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Abstract—Device-to-device (D2D) communications can potentially alleviate cellular network congestion by utilizing local available links,
and have attracted intensive attention recently. Cognitive radio (CR) allows users to opportunistically access unused licensed spectrum.
It thus serves as a great candidate technology for D2D communications, but has not been widely employed in cellular networks due
to hardware development limitations. In this paper, we propose a new architecture, called cognitive mesh assisted cellular network
(CMCN), in which several secondary service providers (SSPs) deploy CR routers to facilitate D2D communications among wireless
users. To address the competition among the SSPs, we further construct a secondary spectrum auction market. Although a few works
have studied spectrum auction, most of them are designed for single-hop communications, and it is usually not clear whom a winning
user communicates with. Uncertain spectrum availability is not considered in previous schemes either. In this paper, we propose a
transmission opportunity auction scheme, called TOA, which can address these problems. Extensive simulations are conducted to

validate the efficiency of the CMCN architecture and that of the TOA scheme.

Index Terms—Device-to-Device communications, cognitive mesh assisted cellular network, transmission opportunity auction

1 INTRODUCTION

The exploding growth of wireless devices like smartphones
and tablets has driven the emergence of various applications,
such as location-based social networking, mobile gaming,
and mobile video services [1], but on the other hand, has
exaggerated the congestion in wireless cellular networks.
Device-to-device (D2D) communications deliver data traffic
by utilizing local available links and bypassing the base
stations (BSs), and hence can potentially alleviate network
congestion, improve network capacity, coverage, and robust-
ness, enable new services, etc. Besides, recent studies show
that many licensed spectrum blocks are not used in certain
geographical areas and are idle most of the time [2], [3].
Since Federal Communications Commission (FCC) opens the
discussions on intelligently sharing licensed spectrum, there
has been a surge of research activities on cognitive radios
(CRs), which can be allowed to opportunistically access the
unused licensed spectrum as long as they abide by the rules
and regulations for such a usage. Thus, by integrating CR
techniques, nodes under the D2D communication mode can
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borrow idle radio spectrums from other networks without
interrupting communications among the licensed users. In
such a way, the capacity of D2D communications in cellular
networks can be largely increased by improved spectrum
efficiency. There have been some existing research exploring
the resource allocation, connectivity and energy efficiency for
CR-enabled D2D communication systems [4]-[6].

However, we notice that most previous works commonly
assume that a CR can operate across a wide spectrum range
(e.g., from MHz to GHz [7]). This may be possible in theory,
but in practice it is very difficult to implement such high
cognitive capability in light-weight radios. In other words,
wireless users may not be able to directly benefit from the
CR technology due to hardware development limitations.
Therefore, how to leverage CR technology to support D2D
communications practically is still an open and challenging
problem, which deserves thorough investigation.

In this paper, we propose a new network architecture, called
cognitive mesh assisted cellular network (CMCN), which
allows wireless users to take advantage of CR technologies
while minimizing the complexity of their devices. Specifically,
in a CMCN, several secondary service providers (SSPs) deploy
their own CR routers, which together form a cognitive mesh,
to facilitate D2D communications. CR routers are equipped
with multiple CR radios that can operate over a wide spectrum
range. A wireless user accesses CMCN via a CR router nearby
using either Wi-Fi or cellular radio. In such a way, no specific
requirement is imposed on users’ devices. They could be
either laptops using Wi-Fi, cell phones using GSM/GPRS, or
smart phones using 3G/4G/LTE, etc. Thus the CR capability
requirement is offloaded from wireless users to CR routers.

For the data transmission among CR routers, rather than
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connecting them via the base station, we propose to leverage
the short-range D2D communication. In so doing, we can
further take advantage of local available channels and fre-
quency reuse to provide higher network capacity. Since CR
routers could be multihop away from each other, we adopt
multihop D2D communications herein, i.e., an end-to-end
connection for two CR routers may consist of multiple D2D
links in between. The idea of multihop D2D communication
in cellular networks was first proposed in [8] and has recently
been discussed for its application in content downloading and
sharing [9]-[12]. It is expected to be a key feature supported
by next-generation cellular networks [13].

For spectrums utilized by CR routers, they are leased from
the primary cellular service provider (PSP), and can either
be PSP’s vacant licensed spectrums or some unused licensed
spectrums harvested/purchased from other spectrum license
holders, such as TV white space. Since wireless users pay
to SSPs who delivers their data traffic, SSPs are motivated in
renting spectrums from the PSP. To account for the competi-
tion among SSPs, we further construct a secondary spectrum
auction market, where the PSP acts as the auctioneer and SSPs
ask their CR routers to participate in the auction as bidders.
The PSP determines the winning CR routers and optimizes the
D2D communications by joint scheduling and routing. Note
that the winning CR routers could belong to different SSPs.
Each source user finally pays all the SSPs whose CR routers
have helped relay its traffic with the help of (or through) the
PSP, who has full knowledge of which SSPs have participated
and how much each of them should earn.

