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Abstract—Cognitive radio networks (CRNs) have been emerging as a promising technique to improve the spectrum efficiency
of wireless and mobile networks, which form spectrum clouds to provide services for unlicensed users. As spectrum clouds,
the performance of multi-hop CRNs heavily depends on the routing protocol. In this paper, taking the newly proposed Cognitive
Capacity Harvesting network as an example, we study the routing problem in multi-hop CRNs and propose a spectrum-aware
anypath routing (SAAR) scheme with consideration of both the salient spectrum uncertainty feature of CRNs and the unreliable
transmission characteristics of wireless medium. A new cognitive anypath routing metric is designed based on channel and link
statistics to accurately estimate and evaluate the quality of an anypath under uncertain spectrum availability. A polynomial-time
routing algorithm is also developed to find the best channel and the associated optimal forwarding set and compute the least
cost anypath. Extensive simulations show that the proposed protocol SAAR significantly increases packet delivery ratio and
reduces end-to-end delay with low communication and computation overhead, which makes it suitable and scalable to be used

in multi-hop CRNs.

Index Terms—Cognitive radio networks, routing protocol, anypath routing, cognitive capacity harvesting.

1 INTRODUCTION

ITH the remarkable increase of smartphones,

many mobile applications, such as mobile so-
cial networks, mobile health, online gaming and so on,
have been widely developed, resulting in tremendous
growth in mobile data traffic. This trend will continue,
leading to serious spectrum crisis. Cognitive radio
networks (CRNs) have been emerging as a promising
technique to improve the spectrum efficiency to meet
this increasing mobile traffic demand.

The performance of CRNs heavily depends on rout-
ing protocols. On one hand, the routing protocols
should be spectrum-aware and consider the spectrum
uncertainty feature of CRNs. On the other hand,
it should provide reliable performance in unreliable
network environment of CRNs due to the unreli-
able characteristic of wireless medium. As one of
the most promising solutions to address unreliable
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nature of wireless transmission, anypath routing has
been well-studied in traditional wireless networks,
which achieves significant performance improvement
as compared with unicast routing. However, there is
not much research devoted to the anypath routing
protocol design for CRNs. One of the main challenges
is to accurately estimate and evaluate the quality of an
anypath under uncertain spectrum availability, which
is a salient difference between CRNs and traditional
wireless networks and must be carefully considered
and modeled in the routing metric. In addition, the
computational complexity of existing anypath routing
algorithms for CRNs is too high to be implemented
in practice. It is also very challenging to develop
an efficient routing protocol to compute the optimal
anypath in CRNs, since the searching space grows
exponentially fast as the number of available channels
and the size of the network increase.

To overcome these challenges, in this paper, we
propose a novel spectrum-aware anypath routing pro-
tocol (SAAR) for multi-hop CRNs. We use a recently
proposed network architecture for CRNs, called Cog-
nitive Capacity Harvesting networks (CCHs) [1]-[3],
as an example to illustrate our design. CCH consists
of a secondary service provider (SSP), cognitive base
stations (BSs), cognitive radio routers (CR routers),
and secondary users (SUs). The SSP is the opera-
tor and manager of CCH, which harvests spectrum
resource and allocates it to the network. The CR
routers are equipped with cognitive radios, which
perform spectrum sensing, collect demand from SUs,
and transmit their data around over available licensed
spectrum. The BSs are interconnected with high-speed
wired links and serve as the gateways of CCH. SUs
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include wireless devices using traditional wireless
access technologies, and also include wireless devices
that are equipped with advanced cognitive radios for
communication. CCH forms a spectrum cloud and
facilitates the access of SUs with or without cognitive
radio capability (See Section 3 for details), which
represents a design paradigm shift from individual
benefit to collective welfare. Note that the anypath
routing protocol SAAR we proposed can be used in
any multi-hop CRN with a central node that can
perform channel and link information collection and
routing table computation, which is not limited to
CCHs.

The main contributions of this paper can be sum-
marized as follows:

1) We take both the spectrum uncertainty of CRNs
and the unreliable transmission characteristics of
wireless medium into consideration, and quan-
tify their effects on the cost to transmit a packet
from the source node to the destination along
an anypath in CRNs in a new routing metric to
better estimate the performance of the anypath.

2) We extend the Bellman-Ford algorithm and de-
velop a polynomial-time routing algorithm to
find the best channel and the associated opti-
mal forwarding set and compute the least cost
anypath with low computation overhead.

3) Extensive simulation results demonstrate that
SAAR significantly increases packet delivery ra-
tio and reduces end-to-end delay, which makes
it suitable and scalable to be used in practical
multi-hop CRNS.

The rest of this paper is organized as follows. We
briefly review related work in Section 2. In Section 3,
we describe the system architecture of CCH, introduce
our system model, and define the problem to be
studied. In Section 4, we present the SAAR routing in
detail. We evaluate the proposed scheme and present
the experimental results in Section 5. Finally, we draw
the conclusion in Section 6.

2 RELATED WORK

As an important issue in CRNSs, the routing problem
has drawn considerable attention. Chowdhury et al.
[4], [5] and Jin et al. [6] develop distributed routing
protocols for cognitive radio ad-hoc networks by con-
sidering geographic information. Pan ef al. [7] and
Li et al. [8] formulate the routing problem in CRNs
as a joint routing and link scheduling optimization
problem. Ji et al. [9] design an effective semi-structure
routing scheme to minimize induced latency and en-
ergy consumption. It incorporates power control into
the routing framework and realizes energy-efficient
routing for CRNs. Liang et al. [10] investigate the
spectrum-mobility-incurred route switching problem
in both spatial and frequency domains for CRNSs,
and address the routing problem with game theory.
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Ping et al. [11] propose a spectrum aggregation-based
cooperative routing protocol for cognitive radio ad
hoc networks. Chen et al. [12] develop a cooperative
routing algorithm using mutual-information accumu-
lation for underlay CRNs by dynamically controlling
the transmission power of SUs so that its interference
to PUs is tolerable. Youssef et al. [13] review the rout-
ing metrics utilized in CRNs, such as the delay, hop
count, routing stability, power consumption, etc., and
summarize the generally adopted routing algorithms.
The aforementioned works build only one single path
from a source to a destination, which is not robust to
unreliable wireless links in CRNs. Liu et al. [14]-[16]
exploit the broadcast nature of the wireless medium
and propose an opportunistic routing scheme. They
introduce a cognitive transport throughput metric and
propose a heuristic algorithm to calculate routing
paths. Lin et al. [17], [18] analyze the opportunistic
routing in CRNs with a traffic model. Zeng et al.
[19], [20] model the opportunistic routing problem
as an optimization problem and introduce a heuristic
algorithm to calculate the optimal forwarding set and
routing path.

