(t), z:(t),y:(t), and  Non-linear utility functions will be our future work.

kEL; out

B. Formulation



Firstly, it is easy to see the curve ison-increasingwith 100,;8\,%1 oo 057 - 4
U,, because whe/; increases the interference 19, alsc 48789 w a0 = —CIM
increases. Interestingly, we have the following Theorentct & .26.46 w‘@.m §-3 IAv
gives the basis of our method: o e o e °%'L235_.42 >

Theorem 1: WheiT is finite, the optimal throughput cur B T R P
Uz = fu1) i_s a s_tair—_shape non-continuous function, and 4o °§~/<:51 o . - ﬁ
minimum unit stair width isy; - w; /7. P P e o16 51

L . 20 o2 o.
Proof: The basic idea can be explained by perturbe “ %2 7 o5 ,4'35 oc
analysis. Observe that the form of Eq. (8)is= kw, /T where ot ** e %3 o33 %43 yp % 05 1
. . . . 0 20 40 60 80 100

k > 0is an integer which increment by a least step of one. netl throughput
we assume that there is only one flow in each network, and the (@) (b)

link capacity constraints are(f) < ¢;, VI on f, r(g) < ¢, Fig. 4. (a) Active sessions in two heterogeneous networke(iNet 1, red:
and Vvl on g. Also, u; = oy - r(f) = o - min{cl}w on f Net 2). (b) The optimal throughput curve for the two netwouksler CIM and
ug = ag - 7(g) = aa - Min{¢; v on ¢ Which increment by least V-
steps ofayw /T andasws /T, respectively. Suppogé—1)a;-  WhereU;, < Uy, and Uz, > Uy, such thatf(u;) = Uy, for
w1 /T < u1 < kay w1 /T, and a small increaskis applied to u; € [0, U] and f~(u2) = Uy, for uy € [0,U3,].
up SO thatu) = uy +46. If u} < oy -kw, /T, it does not violate Proof: We only need to prove that whar, = max{Us},
any constraint in\V;’s own network, thus all the variables inu; = OPT(uz) > 0. This is easy to see, because in gendfal
N remain unchanged. Consequently, none of the constraiatgd A7 are not completely interfered with each other, so there
in OPT(u;) are violated, therefore the optimal, remains are still some available links i\ that can deliver positive
unchanged. flow(s). Similarly, if u; = max{Ui}, u2 = OPT(u1) > 0. H

In the general case of multiple flows contained in each Therefore, we can further reduce computation complexity
network, each session can be independent or share links Withfirst identifying two saturation points on the curve (whic
other sessions. The two networks’ objective functions beeo can be obtained by only two instances@PT'(max{U: }) and
a1+ Y r(f) andas - Y r(g), respectively. The link ca- OPT(max{U:})), then focusing on finding the curve points

feR ) gET> between them. Our method can also be extended to more than
pacity constraints becom?tZ lr(f) < a, VI € L1, two networks, where the curve becomes multi-dimensional.
raverse
and > r(9) < ¢, VI € Lo, respectively. In general, V1. EVALUATION
g traversel

oy - r(f), Yf € Fi is upper constrained by a set of linear In this section, we use numerical results to show the gain
expressions in the form of either -7(f) < a1-min{c;}vi on ¢ of CIM compared with the Interference Avoidance (IAV)
(in case of independent flow) ar, - > r(f) < ay - paradigm, where each network only cancels/mitigates tteg-in

[ traversel ference within itself but not to/from another network. Weal

min{c;}viec, (in case of flow link sharing), which all incre- examine the impacts of various types of interference siemar
ments by least step af;w; /7. Thus, the upper bound to theirgng network heterogeneity.

linear combinationl; = a3 - >, r(f) also increments by
A. A Case Study

We use a case study to show the gain of the CIM paradigm.
Consider two multi-hop networks (topology and sessionsvsho
in Fig. 4 (a)) with 30 nodes each, deployed inl@ x 100
Srea. Networkg and2 both have two active sessions (14 active

