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Abstract— This paper studies the coexistence of heterogeneous
multi-hop networks, which use different physical-layer technolo-
gies. We propose a new paradigm, called cooperative interfer-
ence mitigation (CIM), which exploits recent advancement in
interference cancellation (IC), such as technology-independent
multiple output. CIM makes it possible for disparate networks
to cooperatively mitigate the interference to/from each other to
enhance everyone’s performance. We first show the feasibility
of CIM among heterogeneous multi-hop networks by exploiting
only channel-ratio information. Then, we establish two tractable
models to characterize the CIM behaviors of both networks by
using full IC and receiver-side IC only. We propose two bi-criteria
optimization problems aiming at maximizing both networks’
throughput, while cooperatively canceling the interference
between them based on our two models. Several simulations are
carried out to compare the Pareto-optimal throughput curves
by using our CIM paradigms and traditional interference-
avoidance (IAV) paradigm. By comparing the results from CIM
and IAV, we show that CIM could remarkably improve the
coexisting networks’ throughput in different network settings.

Index Terms— Multi-hop wireless networks, throughput opti-
mization, wireless MIMO.

I. INTRODUCTION
ITH the ever-growing number of wireless systems,
the problem of spectrum scarcity is becoming more
important than ever. To utilize the spectrum resources more
thoroughly, we need highly efficient spectrum-sharing tech-
nologies in wireless networks [1], in which the networks are
heterogenous in hardware capabilities, wireless technologies,
or protocol standards, and overlap with each other in the same
frequency and space domains. The overlapping of disparate
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networks in the same spectrum band inevitably leads to cross-
technology interference (CTI). Some examples of existing
and future radio devices/networks that create CTI include:
IEEE 802.11 (WiFi), 802.15.4 (ZigBee), 802.16 (WiMax),
and Bluetooth in the ISM bands, IEEE 802.22 (WRAN) and
IEEE 802.11af (WLAN) in the TV white space, etc. The CTI
can be detrimental to the performance of co-locating networks
if it is not properly mitigated [5], [14], [18], [21]. However, the
CT1I is harder to handle than same-technology interference due
to the differences in physical-layer technology, thus making
the communication and coordination among cross-technology
devices infeasible. Therefore, it is practically infeasible to
use central administration or planning for the coexistence of
such networks (unless we use some multi-protocol devices as
controller and coordinator, which inevitably exacerbates both
hardware and communication overhead). To enable spectrum
sharing, current approaches mostly follow the Interference
Avoidance (IAV) paradigm, where different transmissions are
separated in frequency, time, or space domains to avoid
collisions, rather than to reduce or eliminate interference.

Recently, interference cancellation (IC) has emerged as
a powerful physical-layer approach to mitigate interfer-
ence [32]. IC is enabled by the use of smart antennas (MIMO),
which uses signal processing techniques to minimize or com-
pletely cancel the interference from other links. MIMO is
gaining popularity in commercial and future systems such
as 802.11n, 802.16, and 802.11af. By using IC, we can
successfully transmit multiple streams concurrently, as long
as the interferences generated are properly canceled at all
receivers. Interference alignment (IAL) [3], [12] is a recent
advance of IC, which aligns different interferences along the
same directions, thus allowing the receiver to cancel all inter-
ferences with fewer degree-of-freedom (DoF), By using AL,
the receiver could spend more DoFs on its own transmission,
instead of spending on IC. Recent advances in Technology-
Independent Multiple-Output (TIMO) [11] even enables the
cancellation of the CTI to/from a interferer with a completely
different wireless technology. Intuitively, it is possible for
two or more multi-hop heterogeneous networks to coopera-
tively cancel/mitigate the interference to/from each other as
long as they (or as long as one of them) are equipped with
MIMO, such that everyone’s performance can be enhanced
simultaneously. We call this the cooperative cross-technology
interference mitigation (CIM) paradigm.
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Previous works have mostly focused on exploiting
MIMO IC to enhance throughput within standalone and homo-
geneous wireless networks [2], [7], [13], [30]. However, to
date, its potential for interference mitigation across two or
more heterogenous multi-hop networks has not been well
understood. There is a lack of study on both the feasibil-
ity and theoretical performance limits of CIM. Recently IC
has been adopted to fulfill the “transparent coexistence” or
underlay paradigm in cognitive radio networks [33], in that the
secondary networks should cancel their interferences to/from
the primary networks to satisfy FCC policy. However, in this
paradigm the responsibility for IC is always assigned to the
secondary network, which is only half of the story. This is
suitable for a planned deployment but not for unplanned
ones (e.g., networks in the unlicensed bands), where there
is no predefined priority among networks, and each network
has a competing interest which cannot be solved by single-
objective optimization. The work in [34] analyzes the through-
put under IAL, and compares it with the one using only
traditional IC. However, it also only studied the throughput
optimization within a single network without any competing
interests. Moreover, interference cancellation among multi-hop
networks with heterogeneous wireless technologies has not
been systematically studied yet.

Our goal in this paper is to explore the theoretical per-
formance limit for coexisting heterogeneous multi-hop net-
works by using CIM paradigm, and compare it with the one
by using traditional Interference Avoidance (IAV) paradigm.
We consider an unplanned deployment setting, where each
network aims at maximizing its own throughput while adopt-
ing the CIM paradigm to cooperatively cancel its interference
to/from the other. To characterize the performance bounds,
the Pareto-optimal throughput curve should be found, which
is the set of all the points such that both networks can-
not simultaneously increase their throughput. The meaning
of this Pareto-optimal throughput curve is two-fold: (1) It
provides to network designers the quantitative performance-
enhancement analysis by using CIM paradigm under arbitrary
network settings, such as routing, protocols, and device DoFs.
(2) It can guide practical coexisting distributed-algorithm’s
design, as our Pareto-optimal curve could be used as the
theoretical performance bound.

The difficulty of realizing CIM comes from both theoret-
ical and practical aspects. Theoretically, the Pareto-optimal
throughput curve is equivalent to the outer-bound of capacity
region of the two networks. However, so far even the capacity
region of single multi-hop MIMO network remains as an
open problem due to the intractability of previous models.
Practically, the main challenge is caused by system hetero-
geneity, as the devices with different physical layers cannot
communicate with each other. In this case, the full channel
state information (CSI) between disparate devices cannot be
obtained as the packets cannot be decoded. The existing TIMO
approach [11] is based on measuring channel ratio, which
works for simple single-hop settings but the feasibility of IC
under arbitrary multi-hop setting is unknown.

In this paper, we first explore the feasibility of CIM among
heterogeneous multi-hop networks by exploiting only partial
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CSI (or channel ratio information, CRI). Specifically, we show
that compared with full CSI, such CRI does not affect the
satisfiability of DoF constraints (or computability of trans-
mit/receive vectors) in each network. We discuss practical
methods to measure CRI and achieve cooperative technology-
independent interference cancellation (TIIC). Then we propose
two tractable models for CIM that accurately capture both
networks’ bilateral cooperative IC decisions, link scheduling,
and various forms of system heterogeneity, based on recent
advances in MIMO link-layer modeling. One of our models
captures full IC (CIM-FIC) which considers both transmitter-
side and receiver-side IC, while the other model only captures
traditional receiver-side cancellation (CIM-RIC). Furthermore,
for our CIM-FIC model, we theoretically analyze its abil-
ity to support interference alignment and use an example
to prove it. Based on our CIM models, we formulate two
bi-criteria optimization problems, in which both coexisting
networks maximize their own respective throughput. As both
of our problems are mixed integer linear programming (MILP)
problems, we rely on the Reformulation-Linearization Tech-
nique (RLT) to reformulate them. In order to find the Pareto-
optimal curve efficiently, we exploit the inherent stair-shape
property determined by our model, thus avoiding to solve
a large number of MILP problems, which is extremely time-
consuming in practice. The derived curve under our model
could be regarded as a lower bound to the outer bound of the
capacity region of two multi-hop heterogeneous networks in
the DoF sense.