Dubois-Ferriere et al. [21], [22] propose the concept
of anypath routing. In anypath routing, the path for
each packet is determined on-the-fly, depending on
which nodes in the forwarding set successfully receive
the packet at each hop and their corresponding pri-
orities. Some innovative works have been performed
to realize distributed anypath routing [23]-[25], multi-
rate anypath routing [26]-[29], correlation-aware any-
path routing [30], latency aware anypath routing [31],
and evaluate anypath routing in practical wireless
networks [32], [33]. Kim et al. [34] propose a two-hop
anypath routing protocol for cognitive vehicular net-
works. Different from the aforementioned works, our
proposed SAAR scheme implements anypath routing
in multi-hop CRNs. We take the salient nature of
multi-hop CRNs, i.e., the uncertain spectrum availabil-
ity due to the random return of PUs, into considera-
tion while designing optimal anypath routing. Chao et
al. propose an anypath routing protocol for multi-hop
cognitive radio ad hoc networks in [35], which is de-
signed on top of a multi-channel rendezvous protocol.
Here, the multi-channel rendezvous protocol is used
to deal with the channel uncertainty in CRNs and find
available channels for communication. The anypath
routing protocol takes advantage of the neighbor di-
versity to improve routing efficiency, which is similar
to the use of anypath routing in traditional wireless
networks. Different from [35], in SAAR, we design
a new routing metric, which takes both the channel
uncertainty and unreliability of wireless medium into
consideration. Based on this routing metric, we also
develop an efficient anypth routing algorithm to find
the priorities of available channels and the associated
forwarding sets at each node.
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Fig. 1 Illustration of an anypath routing for CRNs.

3 MOTIVATION

Fig. 1 illustrates a small CRNs consisting of 8 nodes.
The link labels indicate the available channels for the
links, e.g., node s can communicate with node v, using
channels C; and C,. Taking the routing from node s
to node d as an example, traditional routing protocols
always pre-determine a path from node s to node d
before data transmission, e.g., s — vy —vs — d. Then, at
each hop, the sender selects a channel and transmits
data over the channel when it is available to the re-
ceiver. The sender retransmits any data to the receiver
if it is lost during the transmission, until the receiver
successfully receives it. Later, motivated by [36], some
works [34], [35] propose to use anypath routing to im-
prove the routing performance in CRNs. In [34], [35],
each node is associated with a forwarding set, which
is a subset of its neighboring nodes. When a sender
transmits a packet, it chooses one available channel
and broadcasts the packet to all the nodes in the
forwarding set. As long as it is received by at least one
node in the forwarding set, the packet will be further
forwarded. Different from [34], [35] where channel
selection and route selection are addressed separately,
in this work, we consider both of them in anypath
routing and propose a novel spectrum-aware anypath
routing protocol, called SAAR, for multi-hop CRNs.
We take both the spectrum uncertainty of CRNs and
the unreliable transmission characteristics of wireless
medium into consideration, and quantify their effects
on the cost to transmit a packet from the source node
to the destination along an anypath in CRNs in a new
routing metric to better estimate the performance of
the anypath. In addition, we extend the Bellman-Ford
algorithm [27] and develop a polynomial-time routing
algorithm to find the best channels and the associat-
ed optimal forwarding sets with low computational
overhead, which makes SAAR suitable and scalable
to be deployed in real-world CRNs. Fig. 1 depicts
the anypath from source node s to destination node
d derived by using SAAR, which is shown in bold
arrows. The forwarding sets for nodes s, va, v3, vs,
and Vg are {Cl : ’U27’Ug;02 : 1)2,’03}, {Cl : ’U5;C2 : '05},
{C1 : ’()2;02 . V2, Vg, 03 : ’Ug}, {02 : d; 03 : d}, and
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TABLE 1 Summary of Notations

[ Symbol | Definition
Np number of BSs
Ng number of CR routers
N number of nodes (N = Np + Npg)
M number of channels
pi; delivery probability from node i to j on channel m
Jrn forwarding set of node ¢ on channel m
DIy hyperlink delivery probability on channel m
q” channel quality of node i on channel m
D7} hyperlink cost on channel m
Dy remaining anypath cost from J* to the destination
D anypath cost of node i on channel m
D; anypath cost of node ¢
Ng number of nodes in the destination node set
s source node
d destination node set

{Cs : v5,d; C3 : v5,d}, respectively.

4 SYSTEM MODEL AND PROBLEM FORMU-
LATION

4.1 System Architecture of CCH

The architecture of CCH [1]-[3] is shown in Fig.
2. It consists of four types of network entities: an
SSP, a few number of BSs, and a large number of
CR routers and SUs. We assume that SSP has its
own spectrum (called basic band) and its deployed
network facilities (BSs and CR routers) can use the
basic band to provide basic reliable services. The BSs
and CR routers are equipped with multiple cognitive
radios, which can tune to any basic band or harvested
band for communication. With cooperation of BSs and
CR routers, the SSP harvests spectrum resource and
allocates it on demand. The SSP, BSs, and CR routers
form a spectrum cloud and could provide service
for SUs with or without cognitive capability. In this
spectrum cloud, the SSP is the manager, the BSs act as
gateways of the cloud and further connect to Internet
or other data networks, and the CR routers and BSs
are the access points which facilitate SUs to access the
CCH. The SUs can be any wireless device using any
accessing technique ( e.g., Laptops, tablets, or desktop
computers using WiFi, cell phones using GSM/GPRS,
smart phones using 3G/4G/NxtG, etc. ). If a SU has
cognitive capability, it could communicate with CR
routers and BSs over both harvested bands and basic
band. Otherwise, it could only communicate over the
basic band. As a spectrum cloud, the performance of
CCH heavily depends on the routing protocol, which
needs to provide optimal and reliable routing between
any two nodes (two CR routers, two BSs, or one CR
router and one BS) for internal communication in the
CCH domain, or a node (CR router) and multiple
gateways (BSs) for external communication. We will
present the design of spectrum-aware anypath routing
for CCH in detail in the following Sections. Mainly
used notations are listed in Table 1 for easy reference.
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Fig. 2 System architecture of CCH.

4.2 System Model

Suppose there are Np BSs and Np CR routers e-
quipped with multiple cognitive radios in our CCH.
Let N denote the total number of nodes in the CCH,
ie., N = Np + Np. With cooperation of BSs and CR
routers, the SSP has the statistical knowledge about
every channel at every location. A channel in the basic
band is used as the common control channel (CCC)
for signaling exchange, and there are M orthogonal
channels that can be used for transmitting packets.
We model the network as a hypergraph G = (V,E),
where V is the set of BSs and CR routers, and E
represents a set of hyperedges or hyperlinks. For each
link from node i to j, there is a packet delivery
probability p;? for each channel m = 1,...,M. A
hyperlink is an ordered pair (i,J}") € E, where
i € V and J7* is the forwarding set of node i on
channel m. The hyperlink delivery probability p!; on
channel m is defined as the probability that a packet
transmitted by node i is successfully received by at
least one node in J*. Since the loss of a packet at
different receivers occurs independently in practice
[26], [27], the hyperlink delivery probability p7; can
be calculated as

pi=1- ] a-pp). 1)

jexm

Due to the randomness of the transmission activ-
ities of PUs, we model the occupation of PUs in
each channel as an independently and identically
distributed alternation between two states, i.e., ON
state when PU is active and OFF state when PU is
inactive. We can measure the expected channel OFF
time E[T} ;| and channel ON time E[T,7] by periodic

sensing. Then, taking both the channel availability
and the expected channel OFF time into consideration,
we define the channel quality ¢” of node ¢ on channel
m as follows

m_ Pl B3]

& T Emy I BTy " max < BTl )

@

where pax E[TS; f] indicates the maximum expect-

sees M

ed channel OFF time on all feasible channels.