) ) 1 T ) nodes in total) and min-hop routing is used. We assume nktwor

amountd will break the constrainty; - T > zi(t)onalinkl. 1 js a traditional SISO network, while netwotkis equipped

t=1 . . ..
We could increase other links’ rate (f) to their edge points With MIMO (4 antennas per node). For simplicity, assume

while keeping 3" 4 -r(f) unchanged, thus the overall strean1 = w2 = 1 anda; = az = 1. All nodes’ transmission
. feR ) . o and interference range are 30 and 50, respectively. There is
number in this network must b& — ¢, in which V is a integer. gne pand and” = 8 time slots available. We use CPLEX to

Therefore the network’s rate at this point(i¥ —d)-a1-w1 /7. solve for the exact solution of eadBPT(u;) instance. The
B results are generated by an Intel 4 core i5-2400 with a 3.1GHz
The above means we need only to compute the points on theu and 8GB RAM.
curve wherd/; = ajwik/T,0 < k < kpaz, and connectthem  The derived stair-shape curve is shown in Fig. 4 (b). The
using stair shape line segments. Each computation coméspblue line denotes the curve when using CIM, and the red line
to solving oneOPT (u;) instance. But the following theoremdenotes the one using IAV. It can be seen that the minimum
shows it is not necessary to cover @lK k < kpao! unit step is1/8. Obviously, for every point on the IAV’s curve,
Theorem 2: There  exists two  saturation  pointene can find another point on the CIM’s curve which Pareto-
(Uys,Uas), (Uy4,Us,) on the optimal throughput curvé(u;) dominates the former, thus both networks’ throughputs are

feFL
least step ofaywy/T. Therefore, ifU; changes by a small
amount without violating the current upper bound, the optim
U, remains unchanged. Imagine increasing netwdikutility

> a;-r(f) to a edge point, which means increasing a littl
fe€F1
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Fig. 5. In (a), Network 1 has 1 session: 45 38 —52. Network 2 has 1 Fig. 6. In (a), Network 1 has 2 sessions:35 53 — 47, 37 — 49 — 36.
session: 26—+ 0 — 20. In (b), Network 1 has 1 session: 50 30. Network Network 2 has 2 sessions: 1 16 — 22 — 18, 12— 15 — 25. In (b),
2 has 1 session: 24> 27 — 13 — 5. Network 1 has 2 sessions: 4% 51 — 55, 48— 34 — 56. Network 2 has 2

. . sessions: 8-+ 10 -+ 4,5 — 7 — 23.
enhanced compared with 1AV. All computations for the curve

0.4 0.6 0. 0.4 06 0 0.4 0.6 0.
netl throughput netl throughput netl throughput

o o ! Sessions Link Time Slot | DoF of SM | Max Allowable Rate

finished within reasonable amount of time. 35 53 7 1 0.25
To verify the networks’ cooperative behavior under CIM, we _ g 1

select the maximum total-throughput poiiit5, 2.875) on the Sessionl-1] 83 58 T 028

curve as an example. It can be derived by drawing a line with 58 — 41 % i 0.25

slope of—1 and find the tangential point with the curve. This 55 - 59 g i 0.25

point reflects the maximum overall benefit of both networks. Session1-2 —— T T 025
In Table. I, we list the stream allocation during all the slot (2) }1

for all the links. First, we can verify that all interference 289 2 Z 175

is cancelled. For example, in slot 7, link8 — 41,9 — A : 3

11,10 — 16,22 — 18 are active. The interference graph is | ®%°"! 1 3

58 = 11,58 = 18,10 = 18,22 = 16. Nodes9, 11 use 3 out o1 3 : 175

of their 4 total DoFs for SM, with the remaining 1 DoF used for (7) g

cancelling the CTI from nodg&8. Similarly, node22, 18,10, 16 10 16 T 7

all spare some DoFs for CIM. 3 d 1125
Second, from the node ordering we can see how cooperation| ¢ .qion2-2 2 3

is done. For exampl@ss 1, = 1, which means nodel applies 1o—22| 2 3 1125

receiver side IC to cancel the CTI from nodg& On the other 0 2

hand,fs 59 = 1, thus node59 in network1 should cancel its 2218 é 411 1.125

CTI to nodel8 in network 2. As the nodes in network has 7 2

only one antenna, nod&) will keep silent. Interestingly, we TABLE |
find that more of network 2's nodes tend to be ordered behind -'NK STREAM ALLOCAT'lroI-I'\F‘zl)NUZT-ICP'—L'J?LF’%-I;I\?I THE MAXIMUM TOTAL
network 1's, because the former has more DoF resources.