The rest of this paper is organized as follows. Section II dis-
cusses related works. In Section III, we give necessary back-
ground on MIMO and the motivation. Section IV describes our
technology-independent interference cancellation (TIIC) and
its feasibility in multi-hop networks. In Section V, we present
the modelings of the CIM paradigms and the formulations
of our two bi-criteria optimization problems. In Section VI,
we introduce our approach to efficiently derive the optimal-
throughput curve by exploiting its stair-shape property.
Section VII presents the evaluation results, and Section VIII
concludes the paper.

II. RELATED WORK

In the information theoretic community, previous work
mostly focused on characterizing the MIMO channel capacity
for Gaussian interference channels, either using the Shannon
capacity [9] or DoF based approach [3], [17]. However, results
are mostly limited to very simple settings such as node/link
pairs or single-hop communications. Even for a single multi-
hop MIMO network, the exact capacity in the traditional
Shannon sense is an open problem.

On the other hand, the networking community has explored
MIMO IC and SM to optimize the performance of multi-
hop wireless networks [2], [7], [13], [30]. Degree-of-freedom
is a typical model for MIMO links due to its analytical
tractability. Some of them only considered either transmitter-
side or receiver-side cancellation [6], [13], [19] which is
a conservative model (sufficient but not necessary), while
several works modeled both possibilities [7], [29] but tend to
be opportunistic (necessary but not sufficient). To date, there
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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 [26]. To ensure feasibility of IC, in this paper we
adopt the DoF model proposed in [25] based on node ordering.

However, the above work only studied the standalone
network setting, which concerns only internal-interference
from within the same network. There is very limited
work that applies MIMO IC techniques to mitigate exter-
nal interference for multi-hop wireless networks. For spec-
trum sharing in the unlicensed bands, (e.g., WiFi, ZigBee
and Bluetooth etc.), past research has mostly adopted the
interference-avoidance approach to mitigate external CTI or
enhance network coexistence [14], [16], [18], [21], [36],
which separates transmissions in space, time or frequency.
In the 802.11-based WLAN literature, most works only
attempt to efficiently share the bandwidth of a wireless
channel through channel allocation [4] or channel bond-
ing [27]. Recently, Cortés-Pefia and Blough [8] applied
MIMO IC to deal with inter-cell interference in densely
deployed WLANs. However, their study focused on simple
one-hop networks. Similarly, in the femtocell literature, coop-
erative processing [35] and interference alignment [20], [22]
has been adopted to mitigation inter-cell interference (also
unplanned deployments). Again, those are limited to one-
hop networks. Moreover, all the above works only apply
to homogeneous networks with the same protocol standards.
In contrast, this paper studies the external CTI mitigation for
heterogeneous multi-hop networks.

Recently, in cognitive radio networks (CRN), Yuan et al.
proposed the “transparent-coexistence underlay” paradigm
between multi-hop secondary and primary networks using
MIMO IC [33]. However, this paradigm is suitable for
a planned deployment but not for unplanned ones (e.g., net-
works in the unlicensed bands), where there is no prede-
fined priority nor central control and each network has its
own interest. Hence, simple extension of the optimization
framework in [33] is not applicable to the unplanned setting.
Zeng et al. in [34] studies the networks’ throughput by using
interference alignment. In this work the authors designed
a tractable model which captures the IAL in single multi-
hop networks. However, they also didn’t study the coexisting
of two multi-hop networks. Besides, instead of their non-
ordering model, we adopt a ordering one, which makes the
calculation of transmit/receive vector feasible in practical
multi-hop networks.

III. BACKGROUND AND MOTIVATION
A. MIMO Background

There are two key techniques enabled by MIMO com-
munication: spatial multiplexing (SM) and interference can-
cellation (IC). The DoF [32] at a node represent the available
number of interference-free signaling dimensions. SM refers
to transmitting multiple streams simultaneously on a single
MIMO link using multiple DoFs, which is upper limited by
min(A;, A;) where A; and A, are the antenna numbers at
the transmitter and receiver sides, respectively. IC refers to
a node’s capability to cancel unintended interference using
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Fig. 1. Cooperative MIMO interference mitigation can increase the through-
put of both links.

some of its DoFs, which can be done either by a transmitter
or receiver. Assume transmitter ¢’s link carries s; streams and
another receiver r’s link carries s, streams. For transmitter-
side IC, the number of DoF required at ¢ is equal to s,
(i.e., t can cancel its interference at r iff. A; — s, > s,). For
receiver-side IC, the number of DoFs required at a receiver is
equal to s; (i.e., r can cancel ¢’s signal iff. A, —s, > s7). As an
advance of IC, the TAL is built upon receiver-side IC, which
aligns the interferences from different transmitters along the
same directions in the receiver’s nulling space. As a result, the
receiver could deal with multiple aligned interfering streams as
if dealing with fewer streams. To achieve SM and IC, antenna
weights are assigned to transmitters and receivers such that
the signals received will be combined in the desired way.

IC depends on full channel state information (CSI) at
each node which is usually estimated via training symbols
in an OFDM packet. However, with the CTI from a different
wireless technology, the full CSI may not be obtained (or very
costly to obtain) due to the generally unknown signal structure.
If the other wireless network also uses OFDM at the PHY-layer
and its preamble is known, then we can assume full CSI is
available. But in reality this requires prior knowledge of the
protocol standard of various coexisting networks, which incurs
significant overhead and cannot handle new systems. Fortu-
nately, Gollakota et al. [11] proposed Technology-Independent
Multiple-Output (TIMO), which enables an 802.11 MIMO
link to completely cancel the high power and wide-bandwidth
interference to/from a non-802.11 device (e.g., a ZigBee
sensor and microwave oven), by only measuring the chan-
nel ratio information. TIMO is agnostic to the interferer’s
technology, making it possible to enhance coexistence among
heterogeneous networks.

B. Motivation

The advancement of both MIMO and TIMO makes it
possible for two or more coexisting networks to cooperatively
enhance everyone’s throughput. Fig. 1 illustrates this idea
using a simple two-interfering-link setting. Link 1 is equipped
with two antennas at both transmitter and receiver sides, while
link 2 only has one antenna. Assume we divide time into
multiple slots, and define each link’s throughput to be the
average number of streams transmitted (or DoF for SM) over
all time slots. Fig. 1 (b) shows their optimal throughput curve,
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which is derived from the convex hull of all the possible
base-rate combinations: (2,0), (1,1), (1,0), (0, 1), (0,0).
Suppose we want to achieve proportional fairness, and let the
throughput ratio of two links to be the same as that of their
maximum throughput without interference (i.e., 2:1, equaling
to the ratio of their antenna numbers). Under the interference
avoidance paradigm, the Pareto-optimal fair throughput pair is
(1, 0.5). In contrast, under CIM (link 1 uses both transmitter-
and receiver-side I1C), the new pair is (%, %), which is achieved
by sending (1, 1), (1, 1), (2,0) streams during three consec-
utive slots for each link. Note that this also requires link 2
to cooperate by not transmitting during the third slot. This
example clearly shows the potential by using CIM.