A larger channel quality ¢/ indicates that channel
m is better and more suitable for transmitting packets.
The knowledge about packet delivery probability p};
and channel quality ¢;* can be acquired by the SSP
with the cooperation of BSs and CR routers. Based on
pij and ¢;", we define a new routing metric, called the
expected cognitive anypath transmissions (ECATX),
as follows:

ECATX(i,37") = —+ 3)
Pig X 4;

We are interested in calculating the anypath cost D;
from a node i to a given destination via a forwarding
set. The anypath cost D}” on channel m is defined as
the summation of the hyperlink cost, i.e., the forward-
ing cost DY}, and the remaining anypath cost D}* from
set J to the destination, which can be represented as
follows:

D" = Dj5 + Dy". 4)

Here the hyperlink cost D] is defined as the ECATX
metric, i.e.,
iy = ECATX (i,J7"), ®)

and the remaining anypath cost DY is defined as the
weighted average of the anypath cost of the nodes in
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the forwarding set J* to the destination, i.e.,

Df'= ) wiiD;, (6)

JEIT

where D; represents the anypath cost of node j to the
destination, and weight w]"} is the probability of node
j being the actual forwarding node. Without loss of
generality, let J7* = {1,...,7,...,J} with anypath cost
D, <...<D; <...<Djy. Since a node with lower
anypath cost will have a higher priority to forward
the packet, node 1 has the highest priority to forward
the packet, followed by node 2, and node n has the
lowest priority. Node j will be the forwarding node
only when it receives the packet and none of the nodes
with higher priority receives it, which happens with
probability p7 [Ti_; (1 — p). Then, the weight w!? is
defined as

mo__

W — bij [Tz (1 - i)
* 1- er.];n(l - p%)’

@)

where H2=1(1 —p) =1, and the denominator is the
normalizing constant.

The anypath cost D; from node i to a given des-
tination is defined as the weighted average of the
anypath cost D]" on every available channel and can
be calculated as

M
Di=> oDy, (8)
m=1

where o]" represents the probability that channel m
is the selected channel to transmit the packet over.
Suppose the channel quality follow ¢} > ... > ¢ >
... > gM. Since a channel with higher availability
probability will have a higher priority to be selected,
channel 1 has the highest priority, and channel M
has the lowest priority. Channel m will be selected
only when it is available and none of the channels
with higher priority is available, which happens with
probability ¢ [Tr-,'(1 — ¢F). Thus, o is defined by

m m—1
o — q; kL:l (1_q1k)
m _ = =,
1*Hk:1(1*qz‘)

where [Tp_,(1 —¢¥) = 1.

As an example, consider the network depicted in
Fig. 3. Suppose we have two channels, and the for-
warding sets of the two channels are the same. The
forwarding sets of the nodes s, vs, v, vs, and vg are
{va,v3}, {vs}, {ve,v2}, {d}, and {d,vs}, respectively.
Link labels show the delivery probability p];, with a
format of {pj;,p7;}, and node labels show the channel

qt
5 ) The anypath

©)

quality ¢/, with a format of

i
cost of the destination node d is Dy = 0.
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Fig. 3 An example to illustrate the calculation of anypath
cost.

As the forwarding sets of node vs are J} = J2
{d}, the anypath cost D5 can be calculated as follows:

_ as 1 a2 (1—q3) 2
Ds = wampyaa s T ot s
_ qé 1 PsaXDa
T 1-(1-¢})(1—-q¢?) \pi,xdl P, 3
4+ aa(-a3) 1 pngDd)
1-(1—q})(1—¢2) \ p2,xq? P2, (10)
_ 0.5 1 +0.8x0)
1-(1-0.5)(1-0.2) \ 0.8x05 0.8
0.2(1—0.5) 1 0.9%0
+1-05)(1-02) (O.9><0.2 + 09 )

= 3.

Since the forwarding set of node vs is {d,vs}, with
anypath cost D5 and Dy, the anypath cost of node vg
can be calculated as follows:

Dg

_ % DL4 _ 95(1-a5)
1-(1-95)(1=a) 6T I—(1—¢))(1—?
qd6 1

>D(2;

1 1 1
2. Ped XDd“’P()'r)(l_Ped)XDS\

TIo(0-g)1-a)\O-1-pi)(A-pLs))xa ' 1-(1-p)(I-pL.)

)

LPGdXDd“’Pgs(l_Ped)XDS\

L ai(-qd) ( 1
T

"1-(1-¢})(1—ag})\ 1-(1-p2 ) (1-pZ5)) xa? 1-(1-pZ ) (1—pZ5)

_ 0.5 1 L 0.5X041x(1—0.5)x3

T1-(1—-0.5)(1—0.2)\ (1—(1—0.5)(1—1))x0.56 " 1—(1—0.5)(1—1)
4 0201-05) 1 |, 0.5x040.2x(1—0.5)x3
T—(1—0.5)(1—0.2)\ (1—(1—0.5)(1—0.2))x0.2 | 1—(1—0.5)(1—0.2)

=4.39.
1)

Continuing the above process, we can compute
Dy =5.71, D3 = 6.07, and D, = 7.18.

4.3 Problem Definition

Based on the definition of the anypath cost, we are
ready to find the least cost anypath between a pair
of nodes (two BSs, two CR routers, or one BS and
one CR router) for routing within CCH, or between a
source node (CR router) and one of multiple gateways
(BSs) to route data to a destination outside CCH. In
addition, we need to find the forwarding set on every
channel for every node, together with the priorities
of different channels and nodes within a forwarding
set. Thus, our SAAR problem is formally defined as
follows:
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Definition 1: SAAR(G, ¢;", p}}, s,d): Instance: A hy-
pergraph G = (V,E), with channel quality ¢;* and
packet delivery probability p;; associated with each
link from node ¢ to node j for every channel m =
1,..., M, asource node s, and a destination node set d
(the number of nodes in set dis Ng = 1 and Ngq = Np
for routing within and outside CCH, respectively,
and the destination set is made up of all the BSs
as gateways when routing outside CCH.). Problem:
Find the optimal least-cost anypath from node s to
destination node set d such that D, is minimized, and
record the forwarding set for each forwarding channel
at every node as well as their corresponding priorities
along the path.

5 SPECTRUM-AWARE ANYPATH ROUTING

In this section, we first present an overview of the
SAAR protocol. Then, we present the proposed SAAR
algorithm, which could compute the least cost any-
path in polynomial-time.