In the literature, there have been some works studying
spectrum auction in wireless networks. However, most of them
[14]-[23] were designed for single-hop data transmission. In
particular, each user bids and is allowed to use the pur-
chased spectrum for communications if it wins. There are two
problems: First, this is unsuitable for D2D communications;
and second, it is not clear whom a winner communicates
with (the receiver is not clearly specified). Thus, the network
performance can be poor due to collisions. Li et al. [24], [25]
discussed spectrum auction for multi-hop data delivery. But
they assumed that each secondary network only has one flow,
and did not consider time domain scheduling when utilizing
the spectrums. Our previous work [26] studied spectrum
auction for multi-hop wireless networks without exploring
the diversity brought by multi-radio nodes. In addition, due
to the unpredictable activities from other license holders,
the harvested/purchased spectrum at the PSP is dynamic in
nature. Unfortunately, uncertain spectrum availability was not
considered by previous auction schemes. Moreover, in addition
to fulfilling cellular users’ traffic demands, auction schemes
need to satisfy some critical economic properties.

In light with all these observations, we propose a transmis-
sion opportunity auction scheme, called TOA, for the proposed
CMCN. Specifically, in TOA we model spectrum bandwidths
as random variables. Instead of spectrum as in traditional
spectrum auction schemes, CR routers bid for transmission
opportunities (TOs). A TO is defined as the permit of data
transmission on a specific link between a transmitter and
a receiver using certain radios on a specific band, i.e., a
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Fig. 1. The architecture of our proposed cognitive mesh
assisted cellular network (CMCN).

link-radio-channel (LRC) tuple. The TOA scheme is mainly
composed of three procedures: TO allocation, TO scheduling,
and pricing. These three procedures are performed sequentially
and iteratively until the aforementioned goals are reached.
Particularly, in TO allocation, in each iteration the auctioneer
solves a TO allocation (TO-AL) optimization problem to find
out the LRC tuples (i.e., TOs) that can be active at the same
time and have the highest total bid. Ir considers the set of
the transmitters in these TOs as a winning virtual bidder
group (VBG). In TO scheduling, the auctioneer formulates a
minimum length scheduling problem, called TO scheduling
(TO-SC), to see if the winning VBGs found so far can support
the users’ traffic in the network by exploring scheduling
(in both time and frequency domains) and routing. If the
minimum scheduling length is larger than 1, it means that
the current winning VBGs cannot support the users’ traffic,
and the auctioneer needs to find another VBG through TO-
AL again. Otherwise, the auctioneer can then determine the
clearing price for each winning VBG and CR router.

The rest of this paper is organized as follows. The system
models are described in Section 2. We detail the proposed
TOA scheme in Section 3, and prove the economic-robustness
of TOA in Section 4, respectively. We conduct simulations
in Section 5 to evaluate the performance of the CMCN
architecture and of the TOA scheme. We present extensive
related work in Section 6. We finally conclude this paper in
Section 7.

2 SYSTEM MODELS
2.1 Network Model

We consider a novel cognitive mesh assisted cellular net-
work (CMCN) in this paper, as shown in Fig. 1. Specifi-
cally, several secondary service providers (SSPs) deploy their
own CR routers in a cellular network to facilitate D2D
communications, which together form a cognitive mesh. The
primary cellular service provider (PSP) leases its own idle
spectrums, and if necessary, some unused licensed spectrums
harvested/purchased from the corresponding spectrum license
holders, such as TV white space, to the SSPs for their CR
routers’ communications. Thus, our proposed CMCN falls
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in the category of outband D2D communications [29]-[31],
where the communications carried over cellular spectrums are
not affected by D2D communications. Since users pay to the
SSPs who successfully deliver their data traffic, SSPs compete
with each other in winning spectrums to support as much as
traffic. Specifically, they ask their deployed CR routers to bid
!. Meanwhile, the PSP determines the winning routers and
arranges them to carry out D2D communications for the users.
In addition, to exchange control messages with the PSP, the
SSPs can either let the CR routers utilize some of the PSP’s
common signaling control channels to communicate with the
PSP’s base stations in one hope, or communicate with the PSP
on behalf of their routers via a wired connection. Moreover, as
most wireless devices are not equipped with cognitive radios,
they connect to the cognitive mesh, i.e., the CR router nearby,
using the cellular or WiFi band to enjoy the high data rate
brought by CR technologies. Since the first-hop and last-hop
communications can be easily carried out, we focus on how
to deliver D2D traffic in the cognitive mesh.