To enable such cooperation among heterogeneous multi-
hop networks, information including active sessions and the
interference graph in each network needs to be shared with
others. This can be difficult in unplanned deployments, as
there lacks a common communication channel (CCC) between
networks with different protocol standards. However, it is
possible to obtain such information without a CCC. For exam-
ple, Zhang and Shin [37] proposed GapSense, a lightweight
protocol to coordinate among heterogeneous wireless devices
based on energy sensing. It can be regarded as a side channel
using implicit communication. In reality, we can assume each
network has a central controller or base station, and these
controllers can exchange necessary information for CIM using
implicit communications. The performance bounds for each
network form a Pareto-optimal curve. In reality, to choose
from one feasible point on the curve, two networks can make
agreements based on certain criteria like fairness (max-min or
proportional) or max total rate. This can be achieved because
we assume that the networks are cooperative. In the case that
both networks are selfish and may deviate from cooperation,
a game-theoretic approach is needed which will be left for our
future work.

C. Key Challenges

It involves a unique set of challenges to realize CIM in
a multi-hop network setting. (1) How to cancel the interference
from/to nodes in another multi-hop network running different
wireless technology without having the full CSI? So far
TIMO has only been applied to the single-link and non-
cooperative setting, but its feasibility in multi-hop networks
is unexplored. In a multi-hop network, there can be multiple
simultaneous active links in each network generating interfer-
ence to a link of the other network. Then how to design the
transmit/receive vectors to satisfy all nodes’ DoF constraints?
(2) To theoretically model and quantify the performance limit
of CIM among heterogeneous MIMO networks, the intrinsic
complexity involves both networks’ cooperative link schedul-
ing, MIMO DoF allocation for spatial multiplexing (SM),
IC for both intra- and inter-network. The model must capture
network heterogeneity: different PHY technologies, number of
antennas, transmit power, data rates, etc. (3) Networks have
competing interests such that each wants to maximize its own
throughput. One may think of extending the capacity-region
concept to derive the Pareto-optimal throughput curve of
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the “combined network”. Previously, Toumpis and Goldsmith
studied the capacity region of SISO multi-hop wireless net-
works [31], which showed the region can be derived from the
convex hull of a set of base-rate points via arbitrary time-
sharing. However it remains open for MIMO ad hoc networks
due to the intractability of SNR model. Even if we adopt a
DoF model, the deriving of base-rate pairs is still non-trivial
as we need to enumerate not only the link scheduling but also
DoF allocation on each link. To the best of our knowledge,
this problem also remains open to date.

IV. FEASIBILITY OF COOPERATIVE TIIC AMONG
MULTI-HOP NETWORKS

In this section, we study the feasibility of realizing cooper-
ative TIIC across heterogeneous multi-hop networks, which is
the essence in our CIM paradigms. Specifically, considering
the basic scenario of two coexisting networks, is it possible
to schedule the links’ transmissions in both networks such
that all the interference from/to each other can be canceled
(subject to the DoF constraints at each node)? In the case of
a single MIMO network, it has been shown feasible [2], [7],
[13], [25], [30], [33] that links can cancel all the interference
in the same network by allocating their transmission DoFs for
SM and IC. However, the previous results are derived under
the assumption of full CSI. To deal with cross-technology
interference, only partial CSI can be obtained (such as channel
ratio in TIMO [11]). Thus the natural question is, is it possible
to make MIMO and TIMO work together in heterogeneous
multi-hop networks (use the former for intra-network IC and
the latter for inter-network 1C)?

A. TIIC Based on Channel Ratio Information (CRI)

We first give a theoretical treatment of TIIC based on
CRI. We adopt the matrix representation of MIMO IC based on
the Zero-Forcing beamforming (ZFBF) [28], which is used by
previous works [25]. W.l.o.g., consider the cross-technology
interference from the transmitter 7'x (/) of a link / to receiver
Rx(k), where node i has A; antennas. For each active link /,
denote z; as the number of data streams and s;; the signal
of stream i (I < i < z). Denote Hyy) the Aryg) x
ARx(k) channel gain matrix between nodes Tx (/) and Rx (k)
which is full-rank (assuming a rich scattering environment).
Let transmitter Tx(/)’s transmitting-weight vectors be wy;,
1 < i < z, and receiver Rx(k)’s receiving-weight vectors
be vij, 1 < j =< z. The interference to data stream j on
link £ is:

2l T 2l
(Zulisli) H v = D (i) Hypyvig) - sii.
i=1 i=1
To cancel this interference, the following constraints should
be satisfied:
W) Hypvi; =0, (I1<i<z,1<j<z). (1)

However, the complete matrix Hg gy is unknown due to
different technology. In the special case where link / has only
one antenna, we have z; = 1 and w;; equals to a constant
while H k) is an Agx) dimensional vector h( r). Then we
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Arx .

get X080 h i (d) - v (d) = 0. Since hgx (1) # 0 whp.,

if we divide A 1) (1) on both left and right sides, we obtain
ARx (k)

g - vij = ok (D+D Bra(doj(d) =0, (1< j <z,

d=2
2
where the “channel ratio” between link [’s transmitter and

link &’s receiver is defined as: fx(d) = 252503 2 <d<

ARx(x)- Note that, Eq. (2) is equivalent to Eq. (1) thus it
does not change the rank of the coefficient matrix of wvy;.
This means, the DoF consumed by all constraints in Eq. (2)
is unchanged. It has been shown in TIMO that we are able
to solve Eq. (2), i.e. to find vg; such that the interference
from node / is canceled, as long as we can get fx(d),
which can be easily realized by broadcasting the vector uy;
in probing packet before data transmission. The deriving
of channel ratio information S i(d) in multi-hop networks
will be introduced later. Note that, under channel-reciprocity
model, similar results can be derived for transmitter-side IC.

When the CTI links have multiple antennas, we need to
define “extended channel ratio” f’. Observe that in Eq. (1),
(ul,-)TH(ljk) = h/(l,k) which is an Agxg) dimensional vec-

tor, where /. (d) = SO0 (57 - hax(j',d), where

j=1
h/(l’k)(l) # 0 with high probability. Then,
Ry 1o (d)
Lk
Blald) = 1P (2 < d < Arag). 3)

By replacing h( ) with h/(l,k) and fx(d) with f;,(d) in
Eq. (2), we can use the same methodology as that in TIMO
to derive vy, in the multi-antenna CTI case.

Hereafter, we use channel ratio information (CRI) to refer
to the union of channel ratio and extended channel ratio.

B. DoF Criterion

Next we analyze the DoF consumption in our multi-hop
networks. First, we consider the coexisting of two single-
link networks. Assume link 1 and link 2 are transmitting s
and s> streams respectively. W.l.o.g, we assume link Rx(1)
tries to cancel the interference from link 7x(2). Because in a
CRI-based TIIC scheme, every IC-constraint equation is equiv-
alent to the original one by a constant factor (e.g. (1) and (2)),
the number of consumed DoF of a node due to a set of linear
constraints is unchanged compared with the one with full
CSI. Therefore the consumed DoF will be s, at Rx(1), as each
interfering stream generates one equation, thus consume one
DoF. Then, we assume link 2 tries to cancel its interference
towards Rx(1). In this case, the DoF consumed will be s;
at Tx(2).