5.1

SAAR is a centralized protocol. CR routers sense
the channel and link statistics periodically and send
these information to SSP with CCC. SSP calculates
the anypath routing for each node with the statisti-
cal information of the networks. Given the channel
quality ¢*, the SSP could determine the priorities
for every channel at each node by sorting ¢ in
a descending order, so that a channel with higher
availability probability will be used with higher prob-
ability. As for the priorities of the nodes within a
forwarding set, the SSP determines their priorities
by sorting their anypath cost D; in an ascending
order, so that a node with lower anypath cost to the
destination will become the actual forwarding node
with higher probability. After the establishment of
anypath routing, every node i participating in the
routing process will know its own routing informa-
tion, such as {{1,J}};...,{m,J"};... . {M,IM}}. To
coordinate the transmissions at different nodes in
anypath routing, when a node intends to transmit,
it will first perform spectrum sensing to detect the
channel state and find out all the available channels.
Then, it selects the best one from the available chan-
nels and transmits to the nodes in the forwarding
set of that channel without causing interference to
primary users. We adopt an anycast MAC [14], [24],
[37] to realize the aforementioned coordination task.
The design of MAC protocol is out of the scope of this

paper.

Protocol Overview

5.2 SAAR Routing Algorithm

Unlike the optimization based schemes in [14], [20],
we present a polynomial-time SAAR algorithm to
solve the routing problem in CRNs in this section.
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Specifically, we are interested in finding the least cost
anypath between a pair of nodes (two BSs, two CR
routers, or one BS and one CR router) to support
routing within CCH, or between a source node (CR
router) and multiple gateways (BSs) to route data to
a destination outside CCH. Our aim is to develop an
efficient routing scheme for CCH to make it a high-
performance spectrum cloud so as to provide better
service for the SUs.

The key idea behind the algorithm is that every
node updates its forwarding sets and anypath cost in
every iteration, based on the previous anypath cost
of the neighboring nodes and the hyperlink cost for
forwarding packets to these nodes. The task of the
updating process is to find an optimal forwarding set
J™ for every node i on every available channel m,
such that

Ji" = argmingcng) (Diy + DY), (12)

where N(i) indicates the neighbor set of node i. The
forwarding cost D!} can be calculated with the packet
delivery probability p;? and channel quality ¢;" based
on Eqg. (3) and Eq. (5), and the remaining anypath cost
DY can be updated with Eq. (6) by using anypath
cost of the neighboring nodes. Intuitively, it needs
the calculation and comparison of 2/N®! — 1 possible
forwarding sets in Eq. (12). Fortunately, it has been
proved that if the anypath cost of the neighboring
nodes follows D; < ... < D; < ... < Dingy), the
optimal forwarding set is always one of {v1}, {v1,v2},
..., and {v1,va,...,vN@) } [22], [27]. Hence, the com-
plexity can be greatly reduced from exponential to
polynomial time O(|N(i)]).

Algorithm 1 summarizes the procedure of the
SAAR routing algorithm, which consists of 3 major
phases. In the initialization phase, the anypath cost
of every node D; and the anypath cost of every
node on every channel D]" are initialized to oo, and
the forwarding set J7* is initialized to ( (lines 3-7).
To support routing to one of multiple gateways, the
SAAR initializes all nodes in the destination set with
a cost value of 0 (lines 8-11), which guarantees that
a node would route packets to the closest BS (the
one with the least cost) if it intends to send a packet
to a destination outside CCH. In addition, if the
source node locates among multiple BSs, the anypath
may build paths to multiple BSs simultaneously, i.e.,
both the path and gateway are determined on-the-
fly, depending on which nodes in the forwarding
set successfully receive the packet at each hop and
their corresponding priorities. If the BSs are deployed
uniformly, the above scheme could ensure the load
balance in CCH. If one BS breaks down, the delivery
probability to this BS will drop to 0, and the SAAR
will automatically route the load to other nearby BSs.
Hence, with the SAAR routing algorithm, CCH can
be automatically configured as a robust and highly
efficient spectrum cloud.
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Algorithm 1: SAAR Routing Algorithm
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Input:

Hypergraph G = (V E).

Channel quality ¢;".

Packet dec%lvery probability p;7.

Destination node set d.

Output:

The optimal least-cost anypath from every
node to the destination node set d, and the
forwarding set for each forwarding channel at
every node as well as their corresponding
priorities along the path.

Initialization:
fori=1to N do
Di = 00,
form=1to M do
D = o,
Jn=0.
end
if i € d then
D, =0,
‘ D" =0form=1to M.
end
end
Anypath Cost Calculation:
for Loop=1to N —1 do
fori=1to N do
form=1to M do
N(i) = GetNeighbors(i),
J =10,
D" = oo,
while N( ) # (0 do
j= argmin (D),
=N
J=JuUjy,
if D" < D7 then
Dm — Dm,
Jr=1J.
else
| Break.
end
N(i) = N(i) - {j}.
end
end
D Zm, 1 amDm
end
if none of value of D; changes in this loop then
| Break.
end
end
Forwarding Set Determination:
fori=1to N do
Sort the forwarding sets of different channels
for node i according to the values of ¢/ in
descending order.
end
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In the anypath cost calculation phase, SSP updates
the values of D;, D", and J]* of each node with
the previous values of their neighbors (lines 15-34),
and finishes the anypath cost calculation phase af-
ter running the updating process for N rounds or
until the anypath cost of all nodes do not change
anymore (lines 35-37). For every node i, the updating
process for every channel is shown in lines 16-32. The
neighboring nodes of node 7 are obtained in line 17.
Then, SSP tests the neighboring nodes one by one in
an ascending order according to their anypath cost
value, and checks whether adding a new node into the
forwarding set decreases the anypath cost D;* (lines
20-31). If so, SSP adds this node to the forwarding
set and updates anypath cost D]". Otherwise, the
updating process for this channel is completed. After
updating D" and J* for every channel, the anypath
cost D; of node 7 can be calculated in line 33.

In the forwarding set determination phase, since the
nodes in J7* have been added to the set according to
their anypath cost values in the ascending order (line
21-22), we only sort the forwarding sets of different
channels for every node according to the value of ¢;"
in the descending order.

After the execution of Alg. 1, we could find the least
cost anypath from every node to a given destination
set, together with the forwarding sets of every channel
and their corresponding priorities along the anypath.

For easy understanding, we use an example to
illustrate the execution procedure of SAAR routing al-
gorithm in Fig. 4. The network topology and notations
are similar to that used in Fig. 1 and Fig. 3. We have 2
nodes in the destination node set (BSs in CCH), d; and
ds, and 6 normal nodes (CR routers in CCH), v; to vg.
From the figures, we can see that after the execution
of SAAR algorithm, every node finds its optimal
anypath to 1 or 2 of nodes in the destination node
set, e.g., nodes vy and vg have anypath connecting
to 2 gateway nodes, while nodes vy, v2, and v3 have
anypath only connecting with gateway d;, and node
vs could only route to do. Meanwhile, we can see that
different nodes have different number of paths to the
gateways, e.g., the anypath of node v is a single path,
while the anypath of vy consists of 5 paths, with 3
paths to d; and 2 paths to d».