Various other points can be easily identified from th&ore benefit can be gained by CIM compared with 1AV as two
curve. For max-min fairness (MMF), the throughput pair i§etworks mutually interfere to a larger degree.
(0.75,2.375) — the top-right corner point. In this specific case, We then randomly generate 50 scenarios to show the better
MMF is realized by network 2 solely canceling its CTI to/fronPerformance of CIM compared with IAV in an average sense.
network 1. The proportional fairness point(is625, 2.5), if we Again we pick the maximum total-throughput point of two

define the ratio to bé : 4 (antenna numbers). networks, and compare the total throughput. Network 1 and
Network 2 are equipped with 2 and 4 antennas respectively
B. Impact of Different Interference Degrees to reflect heterogeneity. The results are shown in Tabldt II.

We further compare CIM’s performance with that of IAV’s,.Can. bg Seen that the maximum total through_put under CIM
significantly larger than the ones under IAV in some cases.

by changing the extent to which both networks interfere Wit?’sl .
each other. For example, we alter the nearest distance damztwerz1 other cases, the total throughput is the same for these two
the active éessions inpbc;th networks paradigms. Again, this is due to different interferencerdeg

among the sessions in different networks as their distance

InhFlg.tS, V;:e CE.?OSFe. twg sce:lgrlos cor;tta|fn|ng ?ne SESSION Mlies. Similar results can be obtained under other thrpugh
each network, while F71g. © contains resulls Irom o SC&I®Rrl, , ation criteria such as max-min or proportional fagse

with _muItipIe sessions in each networ_k. In Fig. 5 (@), the tWQnhich 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 tnéns
derived by CIM and IAV are exactly the same. In contrast, theowers and data rates. The former changes transmission and
two curves separate in Fig. 5 (b). The gap between two curiaterference 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.



Scenarios| CIM 1AV Scenarios| CIM 1AV 15 15
0 35 [ 2.75 25 | 4625 4605 - 5
1 4.25 4 26 45 4 g =
2 8 75 27 4 4 3 S
3 6 6 28 5 5 £ < |
7 7 7 29 1625 4 g g
5 3 2 30 4 4 < : c
6 10 10 31 7 6 % 02 04 06 O % 02 04 06 O
7 7.25 Z 32 5175 > netl throughput netl throughput
8 4625 | 4.625 33 525 | 5.25 (a) (b)
9 8 8 34 5 4 Fig. 8. In (a), Network 1 has 2 sessions:35 53 — 47, 37 — 49 — 36.
10 2 2 35 4.125 4 Network 2 has 2 sessions: 18 16 — 22 — 18, 12— 15 — 25. In (b),
11 525 | 5.25 36 2 2 Network 1 has 2 sessions: 4% 51 — 55, 48— 34 — 56. Network 2 has 2
g g%g 3'325 2; 3 i sessions: 8+ 10 —» 4,5 — 7 — 23.
E" 2 g 23 2-225 g multi-hop MIMO network, the exact capacity in the traditan
16 1605 | 4605 71 5 5 Shannon sense is an open problem.
g 2-275 g j‘é 2 2 The networking community, on the other hand, has explored
19 5 5 a7 105 2 MIMO IC and SM to optimize the performance of multi-hop
20 4 4 45 25 | 25 wireless networks [2], [3], [13], [28]. Degree-of-freed¢bBoF)
;; %755 g‘;’ 3? . 225 2 is a typical model for MIMO links due to its analytical trabtk
3 25 55 8 i y: ity. Some of them only considered either transmitter or iere
24 525 | 525 49 3 25 side cancellation [7], [13], [18] which is a conservative deb
TABLE II (sufficient but not necessary), while several works modetst
MAX. TOTAL THROUGHPUT COMPARISON BETWEENCIM AND |AV possibilities [3], [27] but tend to be opportunistic (nesay

— but not sufficient). To date, there is no DoF model that is
both sufficient and necessary. In fact, Shi et al. showed that
finding an optimal DoF model is still an open problem [24].
To ensure feasibility of IC, in this paper we adopt the DoF
model proposed by Liu et al. [17] based on node ordering.