Now we explore the feasibility of TIIC in general for two
multi-hop networks. Assume there is a global “node ordering”
7 among the nodes in the “combined network”; denote 77 ()
and 7Ry (x) as the positions of nodes Tx(/) and Rx (k) in the
node-ordering list, respectively. Based on [26, Lemma 5], we
have the following lemma:

Lemma 1: Consider the cross-technology interference from
Tx(l)’s z; streams to Rx(k)’s zy streams. Based on only CRI,

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 15, NO. 8, AUGUST 2016

from the IC constraints in Eq. (1), we have (i) if myq) >
TRx(k), then the number of DoFs consumed by IC are zj and
0 at Tx(l) and Rx(k), respectively. If Aryqy = 1 and z; > 1,
then z; = 0 at Tx(l). (i) If T1uq) < TRx(k), then the number
of DoFs consumed by IC are 0 and z; at Tx(l) and Rx(k),
respectively.

The proof is straightforward. Such a node ordering is both
sufficient and necessary to ensure the feasibility of trans-
mit/receive vector allocation on each link, thus showing that
the CRI-based TIIC can be used in multi-hop networks along
with standard IC with full CSI.

C. Measuring the Channel Ratio Information
in Multi-Hop Networks

In order to obtain the CRI, TIMO can be used to mea-
sure the channel ratio for single-antenna interference sources.
Its current implementation is limited to single concurrent
and co-channel interferer. Extending to multiple interferers is
possible but the IC algorithm will be more complex. Therefore,
we propose an alternative, cooperative approach to suit the
CIM paradigm.

Our idea is to ensure only one of the interferer’s signal is
present at a time such that the channel ratios can be measured
directly. We assume time is slotted (e.g., TDMA is used),
which is necessary for optimized transmission scheduling.
Each interferer sends a short probing packet (PP) at different
times sequentially. Suppose there are M active nodes in total
within one slot according to link scheduling, each of them can
broadcast a PP within a non-overlapping mini-slot (M in total).
Upon each probing, the channel ratios on each interfered node
are obtained by taking the ratio of the received symbols on
each antenna. After all the probings, the signal-of-interest and
interference signals may transmit concurrently.

The extended channel ratio can be obtained in a similar way
as the channel ratio. An active node on link / sends a weighted
probing signal u/; - s, during each mini-slot i(1 < i < z)
where s, is the probe packet, and z; is the intended number of
streams to transmit on /. The received signal vector on all the
antennas of Rx(k) is (uli)TH(l,k)sp = h/(l,k)sp' Then, dividing
the signal on the dth antenna by that of the Ist antenna
yields ], (d).

The above describes the use of receiver-side IC, which
means the CTI transmitter Tx(/) determines its transmit vec-
tors uy; first, and the receiver Rx (k) decides its receive vectors
vy, afterwards. The same approach can be easily extended to
transmitter-side IC (Tx(k) cancels its CTI to Rx(/)), for which
the receiver Rx (/) transmits a probing signal, and then Tx (k)
can estimate the CRI based on channel reciprocity [11].

The probing order is determined by the node order z. This
is because that the order 7 must be followed when determining
vector u, v [25], and the probing behavior logically plays
a ‘vector-notifying’ role in practice.

D. Feasibility of IAL

After elaborating the importance of node-ordering in our
CIM paradigm. Next, we show that node-ordering is an
effective mechanism to achieve IAL in practice.
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Fig. 2. Example of interference alignment by using our CIM paradigm. Dash
lines denote the interference. Each node has two antennas. Node 1, 3, 5, 7
could transmit 1 stream respectively. The streams transmitted by node 1, 5, 7
are aligned along the same direction.
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Fig. 3. Example of interference alignment by using our CIM paradigm.
Dash lines denote the interference. Each node has two antennas except node 4
which has 3 antennas. Node 1, 3, 5, 7 could transmit 1 stream respectively.
The streams transmitted by node 1, 5, 7 are casted into the nulling space of
node 4.

In Fig. 2, assume each node’s order is the same as its index
number, i.e. node i’s order is also i. At an arbitrary time point,
assuming node 1 transmits one stream to node 2. By using our
CIM, it will broadcast a probing packet using its transmitting
vector u to all other nodes. Note that as node 1 has highest
priority in the global order =, its vector uj could be arbitrarily
chosen. Based on the channel ratio information f measured
on all its antennas, node 4 will compute its receiving vector v4
satisfying u{H1,4V4 = 0, then broadcast a probing packet
using the receiving vector v4. Next the nodes 5, 7 will use the
same methodology to derive us,7, such that uST/7H5 /7,44 = 0.
In this way, we can see that node 5 and 7 align their interfering
streams us, uy along the direction of uj.

The example in Fig. 2 is a special case where IAL is
achieved by using our ordering mechanism. However, we don’t
claim that our ordering mechanism could achieve IAL in all
cases. E.g., in Fig. 3, assuming all settings are the same as in
Fig. 2, except that node 4 has three antennas. In this case, all
interfering streams from node 1, 5, 7 are casted into node 4’s
nulling space, which is a two-dimensional plane. In general,
we have the following theorem:

Theorem 1: Under any feasible ordering r, the interference
alignment is supported by our CIM-FIC model, i.e., given
a node ordering w, any feasible DoF allocation using IAL
could be equivalently derived using CIM-FIC.

The proof is in Appendix. The basic idea of this theorem
is that the IAL is feasible under our CIM model as long
as it is feasible given any ordering z. Note that our CIM
paradigm supports IAL only under full-IC (FIC) model, as
IAL is feasible only if transmitter-side IC is feasible.

E. Discussion

Here we discuss the overhead of our CRI-based cooperative
TIIC scheme. First, the exchange of network flow information
and interference graph (input to the optimization problem) is
done at the beginning, which is a one-time overhead and can
be amortized. Second, regarding probing signals, the number
of mini-slots needed in the worst case is (A1 - N1 + Az - N2),
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where A; is the number of DoFs for each node in the
ith network. In reality it can be much smaller because not
all active nodes are involved in cross-technology interference.
Besides, the probing frequency depends on the channel coher-
ence time, which is typically hundreds of milliseconds in static
indoor environments [10]. In that case, the overhead can be
amortized over multiple data slots. Third, time synchronization
among networks is only required in our analytical optimization
framework, which can be relaxed in practice. For example, if
a CSMA-like MAC protocol is used in both networks, neither
probing nor synchronization is needed. CRI measurement
can be done by opportunistically exploiting overheard non-
interfered signals from RTS/CTS/Data/ACK packets.

V. MODELING AND FORMULATION

In this and the next section, we systematically study the
performance bounds of two (or more) heterogeneous multi-
hop MIMO wireless networks under the CIM paradigm. Due
to the absence of central administration, we consider each
network aiming at maximizing its own throughput, assuming
they cooperatively cancel/mitigate the interference to/from
each other. However, the networks’ objectives conflict with
each other because of their mutual interference. Thus, we will
develop a bi-criteria optimization framework, and characterize
the Pareto-optimal throughput curve rather than a single
optimal point. In order to be tractable, we adopt a recent DoF
model from [25], and assume that time is slotted and finite
instead of continuous assumed in capacity region research.
Since arbitrary time sharing is not supported by a finite number
of slots T, our result can be regarded as a lower bound to the
case when T — oo.