The computational complexity of the SAAR algo-
rithm is analyzed as follows. In the initialization
phase, the computational complexity is O(NM + Ng).
Suppose the total number of links in the network
is |E|, the computational complexity of the anypath
cost updating process for each channel (lines 17-31)
is O(|[E|N) at most. The complexity of the anypath
cost calculation phase is O(N*M|E|) in total. In the
forwarding set determination phase, the complexity
of sorting operations is O(NM log M). Therefore, the
total complexity of the SAAR algorithm is O(NM +
Ng+N3M|E|+N M log M). Compared with the values
of N and |E|, the values of M and Ny are always smal-
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(a)

(b)

Fig. 4 Illustration of the execution of SAAR algorithm. (a) Initialization. (b) The resulted anypath computed with the

SAAR algorithm.

1. Hence, the total complexity is approximately equal
to O (N3*M|E|). Since the SAAR routing algorithm is
running by the SSP which has strong computational
power, this time complexity is acceptable.

Next, we prove the optimality of the proposed
routing algorithm SAAR. SAAR is an anypath routing
algorithm, and therefore it inherits the features of
anypath routing algorithms for traditional wireless
networks. We first introduce two lemmas to show a
few properties of anypath routing. Based on these two
lemmas, we then prove the optimality of SAAR. In
what follows, we use v1,v2,...,vn(j)| to denote the
neighbors of node i, which satisfies §; < d» < ... <
dn@)- Here, 6; is defined as the cost of the shortest
anypath from a node v; to the destination.

Lemma 1: If the lowest cost from the neighbors
of a node i to the destination satisfies d; < 5 <

. < 6|, then the optimal forwarding set J;* for
node i on channel m is always of the form J* =
{v1,ve,...,v;} for some k € {1,2,...,|N(i)|}.

Lemma 2: Given node i and channel m, assume that
Jm = {vl,vg,...,vk} with cost (51 < (52 < . < 5k
If D (j) is the transmission cost from node 7 to the
destination using channel m via the forwarding set
{v1,v2,...,v;}, for 1 < j < k, then we always have
D™(1) > D"(2) > ... > D™(k) = §;.

The proofs of Lemma 1 and Lemma 2 can be
found in [27]. According to Lemma 1, the optimal
forwarding set is always one of {v}, {v1,v2}, ..., and
{v1,v2,...,vn@) }- Lemma 2 indicates that given the
optimal forwarding set J7* = {vi,v2,...,v5} where
01 < 69 < < dy, the cost D" monotonous-
ly decreases as we choose {vi}, {vi,v2}, ..., and
{v1,v2,...,v;} as the forwarding set.

We prove this the optimality of SAAR using math-
ematical induction. Intuitively, SAAR works from the
destination backwards to the source node in an ex-
panding ring fashion. In each iteration, SAAR deter-
mines the forwarding nodes one-hop farther away
from the destination. Since there are /N nodes in the
network, all the nodes must be within N — 1 hops

away from the destination. Thus, SAAR is guaranteed
to converge within NV — 1 iterations.

Initialization: We initialize the anypath cost from
any node in the destination set to the desti-
nation set over any channel to be zero, ie,
{D;=0,D" =0licd,m=1,...,M}.

Inductive step: Suppose after | iterations we have
D, = ¢, for every node i that is within [ hops from the
destination. We have to prove that after [+1 iterations,
we have D; = §; for every node i that is within [ + 1
hops from the destination.

Suppose node i is | + 1 hops away from the des-
tination. Without loss of generality, assume that the
cost of the shortest anypath between the neighboring
nodes and the destination satisfies §; < 05 < ... <
dn@)- Since node i is [ + 1 hops away from the
destination, all the nodes in its optimal forwarding
set must be no more than [ hops away from the
destination. Then, based on the induction hypothesis,
every node j in the optimal forwarding set of node 4
must have D; = §;. Based on Lemma 1 and Lemma 2,
after examining the forwarding sets {v1}, {v1,v2}, ...,
and {Ul,vg, e ,’U|N(i)‘}, node i will find the optimal
forwarding set and calculate the cost D;" for channel
m. After that, we have D; = ¢, for every node ¢ within
[+ 1 hops from the destination.

It should also be mentioned that the proposed
SAAR can also be implemented in a distributed man-
ner, where each node keeps calculating the anypath
cost based on local information and exchanging the
cost information with its neighbors, until the anypath
cost and the optimal forwarding set are stable. The
distributed implementation is more suitable for dis-
tributed cognitive radio networks, such as cognitive
radio ad hoc networks.

6 PERFORMANCE EVALUATION

In this section, we evaluate the performance of the
proposed SAAR scheme with extensive simulations,
and present the simulation results on packet delivery
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TABLE 2 Simulation parameters

Number of channels 4
Channel available probability {0.7, 0.3, 0.6, 0.8}
Expected channel OFF time 50ms
Number of PUs per channel 16

PU transmission range 250m
Number of BSs 4
Number of CR routers 150

CR router and BS transmission range | 120m
CR router CCC rate 2Mbps
CR router data channel rate 2Mbps
Sending bulffer size 8KBytes
Retransmission times 5
Sensing time Ims
Channel switching time 1ms

ratio (PDR), end-to-end delay, and throughput, under
different network settings, e.g., channel conditions,
number of CR routers, and source rates, by using
Network Simulation Version 2 (NS2) software.

6.1 Simulation Settings

All simulations are conducted on a 4GHz PC with
32GBytes of memory. In the simulations, PU activities
over each channel are modeled as an exponential
ON-OFF process [14]-[16]. The channel status is up-
dated by periodic sensing and on-demand sensing
before data transmissions. We set up a CCH net-
work with a SSP, multiple PUs, BSs, and CR routers.
The SSP locates at the center of the networks, while
all other network entities distribute randomly in a
1000m*1000m square region. We generate 500 test
cases by choosing the distribution of all the nodes
in CCH and the source-destination pair randomly
in each test. A constant bit rate flow is associated
with the node pair with packet size of 512Bytes and
flow rate of 5Kbps. The physical layer is implemented
using the log-normal shadow fading model. Since the
anypath routing needs a MAC that supports anycast
with relay priority enforced, we use the anycast MAC
[14], [24], [37] in our simulation. The default network
parameters are summarized in Table 2.