02 o0& throod%hpu.tos 1 However, the above works only studied the standalone net-
@) ®) wprk setting, which concerns onIiyllternal-intlerflerence‘rom
Fig. 7. In (a) and (b), Network 1 has 2 sessions:3951 — 41, 55— 50 Within the same network. There is very limited work that
—s 59 — 42. Network 2 has 2 sessions: 28 0 — 27, 10— 16 — 18. For apply MIMO IC techniques to mitigatexternal interference
(8), the transmission ranges are (20,40), the interfereacges are (30,60). for multi-hop wireless networks. For spectrum sharing ia th
For (b), the transmission ranges are (33,40) the rangeseréa) unlicensed bands, (e.g., WiFi, ZigBee and Bluetooth etc.),
In Fig. 7 (a), we set the transmission ranges for network@st research has mostly adopted the interference-aw@dan
1 and 2 to be20 and 40, and the interference ranges to b@pproach to mitigate external CTI or enhance network coex-
30 and60, respectively. In Fig. 7 (b), we increase netwadrk istence [14], [16], [19], [33], which separates transnuasiin
transmission range 3, interference range t80. One can see space, time or frequency. In the 802.11-based WLAN liteegtu
that both the throughput region and the gap between CIM anmst works only attempt to efficiently share the bandwidth of
IAV enlarges in Fig. 7 (b). There are two insights: (1) largea wireless channel through channel allocation [5] or chhnne
transmission range decreases hop count thus increases opending [25]. Recently, Blough [8] applied MIMO IC to
own throughput; (2) Both networks have larger incentives ®@eal with inter-cell interference in densely deployed WLAN
cooperate when the interference is more symmetric basedbewever, their study focused on simple one-hop networks.
their higher simultaneous gains compared with 1AV. Similarly, in the femtocell literature, cooperative presing
For different data rates, suppose = 4w, (such as 1Mbps [32] and interference alignment [12], [20] has been adofted
in WiFi and 250kbps in ZigBee) instead af, = w;. The mitigation inter-cell interference (also unplanned dgpients).
results are shown in Fig. 8. Compared with Fig. 6, esseptiaf\gain, those are limited to one-hop networks. Moreover, all

the throughput curve scales by a factor of 4 in the y-axis. the above works only apply to homogeneous networks with
the same protocol standards. In contrast, this paper stdidée

external CTI mitigation for heterogeneous multi-hop netsgo
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VIl. RELATED WORKS ) - _
Recently, in cognitive radio networks, Yuan et al. proposed

In the information theoretic community, prior works mainlyto realize the “transparent coexistence” or “underlay’gagm
focused on characterizing the MIMO channel capacity fdretween multi-hop secondary and primary networks using
Gaussian interference channels, either using the Shampacc MIMO IC [31]. However, this paradigm is suitable for a
ity [9] or degree-of-freedom based approach [4], [15]. Heere planned deployment but not for unplanned ones (e.g., n&svor
results are mostly limited to very simple settings such as the unlicensed bands), where there is no predefined tyriori
node/link pairs osingle-hopcommunications. Even for a singlenor central control and each network has its own interest.



Hence, simple extension of the optimization framework it][3 [10]
is not applicable to the unplanned setting.
VIIl. CONCLUSIONS ANDFUTURE WORK 1]

This paper offered a thorough study of the cooperative €rogs,
technology interference mitigation (CIM) paradigm for éret-
geneous multi-hop networks in unplanned settings. The maiA]
technical challenges are due to the lack of a predefined net-
work priority in unplanned deployments, and various forrfis ¢, ,
network heterogeneity. We first show that general technolog
independent interference cancellation is feasible foerogfe-
neous multi-hop networks with different protocol standahd
then establish a tractable theoretical framework to cherae
the performance bounds of CIM via deriving the Parato-oatim([16]
throughput curve. Through extensive simulation results we
show that the CIM paradigm can offer significant performanggy
gains in throughput and spectrum efficiency to both networks
compared with the traditional interference-avoidanceggm.

o . . . 8]
The models and results in this paper will guide practical CIIH
protocol design, and pave the way to ultimately change the
coexistence paradigm for unplanned heterogeneous netwd#Rl
in unlicensed bands and TV white spaces.