A. Mathematical Modeling

1) System Model: Consider two unplanned multi-hop wire-
less networks N1 = (V,&) and Ny = (V,, &) with
heterogeneous technologies that interfere with each other, and
Ni = |Vi|l and N; = ||V, ||. Assume the nodes in at least one
network possesses MIMO capability (e.g., an 802.11n ad hoc
network v.s. WiMax, or ZigBee with SISO links). The MIMO
nodes also use our cooperative TIIC scheme to cancel the CTI
from/to another disparate network using different technology.'
The networks operate in the same band, and we consider
T time slots are available to both networks.? Let F; represent
the set of multi-hop sessions in network i, and r(f) denotes
the rate of session f € F;. Assume routing is given and denote
L; the set of active links in network i. Let z;(¢) be the number
of data streams transmitted over link / € £; during slot 7. If a
network is SISO, then z;(f) = 1 when link [ is active during
slot ¢, otherwise z;(¢) = 0. Each network’s goal is to maximize

its own utility (function of session rates: > A[r(f)]) while
feFi
using CIM.

IWe assume that the networks’ technologies are unknown to each other,
thus complete CSI across networks is not obtainable.

2This reflects that spectrum is crowded. We can also extend this to model
an additional set of channel resources.
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2) Modeling the CIM Paradigm With Full IC: In the full-
IC model, we assume both transmitter and receiver have
the ability to perform interference cancellation. We describe
the general case where both networks are MIMO. To model
channel access, we consider half-duplex transceivers for both
networks. Denote binary variables x; (¢) and y; (¢) (i € VUM,
1 <t < T)asif node i transmits or receives at slot 7. We have:

xi®)+yi)< 1 (eViUW,1=<t=<T) 4)

To realize CIM, both networks should use some of its
resources to mitigate the interference with each other. For
a MIMO network, each node can use MIMO IC to cancel
the interference either to/from other nodes within the same
network, or to/from nodes in the other network. While for
a SISO network, it is not able to carry out any IC. Thus
its cooperative behavior can be regarded as refraining from
transmitting on a subset of its links that will interfere with
the MIMO network during each slot, through link scheduling.
The main complexity of the problem is due to the lack of
predefined order/priority between any two networks so the
responsibility of cooperation is in both networks in general.
There are numerous combinations as to how the nodes should
cancel the interference to/from links in its own network, and
to/from the other network, and scheduling its transmission to
not interfere with another network in case of SISO.

To this end, we adopt a recent MIMO link-layer model [25],
which introduces an ordering among the nodes for DoF
allocation to ensure the feasibility of IC and avoid unnecessary
duplication of IC. By inserting a formulation of the ordering
relationship into a specific optimization problem, an optimal
ordering can be found. In our case, a global order of nodes
in both networks needs to be established in each time slot.
Denote 1 < 7;(t) < N = N; + N as the global ordering
of node i in slot ¢, and 6;;(¢) as the relative order between
nodes j and i (0;;(t) = 1 if j is before i and O otherwise).
Then we have the following relationship:

()= N-9;i)+1<rmjt)<m()— N-0;;(t)+ N —1,
@jeViuW,1=<t=<T) (5

Next we describe the constraints for DoF consumption
at each node, which include DoFs spent on spatial multi-
plexing (SM), intra- and inter-network IC. With the above
MIMO link model, a transmitter i needs only to cancel the
interference to the set of neighboring nodes Z; C Vi UV,
(within its interference range) that are before itself in the
ordered list, and the DoF spent is equal to the number of
streams received by those interfered nodes. A similar rule
is used for a receiver. If node i is transmitting/receiving, its
DoF consumptions cannot exceed the total number of DoFs
of itself. Denote L; ,,; and L;;, as the set of outgoing and
incoming links from node i, respectively. The transmitter-side
DoF constraints are:

T x (k)#i
X0 < D a®+1D050 D w@)ki()
1L our JET; keLjin
< Aixi(0), (€eViUV,1<t<T) (6)
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The receiver-side’s DoF constraints are similar:

Rx (k)#i
ity £ DL a®+1D 0, D w@)yi@)
ZELi,in jEIi kEEj,oul
< Ajyi(t), (eViuUW1=<t<T) @)

By analyzing the constraint (7), we can clearly see that the
IAL is supported intrinsically by our model. In the component

Rx(k)#£i
[ 8,it) > zk(®))], it can be seen that only the inter-
Jj€eZL; keL_,-,(m,

ferences from transmitting nodes j that are prior to node i in
the ordering list 7 are canceled by i using receiver-side IC.
The streams from nodes j that are behind i in ordering list &
are not canceled thus will not consume any DoF at node i. As a
result, these non-interfering streams must be casted into the
nulling space of node i, in which aligning along one direction
is a special case.

Note that, the constraints (6) and (7) are also satisfied
under SISO (A; = 1). This is because a SISO node either
transmits/receives or keeps silent (for latter case, either x; =

2. a)=0,ory; = > z(t)=0).
leLi,,,u, lEE;};n

For the link-capacity model, to reflect heterogeneous data

rates, we multiply with a different constant weight w,, for each
network:

T
1
czzwn;;zz(r), VI €Ly,ne{l,2),1<t<T) (8)

Then we have the flow-rate constraints for each session of
our two coexisting networks:

r(f)<a OV € f, feF), (VI €g,8€F)
©)
3) Modeling the CIM Paradigm With Receiver-Side IC:
The model of CIM with only receiver-side IC is different with
the one using full IC in terms of receiver-side’s DoF con-
straint. In the previous model, multiple streams from different
transmitters could be casted into the receiver’s nulling space.
However, in the receiver-side-IC model, all interfering streams
are handled by receiver, thus each interfering stream will
consume one DoF at the receiver. To eliminate transmitter-side
IC, we just need to modify the receiver-side IC constraint by
assuming all incoming-interfering streams should be canceled
by every receiver i. Based on the analysis in [34], we modify
the receiver’s DoF constraint:

i) 1D a®+ D a1 yi@) < Aiyi(),
lELi,in jEIf,f)l
(feViuWl<t<T)

r(@) <a

(10)

in which the variant a;; () denotes the number of interfering
streams from transmitter i to receiver j. The definition of
a;j(t) is given as follows:
Rx(#j
aij () =yj0)- D u), (jeLi, 1 <i<N,1<t<T)
1eLiout

Y
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4) Reformulation: In order to convert the non-linear con-
straints into linear ones, we reformulate Eqgs. (6) and (7) into
the following. First, by imposing an upper bound (large con-

Tx(k)#i Tx(k)#i
stant) B= > > Ap,and B'= > > A, where Z;
JjeZ; kE,C_,‘,,'n Jj€eZ; kE,C_,‘,oM

is the interference node set of link i, Eq. (6) can be converted
into Eq. (12), and Eq. (7) can be converted into Eq. (13).

Tx(k)#i
Z zi(t) + [Z(ej,i(t) Z 2k ()]
1eLiour J€L; keLjin
<xi®)-Ai+ (1 —x;@®)B, ViU, 1<tr<T)
(12)
Rx (k)i
D a+1> 0.0 D w@)]
leLiin JEZ; kel ou

<yi@®)-Ai+ (I=y(®)B, (eViUW,1<t<T)
(13)
Then, we apply the Reformulation-Linearization Tech-

nique (RLT) [24] to transform the above to linear constraints.

Tx (k)i
Specifically, define 1;;(r) =6;:(t) >, zx(t), Eq. (12) can
kel jin
be rewritten as: '
D+ D] A < xi) - A+ (1-xi())B,
lE‘Ci,uut jEIf
GeVviuW,1<t=<T) (14

Because we also have 6;,;(t) > 0, 1—6;,(t) > O,

Tx (k) #i Tx(k)#i
> z(r)= 0and A; — > zx(r) = 0, we can obtain
keﬁj’m keﬁj’m
the following linear constraints by multiplying them together:
2j,i(t) = 0, (15)
i) < Aj-0;,(), (16)
Tx (k) #i
L) < D> ), amn
kE,C_,‘,,'n
Tx(k)#i
ity = A;-0;,(t)—Aj + Z 2 (1), (18)
keL_,-,;n

for all i € Vi UW,j € Z;,1 < t < T.