In the simulation, we compare SAAR with OCR
[14], which is also a multi-path opportunistic rout-
ing scheme for cognitive radio networks. It exploits
the geographic location information of CR routers,
adopts distance advancement and link delay to form
a cognitive transport throughput routing metric, and
develops a heuristic algorithm to calculate the for-
warding set for each node. Meanwhile, to demonstrate
the advantage of multi-path routing, we also define a
unicast routing algorithm SAAR-1 which limits the
forwarding set size to 1 and selects the node with
the highest packet delivery probability and distance
advancement as the forwarding node. We compare the
proposed SAAR with the aforementioned algorithms,
and run each experiment for 200s. The results are
averaged over 100 tests.

http://dx.doi.org/10.1109/TMC.2016.2582173

6.2 Simulation Results

We first evaluate the performance of different algo-
rithms under different PU activities. We set the chan-
nel availability to be 0.7, 0.3, 0.6, and 0.8, respectively,
and evaluate the algorithms under different expect-
ed channel OFF time E[T,;s] varying from 10ms to
150ms. The PDR and end-to-end delay performance
are shown in Fig. 5(a) and Fig. 5(b). A small E[T,]
indicates that the PU has frequent avtivity, and thus
the transmissions of CR routers are more likely to be
interrupted. Therefore, the PDR is relatively smaller
and the end-to-end delay is larger. With the increase
of E[T,s¢], the PDR will increase and the end-to-
end delay will decrease gradually. We also evaluate
their performance under different channel availability,
where we set the expected channel OFF durations of
the 4 channels to be 100ms, 80ms, 50ms, and 30ms,
respectively. The results are shown in Fig. 5(c) and Fig.
5(d). Compared with the single-path routing algorith-
m, SAAR and OCR algorithms achieve significantly
better performance. Meanwhile, the performance of
SAAR outperforms that of the OCR algorithm. We can
also observe that the performance of SAAR is affect-
ed by both the channel availability and the channel
ON/OFF durations.

We also evaluate the performance of different al-
gorithms under different node densities. The number
of CR routers in CCH varies from 100 to 400. The
PDR and end-to-end delay performance are illustrated
in Fig. 6. With the increase of the number of CR
routers, more nodes will be selected and included into
a forwarding set, which will increase the chance to
take a better channel and choose a better forwarding
node from the forwarding set. This will significantly
increase packet delivery ratio and reduce end-to-end
delay, which compensates the increase of end-to-end
delay due to increasing communication overhead.
Hence, the end-to-end delay observed in Fig. 6 de-
creases with the increase of the number of CR routers.

Since the proposed SAAR algorithm is not only suit-
able for routing within CCH, but also support routing
outside CCH, we also evaluate its performance for
routing outside CCH. Fig. 7 and Fig. 8 illustrate the
results of SAAR and the modified version of SAAR
which uses only one BS as the gateway to route to
the outside of CCH. We can see that with the utiliza-
tion of multiple gateways, SAAR algorithm achieves
significantly better performance. It not only makes the
routing more robust, but also distributes the load to
multiple paths. Hence, the PDR is improved and the
end-to-end delay is reduced simultaneously.

6.3 Analysis of SAAR Properties

Fig. 9 shows the throughput of different algorithms.
From the figure, we can see that the throughput is
higher when routing outside CCH, which is benefited
from the multiple gateway scheme that distributes
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the load to multiple paths. Compared with OCR, the
SAAR algorithm could provide much higher through-
put, which makes it more suitable for CCH.

We have also compared the throughput of different
routing algorithms when the maximum size of for-
warding sets decreases from 10 to 2. The results are
illustrated in Fig. 10. From Fig. 10, we can observe
that the throughput of SAAR does not decreases as
the maximum size of forwarding sets changes from
10 to 4, and it starts to degrade when the maximum
size is smaller than 4. This is due to the fact that SAAR
always select the nodes with highest forwarding ca-
pability and add them into the forwarding set first.

As more nodes are added into the forwarding set,
their contribution on the throughput improvement of
SAAR is diminished. Therefore, the performance of
SAAR is primarily determined by a few nodes, as
shown in Fig. 10.

The communication and computation overhead of
SAAR and OCR are compared in Fig. 11. In SAAR, to
compute the anypath routing table, SSP should collect
the channel and link statistics of every node using
the CCC, and broadcast the routing table to all the
nodes in the network. As shown in Fig. 11(a), the
communication overhead of SAAR increases as the
number of CR routers increases. Since the sizes of

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/TMC.2016.2582173

IEEE TRANSACTIONS ON MOBILE COMPUTING

1.00
. SAAR Outside

0.964] —»— SAAR Outside with 1 BS

0.92- "
0.88 /

0.84-

0.80- /

0.76 /
0.72-

»

10
v\

Packet delivery rat
V.

100 125 150 175 200 300 400

100
i SAAR Outside
90 —P»— SAAR Outside with 1 BS
»>.
= 804 \
g >
z 70- T
s ] T
< 60 \>
5 \
o) 1 >
%’ 50 T
[_ﬁ 4
40 1
30 T T T T T T T
100 125 150 175 200 300 400
Number of CR Routers
(b)

Fig. 8 Performance of routing outside CCH under different CR routers densities. (a) packet delivery ratio. (b) end-to-end

50+
1 | —¢— SAAR
45 { | —m— OCR
409 e r

W W
S W
s P
Computation overhead (s)

T

e
100 125 150 175 200 300 400
Number of CR Routers

v e

Computation overhead (s)
—
w O
1 1

5'- ./. /‘
04 + — ¢ =t ; ;
100 125 150 175 200 300 400
Number of CR Routers
(b)

Fig. 11 Overhead comparison. (a) communication overhead. (b) computation overhead.

Number of CR Routers
(a)
delay.
1000
—e— SAAR
’g 9009 | —a— OCR
g 8001 o
5 700
>
=}
= 6004
2
g 500-
2 400 /
é —
S 3004 —
—
200 T T T T T T T
100 125 150 175 200 300 400
Number of CR Routers
(@)
350+
—e— SAAR
3004 —=— OCR
SAAR-1
= 2504 SAAR Outside
& —»— SAAR Outside with 1 BS
£ 5001
2
5 150-
2
= a prm— R — — — p—
100 /‘%
504

T T T T T T T T T T T
40 80 120 160 200 240 280 320 400 500 600
Load (Kbps)

Fig. 9 Throughput analysis.

the statistical information packet and the routing table
packet in SAAR are almost the same as those in OCR,
the communication overhead of SAAR and OCR is
nearly identical. Fig. 11(b) shows that the computation
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Fig. 10 Throughput under different maximum sizes of
forwarding set.

overhead of both SAAR and OCR increases as the
number of CR routers increases. It is also observed
that the computation overhead of SAAR is reduced
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remarkably as compared with OCR, which makes
SAAR more suitable for practical implementation.
In the default setting, the computation overhead of
SAAR is about 0.53s, while the overhead for OCR
is 12.31s. In SAAR, the routing table needs to be
recomputed only when the channel and link statistics
change significantly. In [38], it is observed that channel
and link statistics change very slowly in practice.
Therefore, the update of the routing table in SAAR
occurs infrequently, and the overall communication
and computation overhead of SAAR is bearable.

7 CONCLUSION

To improve the performance of multi-hop CRNs and
make it a robust spectrum cloud, taking cognitive
capacity harvesting network as an example, we have
developed a novel anypath routing mechanism SAAR.
SAAR considers both the spectrum uncertainty of
CRNs and the unreliable transmission characteristics
of wireless medium. It could build an anypath be-
tween a source node and a set of destination nodes
efficiently, where the path and gateway for each pack-
et are determined on-the-fly. We evaluate SAAR with
extensive simulations, and compare it with a multi-
path routing algorithm OCR and a unicast routing
algorithm SAAR-1. We demonstrate that SAAR sig-
nificantly outperforms other routing algorithms in
terms of packet dropping ratio, end-to-end delay, and
throughput. With SAAR algorithm, CRNs can become
a high performance spectrum cloud to harvest net-
work resource and handle the spectrum uncertainty
more effectively.