In the future, we plan to extend our model to capture moygy
factors of system heterogeneity, such as different barttiwid
We will also investigate the incentives for cooperation idis
tributed setting assuming selfish networks, and fully thated
CIM protocols that approach the theoretical performanoési
without explicit communication between networks.

[15]

[21]

[22]
ACKNOWLEDGMENTS

The authors would like to thank Dejun Yang, Huacheng Zer!
and Qiben Yan for helpful discussions.
REFERENCES [24]
[1] J. Bernhard, J. Reed, and J. M. Park. Final report of thimmal science
foundation workshop on. enhancing access to the radio rspedears).
http://www.nsf.gov/funding/ pgrsumm.jsp?pims$d=50348Q 2010.
R. Bhatia and L. Li. Throughput optimization of wirelesgesh networks
with mimo links. InIEEE INFOCOM 2007 pages 2326-2330, 2007.
D. Blough, G. Resta, P. Santi, R. Srinivasan, and L. GeRena. Optimal
one-shot scheduling for mimo networks. IBEE SECON pages 404—
412, 2011.
V. Cadambe and S. Jafar. Interference alignment andedegof freedom
of the k -user interference channéhformation Theory, IEEE Transac-
tions on 54(8):3425-3441, 2008.
S. Chieochan, E. Hossain, and J. Diamond. Channel asgighschemes
for infrastructure-based 802.11 wlans: A surv€gmmunications Surveys
Tutorials, IEEE 12(1):124-136, 2010.
K. Chowdhury and I. Akyildiz. Interferer classificatipochannel selection [29]
and transmission adaptation for wireless sensor netwdrk€ommuni-
cations, 2009. ICC '09. IEEE International Conference, gages 1 -5,
june 2009.
S. Chu and X. Wang. Adaptive and distributed schedulimdhéteroge-
neous mimo-based ad hoc networks |BEE MASS '09pages 217-226, [31]
2009.
L. M. Cortes-Pena and D. M. Blough. Distributed mimo iféegence
cancellation for interfering wireless networks: Protoeod initial simu-
lation. http://www.cercs.gatech.edu/tech-reports/tr2013kgitcs-13-02.
pdf, Feb. 2013.
R. Etkin, D. Tse, and H. Wang. Gaussian interference ohhoapacity to
within one bit. Information Theory, IEEE Transactions 064(12):5534— [33]
5562, 2008.

[25]

[2]
(3]

[26]

[27]
(4]
(28]
(5]

(6]

(30]
[7]

(8]
(32

9]

] J. Huang, G. Xing, G. Zhou, and R. Zhou.

G. Fang, E. Dutkiewicz, K. Yu, R. Vesilo, and Y. Yu. Dituted inter-
network interference coordination for wireless body areawvorks. In
IEEE GLOBECOM 2010pages 1 -5, dec. 2010.

S. Gollakota, F. Adib, D. Katabi, and S. Seshan. Clearthe rf
smog: making 802.11n robust to cross-technology intenfeze INACM
SIGCOMM 2011 pages 170-181, New York, NY, USA, 2011. ACM.
B. Guler and A. Yener. Interference alignment for casgpige mimo
femtocell networks. INEEE GLOBECOM 2011pages 1-5, 2011.

B. Hamdaoui and K. G. Shin. Characterization and amalg$ multi-
hop wireless mimo network throughput. BWCM MobiHoc '07 pages
120-129, New York, NY, USA, 2007. ACM.

Beyond co-eriste
Exploiting wifi white space for zigbee performance assueario IEEE
ICNP 10, pages 305-314, 2010.