Egs. (14)-(18) are equivalent with Eq. (12). Similarly, define
Rx (k)i

wji(t) =0;i(t) 2>

keL_,-,(m,

D a4+ D w0 <y - A+ (1= yi(0)B,

zx (1), Eq. (13) can be replaced by:

lEE;};n JjeZ;
feViUW,, 1 <t=<T) (19)
wji(t) =0, (20)
wjit)y < Aj-0;@), (21
Rx(k)#£i
w0 ), (22)
keLj,Uu,
Rx (k)i
wii(t) = Aj 01,0 —Aj+ > 2,
kE‘Cj,out
(23)

where i e VIUW,,j €Z;, 1 <t < T.
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max Uy = Z hr(f)]
fer

max Uz = Z hlr(g)]
gEF2

s.t. (for both networks)
Half duplex constraints:(4);
Node ordering constraints:(5);
Tx/Rx DoF constraints:(14) — (18), (19) — (23);
Flow rate < link capacity:(9);
Link capacity model:(8)

Fig. 4. Original bi-criteria optimization formulation with FIC (BOPT-FIC).

max U; = Z hr()]
fer

max Uz = Z hlr(g)]
geF2

s.t. (for both networks)
Half duplex constraints:(4);
Node ordering constraints:(5);
Tx DoF constraints:(14) — (18);
Rx DoF constraints:(10);
Interference degree:(24,25);
Flow rate < link capacity:(9);
Link capacity model:(8)

Fig. 5. Original bi-criteria optimization formulation with RIC (BOPT-RIC).

The constraint in (11) is also nonlinear. Again, by choosing
a large constant B > A;, we use RLT to transform it into two
equivalent linear constraints:

Rx(D)#j
0< Z () —aij(t) < (1 —=y;@))- B,
Li,out
(jeZ;, 1<i <N, 1<t <17 (24)
0<aj)<yj(t)-B, (JeZi,1<i<N,1<t<T).
(25)

B. Formulation

The mathematical formulations of the throughput maximiza-
tion problems with FIC and RIC are shown in Fig. 4 and
Fig. 5 respectively, which are bi-criteria mixed-integer linear
programing (MILP) problems. In the objective function, A (-)
denotes network utility function.

As shown in the formulation, the objective is to maximize
both networks’ utilities simultaneously while satisfying all
constraints. The optimization variables include: network 1
and 2’s session rates r(f) and r(g), the ordering variables
m;(t) and 6;;(t), link stream variable z;(¢), node activity
variables x;(t) and y;(¢), and additional variables 4;;(¢) and
,i (t) in the reformulated problem. The challenge is that even
the single-objective version of the general MILP problem is
NP-hard. We will show that this can be converted into multiple
(a small number of) single-objective MILP problems, where
there exists highly efficient optimal and approximation algo-
rithms such as branch-and-bound with cutting planes [23],



5336

or heuristic algorithms such as sequential fixing algo-
rithms [33] to solve it. We use the off-the-shelf solver CPLEX
to solve the MILP problems in our case.

VI. PARETO-OPTIMAL THROUGHPUT CURVE

In this section, we explore a novel approach to find the opti-
mal throughput curve of two heterogeneous multi-hop MIMO
networks. We consider the linear case’ where A[r(f)] =
dy - r(f) and hlr(g)] = dr - r(g), such that > h[r(f)]

feF
and > h[r(g)] represent the weighted throughput of each
g€k
network, respectively. Here di, d» are two constants.

We want to find all the Pareto-optimal throughput pairs
(u1, uz) where there does not exists another solution (i, u5)
such that ] > uy and u) > wup. By fixing one objective
(u1 = u7) and find the optimal value of the other (u3), that is
to solve a single optimization problem:

OPT(uy) : max up,

s.t. u1 = uj, and constraints in

BOPT-FIC/BOPT-RIC  (26)

one can obtain a one-to-one mapping uy = f(u;) which
defines an optimal throughput curve containing all the weakly
Pareto-optimal points. A weakly Pareto-optimal point is
a throughput pair (u1, u2) where there does not exist another
solution (u},u5) such that u| > w; and uw) > us.
A Pareto-optimal point is also weakly Pareto-optimal, but not
vice versa.

Since u; and u, are continuous, a naive approach to
approximate the curve is to discretize [0, 1 ,4x] into a large
number of equal intervals, solve OPT (u;) for each dis-
crete ug, and connect the corresponding optimal values u; via
line segments. However, each instance is an MILP problem
(NP-hard in general), thus this method incurs high complexity
and does not give any performance guarantee.

Instead of brute-force or trying approximation approaches,
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 is non-increasing with uj,
because when u; increases the interference to network 2 also
increases. Interestingly, we have the following Theorem which
gives the basis of our method:

Theorem 2: When T is finite, the optimal throughput curve
uy = f(uy) is a stair-shape non-continuous function, and the
minimum unit stair width is dy - w1/ T.

The proof is in Appendix. This theorem means that we
only need to compute the points on the curve where u; =
diwrk/T, 0 <k < kjqax, and connect them using stair-shape
line segments. Each computation corresponds to solving one
O PT (u1) instance. But the following theorem shows it is not
necessary to cover all 0 <k < kyqx:

Theorem 3: There exists two special Pareto-optimal points
(u1s, uag), (', uh,) on the optimal throughput curve that
U2s = U2 max and u/ls

7
- ul,max'

3Non-linear throughput functions will be our future work.
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Fig. 6. (a) Active sessions in two heterogeneous networks (dot: Net 1,

cross: Net 2). (b) The optimal throughput curve for the two networks under
CIM and TAV.

The proof is in Appendix. Given theorem 3, we can further
reduce computation complexity by first identifying two Pareto-
optimal points on the curve (which can be obtained by only
two instances of O PT (max{u}) and O PT (max{u;})), then
focusing on finding the curve points between them. Our
method can also be extended to more than two networks,
where the curve becomes multi-dimensional.

VII. EVALUATION

In this section, we use numerical results to show the
throughput gain by using our CIM with full IC and
receiver-side IC. We compare our CIM paradigm with the
interference-avoidance paradigm, where each network only
cancels/mitigates the interference within itself but not to/from
another network. We also examine the impacts of various types
of interference scenarios and network heterogeneity.

A. A Case Study

We use a case study to show the gain brought by CIM
paradigm. Consider two multi-hop networks (topology and
sessions shown in Fig. 6 (a)) with 30 nodes each, deployed
in a 100 x 100 area. Networks 1 and 2 both have two active
sessions (8 active nodes in total) and min-hop routing is used.
We assume both networks have two antennas for each node.
For simplicity, assume w1 = wy = 1 and d] = dr = 1. All
nodes’ transmission and interference ranges are 30 and 50,
respectively. All networks coexist in one frequency band. Time
is divided into 8 slots. We use CPLEX to solve for the exact
solution of each O PT (u1) instance. The results are generated
by an Intel 4 core 15-2400 with a 3.1GHz CPU and 8GB RAM.