REFERENCES

[1] M. Pan, C. Zhang, P. Li, and Y. Fang, “Spectrum Harvesting
and Sharing in Multi-hop Cognitive Radio Networks under
Uncertain Spectrum Supply,” IEEE Journal on Selected Areas in
Communications, vol. 30, no. 2, pp. 369-378, Feb. 2012.

[2] M. Pan, H. Yue, C. Zhang, and Y. Fang, “Path Selection under
Budget Constraints in Multihop Cognitive Radio Networks,”
IEEE Trans. on Mobile Comput., vol. 12, no. 6, pp. 1133-1145,
Jun. 2013.

[3] H. Yue, M. Pan, Y. Fang, and S. Glisic, “Spectrum and Energy
Efficient Relay Station Placement in Cognitive Radio Network-
s,” IEEE Journal on Selected Areas in Communications, vol. 31, no.
5, pp. 883-893, May 2013.

[4] K. R.Chowdhury and M. D. Felice, “Search: A Routing Proto-
col for Mobile Cognitive Radio Ad-Hoc Networks,” Comput.
Commun., vol. 32, no. 18, pp. 1983-1997, Dec. 2009.

[5] K.R.Chowdhury and I. F. Akyildiz, “CRP: A Routing Protocol
for Cognitive Radio Ad Hoc Networks,” IEEE Journal on
Selected Areas in Communications, vol. 29, no. 4, pp. 794-804,
Apr. 2011.

[6] X.Jin, R. Zhang, J. Sun, and Y. Zhang, “TIGHT: A Geographic
Routing Protocol for Cognitive Radio Mobile Ad Hoc Net-
works,” IEEE Trans. on Wireless Commun., vol. 13, no. 8, pp.
4670-4681, Aug. 2014.

[71 M. Pan, C. Zhang, P. Li, and Y. Fang, “Joint Routing and Link
Scheduling for Cognitive Radio Networks under Uncertain
Spectrum Supply,” in Proc. IEEE INFOCOM 2011, Shanghai,
China, Apr. 2011, pp. 2237-2245.

[8] M. Li, S. Salinas, P. Li, X. Huang, Y. Fang, and S. Glisic,
“Optimal Scheduling for Multi-radio Multi-channel Multi-hop
Cognitive Cellular Networks,” IEEE Trans. on Mobile Comput-
ing, vol. 14, no. 1, pp. 139-154, Jan. 2015.

(9]

[10]

(1]

[12]

(13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

http://dx.doi.org/10.1109/TMC.2016.2582173

S. Ji, M. Yan, R. Beyah, Z. Cai, Semi-Structure Routing and
Analytical Frameworks for Cognitive Radio Networks, IEEE
Trans. on Mobile Comput., to appear.

Q. Liang, X. Wang, X. Tian, F. Wu, and Q. Zhang, Two-
dimensional Route Switching in Cognitive Radio Networks:
A Game-Theoretical Framework, IEEE Trans. on Networking,
vol. 23, no. 4, pp. 1053-1066, Aug. 2015.

S. Ping, A. Aijaz, O. Holland, and A. Aghvami, SACRP: A
Spectrum Aggregation-Based Cooperative Routing Protocol
for Cognitive Radio Ad-Hoc Networks, IEEE Trans. on Com-
mun., vol. 63, no. 6, pp. 2015-2030, Apr. 2015.

H. Chen, L. Liu, J. D. Matyjas, and M. ]J. Medley, Coopera-
tive Routing for Underlay Cognitive Radio Networks Using
Mutual-Information Accumulation, IEEE Trans. on Wireless
Commun., vol. 14, no. 12, pp. 7110-7122, Aug. 2015.

M. Youssef, M. Ibrahim, M. Abdelatif, L. Chen, and A. V.
Vasibakos, “Routing Metrics of Cognitive Radio Networks: A
Survey,” IEEE Commun. Surveys & Tutorials, vol. 16, no. 1, pp.
92-109, Feb. 2014.

Y. Liu, L. Cai, and X. Shen, “Spectrum-Aware Opportunistic
Routing in Multi-Hop Cognitive Radio Networks,” IEEE Jour-
nal on Selected Areas in Communications, vol. 30, no. 10, pp.
1958-1968, Dec. 2012.

Y. Liu, L. Cai, and X. Shen, “Joint Channel Selection and
Opportunistic Forwarding in Multi-Hop Cognitive Radio Net-
works,” in Proc. IEEE GLOBECOM 2011, Houston, USA, Dec.
2011, pp. 1-5.

Y. Liu, L. Cai, X. Shen, and J. W. Mark, “Exploiting Heterogene-
ity Wireless Channels for Opportunistic Routing in Dynamic
Spectrum Access Networks,” in Proc. IEEE ICC 2011, Kyoto,
Japan, Jun. 2011, pp. 1-5.

S. C. Lin and K. C. Chen, “Spectrum Aware Opportunistic
Routing in Cognitive Radio Networks,” in Proc. IEEE GLOBE-
COM 2010, Miami, USA, Dec. 2010, pp. 1958-1968.

S. C. Lin and K. C. Chen, “Spectrum-Map-Empowered Oppor-
tunistic Routing for Cognitive Radio Ad Hoc Networks,” IEEE
Trans. on Vehicular Technology, vol. 63, no. 6, pp. 2848-2861, Jul.
2014.

K. Zeng, Z. Yang, and W. Lou, “Opportunistic Routing in
Multi-Radio Multi-Channel Multi-Hop Wireless Networks,”
IEEE Trans. on Wireless Commun., vol. 9, no. 11, pp. 3512-3521,
Nov. 2010.

K. Zeng, J. Yang, and W. Lou, “On Energy Efficiency of
Geographic Opportunistic Routing in Lossy Multihop Wireless
Networks,” Wireless Netw., vol. 18, no. 8, pp. 967-983, Nov.
2012.

H. Dubois-Ferriere, “Anypath Routing,” PhD Dissertation,
Ecole Polytechnique Federale De Lausanne, Nov. 2006.

H. Dubois-Ferriere, M. Grossglauser, and M. Vetterli, “Valu-
able Detours: Least-Cost Anypath Routing,” IEEE/ACM Trans.
on Netw., vol. 19, no. 2, pp. 333-346, Apr. 2011.

X. Fang, D. Yang, and G. Xue, “A Distributed Algorithm
for Multi-Constrained Anypath Routing in Wireless Mesh
Networks,” in Proc. IEEE ICC 2011, Kyoto, Japan, Jun. 2011,
pp- 1-5.

X. Fang, D. Yang, and G. Xue, “MAP: Multiconstrained Any-
path Routing in Wireless Mesh Networks,” IEEE Trans. on
Mobile Comput., vol. 12, no. 10, pp. 1893-1906, Oct. 2013.

X. Fang, D. Yang, and G. Xue, “DART: Directional Anypath
Routing in Wireless Mesh Networks,” in Proc. IEEE MASS
2011, Valencia, Spain, Oct. 2011, pp. 590-599.