S. Jafar and M. Fakhereddin. Degrees of freedom for tmeaninterfer-
ence channel.Information Theory, IEEE Transactions 063(7):2637—
2642, 2007.

C. Liang, N. Priyantha, J. Liu, and A. Terzis. Surviving-i interference
in low power zigbee networks. IRroceedings of the 8th ACM Conference
on Embedded Networked Sensor Systgrages 309-322. ACM, 2010.
J. Liu, Y. Shi, and Y. Hou. A tractable and accurate criag®r model
for multi-hop mimo networks. IHNFOCOM, 2010 Proceedings IEEE
pages 1-9, 2010.

B. Mumey, J. Tang, and T. Hahn. Algorithmic aspects ahowunications
in multihop wireless networks with mimo links. lEEE ICC, pages 1-6,
2010.

R. Shah and L. Nachman. Interference detection andyatitin in ieee
802.15. 4 networks. IHEEE IPSN'08 pages 553-554. IEEE Computer
Society, 2008.

S. Sharma, S. Chatzinotas, and B. Ottersten. Interferalignment for
spectral coexistence of heterogeneous netwoilk§RASIP Journal on
Wireless Communications and Networkir2913(1):1-14, 2013.

S. Sharma, Y. Shi, Y. Hou, H. Sherali, and S. Kompella. og#rative
communications in multi-hop wireless networks: Joint flaputing and
relay node assignment. INFOCOM, 2010 Proceedings IEEPpages
1-9, 2010.

H. D. Sherali and W. P. Adam# Reformulation-Linearization Technique
for Solving Discrete and Continuous Nonconvex Problen8pringer,
2010.

Y. Shi, J. Liu, C. Jiang, C. Gao, and Y. Hou. An optimaklitayer model
for multi-hop mimo networks. IHNFOCOM, 2011 Proceedings IEEE
pages 1916-1924, 2011.

Y. Shi, H. Zeng, C. Jiang, and Y. T. Hou. An open problem in
dof-based models for multi-hop mimo networks. IBEE WIRELESS
COMMUNICATIONS LETTERS013.

V. Shrivastava, S. Rayanchu, J. Yoonj, and S. Baner§82.11n under
the microscope. IMCM IMC'08, pages 105-110, New York, NY, USA,
2008. ACM.

Q. Spencer, A. Swindlehurst, and M. Haardt. Zero-fogcimethods
for downlink spatial multiplexing in multiuser mimo charse Signal
Processing, IEEE Transactions 082(2):461-471, 2004.

R. Srinivasan, D. Blough, and P. Santi. Optimal onetshtseam
scheduling for mimo links in a single collision domain. IBEE SECON
‘09, pages 1-9, 2009.

K. Sundaresan, R. Sivakumar, M.-A. Ingram, and T.-Ya@ih Medium
access control in ad hoc networks with mimo links: optim@atcon-
siderations and algorithmsMobile Computing, IEEE Transactions ,on
3(4):350-365, 2004.

S. Toumpis and A. Goldsmith. Capacity regions for wess ad hoc
networks. Wireless Communications, IEEE Transactions 8(4):736—
748, 2003.

D. Tse and P. Viswanath.Fundamentals of wireless communication
Cambridge University Press, New York, NY, USA, 2005.

X. Yuan, C. Jiang, Y. Shi, Y. Hou, W. Lou, and S. KompelBeyond in-
terference avoidance: On transparent coexistence foi-huptsecondary
cr networks. InProc. IEEE SECONpages 1-9, 2013.

H. Zhang and H. Dai. Cochannel interference mitigatéom cooperative
processing in downlink multicell multiuser mimo networkEURASIP
Journal on Wireless Communications and Networkifg04(2):202654,
2004.

X. Zhang and K. Shin. Enabling coexistence of heteregeis wireless
systems: Case for zigbee and wifi. Broc. of ACM MobiHo¢ 2011.



[34] X. Zhang and K. G. Shin. Gap sense: Lightweight cooriitima of
heterogeneous wireless devices.INFOCOM, 2013 Proceedings |IEEE
2013.