The derived stair-shape curve is shown in Fig. 6 (b). The
blue line denotes the curve when using CIM with FIC, and the
red line denotes the one using CIM with RIC. The throughput
curve derived by AV is drawn in green line. It can be seen
that the minimum unit step is 1/8. Obviously, one can find
that every point on the IAV’s curve is Pareto-dominated by
two points on CIM-FIC’s and CIM-RIC’s curves respectively,
which verifies the large throughput gain from IAV. Besides,
the throughput curve of CIM-FIC also dominates the one of
CIM-RIC, which shows the performance enhancement brought
by transmitter-side IC.

To verify the networks’ cooperative behavior under CIM,
we randomly pick a set of points from the curve with
network 1’s throughput equaling to 1.25.
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TABLE I
LINK STREAM ALLOCATION IN EACH SLOT

Sessions Path Link | FIC Slot | DoF of SM Rate RIC Slot | DoF of SM Rate
0 1 0 2
2 1 X X
Sessionl-1 | 57 — 31 2 ! 0.75 X X 025
5 1 X X
6 1 X X
7 1 X X
1 1 1 1
2 1 2 1
3 1 4 1
Sessionl-2 | 37 — 41 4 1 1 > ! 0.5
5 1 X X
6 1 X X
7 1 X X
8 1 X X
0 1 3 2
1 1 6 1
Session2-1 7 — 16 3 1 0.625 X X 0.375
4 1 X X
5 1 X X
1 1 1 1
2 1 2 1
. 3 1 4 1
Session2-2 | 13 — 25 3 1 0.625 3 1 0.875
7 1 6 1
X X 7 2

In Table I, we list the stream allocation during all the slots
for all the links. In this table, ‘x’ denotes that no stream is
allocated in the corresponding time slot. First, we can verify
that all interferences are canceled. For example, in slot 2, links
37 — 41,13 — 25 are active in CIM-RIC. Both nodes use
1 out of their 2 total DoFs for SM. By analyzing the node
ordering 641,13 and 037,25, we found that node 41 cancels
the interference from node 13 while node 37 canceling its
interference to node 25. We can see that no alignment is
applied here. For CIM-FIC, using slot 2 as well, link 57 — 31,
37 — 41, 13 — 25 are active, with one stream transmitting
on each link. We can see that the IAL is applied in this
slot as node 31 receives one stream while dealing with the
interferences from node 13 and 37 simultaneously. This is
only possible when the two interfering streams are aligned
in one direction, otherwise node 31 can’t handle three streams
concurrently (1 receiving stream and 2 interfering streams)
with only two antennas.

Various special points can be identified on this curve.
For max-min fairness (MMF), the optimal throughput-pair
obtained is (1.5, 1.5) when using CIM-FIC, compared with
(1, 1) by using IAV. For proportional fairness, the optimal
throughput-pairis also (1.5, 1.5) due to the symmetric antenna
numbers in our example (both networks have 2 antennas for
each node).

B. Impact of Different Interference Degrees

We further compare CIM’s performance with that of IAV’s,
by changing the extent to which both networks interfere with
each other. For example, we change the distance between
the two networks to study the interference’s impact on
throughputs.

In Fig. 7, we choose two scenarios containing one session
in each network, while Fig. 8 illustrates two scenarios contain-
ing 2 sessions in each network. In Fig. 7 (a), the two sessions
are far apart so as to not interfere with each other, while in
Fig. 7 (b) they are near enough to severely interfere with each
other. In Fig. 8 (a), the interference degree is approximately
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Fig. 7. 1In (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
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Fig. 8. In (a), Network 1 has 2 sessions:35 — 53 — 47, 37 — 32 — 36.
Network 2 has 2 sessions: 10 — 5 — 18, 12 — 1 — 25. In (b), Network 1
has 2 sessions: 41 — 30 — 55, 48 — 34 — 56. Network 2 has 2 sessions:
8> 10—>4,5—> 17— 23.

equal to that of Fig. 8 (b). We can observe in Fig. 7 (a),
the curves derived by CIM and IAV are exactly the same. The
reason is that when the two networks don’t interfere with each
other, the interference cancellation ability becomes needless
as there is no interference needs to be canceled. In contrast,
the throughput ranges derived by CIM-FIC and CIM-RIC are
larger than the one by IAV shown in Fig. 7 (b). This is
because when interference emerges in the networks, there exist
some transmission opportunities that could be only utilized by
performing IC rather than IAV. The higher interference degree
is, more such type of opportunities we have. The gaps between
CIM and IAV are nearly the same in Fig. 8(a) and Fig. 8(b),
though the CIM-RIC brings more benefits in (b) due to its
slightly more-crowded network setting. These two sets of
results successfully verified that FIC and RIC could enhance
both networks’ throughputs which coexist in the same space
and frequency domain.

We randomly generate 50 scenarios to show the better per-
formances brought by our CIM paradigms compared with the
one using [AV in an average sense. We calculate the maximum
overall throughput of both networks. Network 1 and Network 2
are equipped with 1 and 4 antennas respectively to reflect
heterogeneity. All sessions are randomly generated within the
range shown in Fig. 6 (a). The results are presented in Table II.
It can be seen that the maximum overall throughputs under
CIM paradigms are significantly larger than the ones under
TAV in some cases. By using FIC and RIC, the overall through-
put are never lower than the ones using IAV. Similar results
can be obtained under other throughput-allocation criteria such
as max-min or proportional fairness, which are not elaborated
in this paper. All computations for the curve finished within
reasonable amount of time ranging from less than one second
to tens of seconds, with an average of 13.1s.
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TABLE 11
MAX. TOTAL THROUGHPUT COMPARISON BETWEEN CIM AND IAV

Scenarios | CIM-FIC | CIM-RIC TAV Scenarios | CIM-FIC | CIM-RIC | IAV
0 3.25 2.5 2.5 25 4.25 4.25 4.25
1 4 4 4 26 4.25 4.25 4
2 6 6 6 27 4 4 4
3 5 5 5 28 4.5 4.5 4.5
4 4 4 4 29 2.5 2.5 2.5
5 2.75 2.5 2.5 30 4 4 4
6 9 9 9 31 6.5 6 6
7 4 4 4 32 2 2 2
8 4.25 4.25 4.25 33 5.25 5.25 5.25
9 8 8 8 34 3.5 3 3
10 2 2 2 35 4 4 4
11 4 4 4 36 5 5 5
12 6 6 6 37 2.5 2 2
13 3 2.625 2.5 38 4 4 4
14 4 4 4 39 2 2 2
15 5 5 5 40 3 3 3
16 4.25 4.25 4.25 41 4 4 4
17 2.25 2 2 42 4 4 4
18 5 5 5 43 4 4 4
19 6 6 6 44 4 4 4
20 4 4 4 45 5 5 5
21 2.125 2 1.875 46 4.5 4.5 4.5
22 4.25 4.25 4.25 47 5 5 5
23 2.125 2.125 2 48 8 8 8
24 5.25 5.25 5.25 49 2.5 2.5 2.5
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Fig. 9. In (a), Network 1 has 2 sessions: 39 — 51 — 41, 55 — 50 —
59 — 42. Network 2 has 2 sessions: 28 — 0 — 27, 10 — 5 — 18.
In (b), Network 1 has 2 sessions: 39 — 41, 55 — 31 — 42. Network 2
has 2 sessions: 28 — 0 — 27, 10 — 5 — 18. For (a), the transmission ranges
are (20 ,40), the interference ranges are (30, 60). For (b), the transmission
ranges are (33,40), the interference ranges are (50, 60).
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Fig. 10. In (a), Network 1 has 2 sessions:35 — 53 — 47, 37 — 32 — 36.
Network 2 has 2 sessions: 10 — 5 — 18, 12 — 1 — 25. In (b), Network 1
has 2 sessions: 41 — 30 — 55, 48 — 34 — 56. Network 2 has 2 sessions:
8§ —> 10— 4,5 —> 17 — 23.