R. Laufer, H. Dubois-Ferriere, and L. Kleinrock, “Multirate
Anypath Routing in Wireless Mesh Networks,” in Proc. IEEE
INFOCOM 2009, Rio de Janeiro, Brazil, Apr. 2009, pp. 37-45.
R. Laufer, H. Dubois-Ferriere, and L. Kleinrock, “Polynomial-
Time Algorithms for Multirate Anypath Routing in Wireless
Multihop Networks,” IEEE/ACM Trans. on Netw., vol. 20, no.
3, pp. 742-755, June 2012.

R. Laufer, P. B. Velloso, L. F. M. Vieira, and L. Kleinrock,
“PLASMA: A New Routing Paradigm for Wireless Multihop
Networks,” in Proc. IEEE INFOCOM 2012, Orlando, USA, Mar.
2012, pp. 2706-2710.

P. Feng, F. Wu, B. Liu, and C. Dong, “DSMA: Optimal Multi-
rate Anypath Routing in Wireless Networks with Directional
Antennas,” in Proc. 10th IEEE Conference on Wireless Commu-
nications and Mobile Computing, Hilton Nicosia, Cyprus, Apr.
2014, pp. 381-386.

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

IEEE TRANSACTIONS ON MOBILE COMPUTING

[30] A. Basalamah, S. M. Kim, S. Guo, T. He, and Y. Tobe, “Link
Correlation Aware Opportunistic Routing,” in Proc. IEEE IN-
FOCOM 2012, Orlando, USA, Mar. 2012, pp. 3036-3040.

[31] A. Laven, A. J. Kassler, and A. Brunstrom, “Latency Aware
Anypath Routing and Channel Scheduling for Multi-radio
Wireless Mesh Networks,” in Proc. IEEE WCNC 2014, Istanbul,
Turkey, Apr. 2014, pp. 2462-2467.

[32] W. Hu, J. Xie, and Z. Zhang, “Practical Opportunistic Routing
in High-Speed Multi-Rate Wireless Mesh Networks,” in Proc.
ACM MobiHoc 2013, Bangalore, India, Jul. 2013, pp. 127-136.

[33] J. Rak, “LLA: A New Anypath Routing Scheme Providing
Long Path Lifetime in VANETs,” IEEE Communications Letters,
vol. 18, no. 2, pp- 281-284, Feb. 2014.

[34] W. Kim, M. Gerla, S. Y. Oh, K, Lee, and A. Kassler, “CoRoute: A
New Cognitive Anypath Vehicular Routing Protocol,” Wireless
Commun. and Mobile Comput., vol. 11, no. 12, pp. 1588-1602,
Dec. 2011.

[35] C. Chao, H. Fu, and L. Zhang, ”"An Anypath Routing Protocol
for Multi-hop Cognitive Radio Ad Hoc Networks,” in Proc.
IEEE UTC-ATC-ScalCom 2014, Bali, Indonesia, Dec. 2014, pp.
127-133.

[36] S. Biswas and R. Morris, “ExOR: Opportunistic Multi-Hop
Routing for Wireless Networks,” in Proc. ACM SIGCOMM
2005, Philadelphia, USA, Aug. 2005, pp. 133-143.

[37] S. Jain and S.R. Das, “Exploiting Path Diversity in the Link
Layer in Wireless Ad Hoc Networks,” Ad Hoc Networks, vol.
6, no. 5, pp. 805-825, Jul. 2008.

[38] S.Yin, D. Chen, Q. Zhang, M. Liu, and S. Li, “Mining Spectrum
Usage Data: A Large-Scale Spectrum Measurement Study,”
IEEE Trans. on Mobile Computing, vol. 11, no. 6, pp. 1033-1046,
Jun. 2012.

Jie Wang (M'12) received his B.S. degree
from Dalian University of Technology, Dalian,
China, in 2003, M.S. degree from Beijing
University of Aeronautics and Astronautics,
Beijing, China, in 2006, and Ph.D degree
from Dalian University of Technology, Dalian,
/ China, in 2011, all in Electronic Engineering.
A\ From Jan. 2013 to Jan. 2014, he is a visiting
| /-i researcher at University of Florida.
m He is currently an associate professor at
Dalian University of Technology. His research
interests include wireless localization and tracking, wireless sensor
networks, and cognitive radio networks.

»
&

Hao Yue (M’15) received his B.S. degree in
Telecommunication Engineering from Xidian
University, Xi'an, China, in 2009, and Ph.D.
degree in Electrical and Computer Engineer-
ing from University of Florida, Gainesville,
FL, USA, in 2015.

He is now an Assistant Processor with
the Department of Computer Science, San
Francisco State University, San Francisco,
CA, USA. His research interests include
cyber-physical systems, cybersecurity, wire-
less networking, and mobile computing.

http://dx.doi.org/10.1109/TMC.2016.2582173

Long Hai (S’13) received his B.S. degree
in Electronic Engineering from Shenyang
Jianzhu University in 2008, M.S. degree in
Electrical and Computer Engineering from
Northeastern University in 2010, and Ph.D
degree from Dalian University of Technology,
Dalian, China, in 2016.

He is currently a postdoctor at Shenzhen
University. His research interests include net-
work coding in lossy networks and routing
algorithm design in ad-hoc networks.

Yuguang “Michael” Fang (F’08) received a
BS/MS degree from Qufu Normal University,
Shandong, China in 1987, a Ph.D degree
from Case Western Reserve University in
1994 and a Ph.D. degree from Boston Uni-
versity in 1997. He joined the Department of
Electrical and Computer Engineering at Uni-
versity of Florida in 2000 and has been a full
. professor since 2005. He holds a University
| of Florida Research Foundation (UFRF) Pro-

fessorship from 2006 to 2009, a Changjiang
Scholar Chair Professorship with Xidian University, China, from 2008
to 2011, and a Guest Chair Professorship with Tsinghua University,
China, from 2009 to 2012.

Dr. Fang received the US National Science Foundation Career
Award in 2001 and the Office of Naval Research Young Investigator
Award in 2002, and is the recipient of the Best Paper Award from
IEEE ICNP (2006). He has also received a 2010-2011 UF Doctoral
Dissertation Advisor/Mentoring Award, 2011 Florida Blue Key/UF
Homecoming Distinguished Faculty Award, and the 2009 UF College
of Engineering Faculty Mentoring Award. He is the Editor-in-Chief of
IEEE Transactions on Vehicular Technology, was the Editor-in-Chief
of IEEE Wireless Communications (2009-2012) and serves/served
on several editorial boards of journals including IEEE Transactions
on Mobile Computing (2003-2008, 2011-present), IEEE Transactions
on Communications (2000-2011), and IEEE Transactions on Wire-
less Communications (2002-2009). He has been actively participat-
ing in conference organizations such as serving as the Technical
Program Co-Chair for IEEE INOFOCOM2014 and the Technical
Program Vice-Chair for IEEE INFOCOM'2005. He is a fellow of the
IEEE.

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