C. Impact of Network Heterogeneity

We test our CIM paradigms in several other heterogeneous
aspects, such as different transmit power/range and data rates.
This heterogeneity exists in practical coexisting environment,
such as the coexisting of 802.11 with 802.15.4 networks.

In Fig. 9 (a), we set the transmission ranges for net-
works 1 and 2 as 20 and 40, and the interference ranges as
30 and 60, respectively. In Fig. 9(b), we increase network 1’s
transmission range to 33, interference range to 50. One can see
that both the throughput region and the gap between CIM and
IAV enlarge in Fig. 9 (b). There are two insights: (1) larger
transmission range decreases hop count thus increases one’s
own throughput; (2) When the mutual interference degree is
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higher, more gains could be obtained by using CIM para-
digms, thus making the coexisting networks more willing to
cooperatively mitigate the interference. For different data rates,
suppose wy = 4w (such as 1Mbps in WiFi and 250kbps in
ZigBee) instead of wy = w;p. The results are shown in Fig. 10.
Compared with Fig. 8, the throughput curve scales by a factor
of 4 in the y-axis.

VIII. CONCLUSIONS AND FUTURE WORK

This paper offered a thorough study of the cooperative
cross-technology interference mitigation (CIM) paradigm for
heterogeneous multi-hop networks in unplanned settings. The
main technical challenges are due to the lack of a prede-
fined network priority in unplanned deployments, and various
forms of network heterogeneity. We first show that general
technology-independent interference cancellation (TIIC) is
feasible for heterogeneous multi-hop networks with different
protocol standards, and then introduce our two CIM mod-
els with different interference cancellation (IC) techniques.
We characterize the performance bounds of CIM via deriv-
ing the Parato-optimal throughput curve. Through extensive
simulation results we show that the CIM paradigms with full
IC and receiver-side IC can both offer significant performance
gains in throughput to the coexisting networks compared with
the traditional interference-avoidance (IAV) paradigm. The
models and results in this paper will guide practical CIM
protocol design, and pave the way to ultimately change the
coexistence paradigm for unplanned heterogeneous networks
in unlicensed bands and TV white spaces. In the future work,
we will investigate the incentives of cooperation for multiple
independent networks, and study the coexisting problem with
a game-theoretical approach.

APPENDIX
A. Proof of Theorem 1

Proof: The proof is straightforward. Assume there exists
an ordering 7, under which IAL is feasible. For each TAL
relation, there must be one receiver (e.g. j ) and more than two
interfering transmitters (e.g. i, k). Assume the node j receives
z; streams while the other nodes performing IAL. Among
all the interfering streams being canceled at j, there is a set
of streams w;;;, Uy, which are not aligned (i.e. they are
canceled by receiver-side IC). We call them basis streams
and define the DoF consumed by the basis streams at node
J as a;. For these streams, we have UZ,nHi,jVj,n =0,Vm,n,
and/or ul{,m’HkJVja" = 0,Vm’,n. For the set of aligned
streams u; y, U/, we have uZXHi,j = u,{jm/ijj and/or
“ZmHi,j = u,iX/Hk,j, Im or m’. As these aligned streams
are also casted into j’s nulling space, we automatically have
uiT’XH,-,jVj,n =0, Vn and uIZX/Hk,jvj,,, =0, Vn.

Now we show that TAL is equivalent with our CIM-FIC
in terms of DoF consumption in this case. We modify the
ordering 7, by setting the receiver j prior to all other nodes
in the new ordering #’. According to CIM-FIC, node j
determines its receiving vectors first. We make it broadcast the
exact receiving vectors v; , such that ul.ijH,-,jvj,,, = 0,Vm
and u,{,m,Hk, jVjn = 0,Vm’. Therefore, the number of DoF
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consumed is still a;, i.e. the DoF consumption is unchanged
for node j.

For all interfering transmitters (i, k), they will perform
transmitter-side IC instead of IAL. The nodes i, k will calcu-
late u; and uy, such that ul.TH,-,jvj,n =0 and u,{Hk,jvj,,, =0.
Apparently, W, W x, Wy, Uy x, Ym, m’, x, x’ are all feasi-
ble solutions thus the DoF consumptions are unchanged for
node 7, k. Therefore, the DoF allocation using IAL is a feasible
solution under our CIM-FIC model, as long as IAL is feasible
given a global ordering 7.

B. Proof of Theorem 2

Proof: The basic idea can be explained by perturbation
analysis. Observe that the form of Eq. (8) is ¢; = kw,/T
where k > 0 is an integer which increases with a minimum
step of one. First we assume that there is only one flow in
each network, and the link capacity constraints are r(f) < ¢,
Vi on f, r(g) <c,and VI on g. Also, uy = dy - r(f) =
dy - min{ci}vion f, U2 = dz - r(g) = dz - min{c;}v; on ¢ Which
increment by least steps of djw;/T and dow>/ T, respectively.
Suppose (k — )dy - wi/T < uy; < kdy - w1/ T, and a small
increase ¢ is applied to u; so that u} = uy + 0. If u} < d; -
kwy /T, it does not violate any constraint in A/;’s own network,
thus all the variables in ] remain unchanged. Consequently,
none of the constraints in O PT (u1) are violated, therefore the
optimal u, remains unchanged.

In the general case of multiple flows contained in each
network, each session can be independent or share links
with other sessions. The two networks’ objective functions
become d;- > r(f)anddy- D r(g), respectively. The link

feF geF
capacity constraints become >, r(f) < ¢, VI
€ Ly, respectively. In general,

f traversel
and >

g traverse [

di-r(f), Yf € Fi is upper constrained by a set of linear
expressions in the form of either d -r(f) < dy-min{c;}vi on s
(in case of independent flow) or d; - >, r(f) < d; -

[ traverse [
min{c;}yier, (in case of flow link sharing), which all incre-

ments by least step of djw;/T. Thus, the upper bound to
their linear combination u; = dy - >, r(f) also increments

(S] ﬁ],

r(g) < ¢, VI

feF
by least step of djw1/T. Therefore, if u; changes by a small
amount without violating the current upper bound, the optimal
up remains unchanged. Imagine increasing network A’s utility

> dy-r(f) to a edge point, which means increasing a little
feR

1 T
amount J will break the constraint d - T > zi(t) on a link /.
=1

We could increase other links’ rate r¢(f) to their edge points

while keeping > di - r(f) unchanged, thus the overall
feF
stream number in this network must be N — J, in which

N is a integer. Therefore the network’s rate at this point
is (N —0)-dy-wy/T.

C. Proof of Theorem 3

Proof: To prove this theorem, we first show that the func-
tion f() of the Pareto-optimal curve is a monotone decreas-
ing function. This is very easy to see, as the increasing of
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one network @’s throughput definitely generates more interfer-
ence to the other network ¥, thus generating tighter constraint
to limit its throughput. Second, we show that the increasing
of network ®@’s throughput doesn’t necessarily decrease the
other network W’s throughput. This is because the network
Y could adjust its scheduling to digest the interference from
network @. Starting from the original point, by increasing one
network’s throughput (e.g. ug), we can always find a point
uyg such that any tiny increasing on ug will decrease the
value of uwy. Therefore we derive ugs and its correspond-
ing uwys. Using same methodology we can get the other
pair (ug, and uy,).
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