Suppose there are a set of £ ={1,2,..., L} uni-cast D2D
sessions in a CMCN. Let s(1), d(1), and 7(1) denote the source
router, destination router, and traffic demand of session [ € L,
respectively?. Denote by N' = {1,2,..., N} the set of all the
routers. Since each CR router may be equipped with multiple
radios, we denote the set of radios at CR router i € N by
R; ={1,2,...,R;}. In addition, we let M = {1,2,..., M}
denote the harvested/purchased spectrum bands by the PSP.

2.2 Dynamic Spectrum Availability and Link Capac-
ity

Due to the unpredictable activities of those other license
holders, the availability of the harvested/purchased spectrums
is highly dynamic. Based on the statistical characteristics of
spectrum bands obtained from observations and experiments in
[2], [32], [33]°, we model the secondary spectrum bandwidths
as random variables. In particular, we denote by W? the
bandwidth of band b € M, which is a random variable
following a certain distribution.

Suppose the power spectral density of node ¢ on band b is
a constant and denoted by P?. A widely used model [34]-
[39] for power propagation gain between node ¢ and node j,
denoted by g;;, is g;; = C - [d(4,7)]7, where ¢ and j also
denote the positions of node ¢ and node j, respectively, d(i, j)
refers to the Euclidean distance between ¢ and j, v is the
path loss factor, and C' is a constant related to the antenna
profiles of the transmitter and the receiver, wavelength, and
so on. In this work, we employ the protocol model [34]-[39]
to characterize interference relationships among transmissions.
Specifically, the above data transmission is successful only if

1. In this paper we only discuss the bidding activities of CR routers. For
how much users pay to SSPs for delivering their data, it is not the focus here.
A necessary condition is that the charge to SSPs during an auction should be
no larger than their collected payment from users.

2. Source router and destination router can be easily determined, for
example, according to the signal strength.

3. For example, Yin et al. [2] carried out a set of spectrum measurements
in the 20 MHz to 3 GHz spectrum bands at four locations concurrently in
Guangdong province of China. They conducted a set of detailed analysis of
the first and second order statistics of the collected data.

the received power spectral density at the receiver exceeds
a threshold P:l}. Meanwhile, we assume interference becomes
non-negligible only if it produces a power spectral density over
a threshold of P? (P! < P?) at the receiver. We denote the
transmission range and interference range of node i on band
b by Ré,ib and R}’b, respectively. Obviously, we have R}’b >
RzT’b. Besides, different nodes may have different transmission
ranges/interference ranges on different channels with different
transmission power.

Moreover, similar to that in [35], [38], [40], according to
the Shannon-Hartley theorem, if node ¢ transmits to node j on
band b, using radios m (m € R;) and n (n € R;), respectively,
the capacity of this transmission is

b

i = Whloga (14 2252), 1)
where 7) is the thermal noise at the receiver. Note that the
denominator inside the log function only contains 7. This is
because of one of our interference constraints, i.e., when node
i is transmitting to node j on band b, all the other neighbors
of node j within its interference range are prohibited from
using this band. We will address the interference constraints
in detail in the following section. Notice that since we consider
W?’s as random variables, the transmission capacity rﬁv’jmn’s
are also random variables.

2.3 Auction Model

In a CMCN, the PSP acts as the auctioneer, while SSPs
ask their CR routers to participate in the auction as bidders.
Instead of spectrum bands as in previous auction schemes,
the CR routers bid for transmission opportunities (TOs). A
TO is defined as the permit of data transmission between a
transmitter and a receiver using certain radios on a certain
spectrum band, which we call a link-radio-channel (LRC)
tuple. Compared with spectrum in traditional spectrum auc-
tions, a TO in our proposed TO auction not only specifies
the allocated spectrum, but also the specific transmitter and
receiver as well as their radios using this spectrum. The
PSP then determines the winning CR routers (actually the
winning TOs) and optimize the D2D data traffic delivery by
joint scheduling and routing. Note that the winning CR routers
could belong to different SSPs. Each source user finally pays
all the SSPs, whose deployed CR routers have helped relay
its traffic, with the help of (or through) the PSP, who has full
knowledge of which SSPs have participated and how much
each of them should earn. Note that routers are the real bidders
in TO auctions instead of wireless users.

In order to participate in spectrum auctions, all the SSPs
submit the locations of their routers to the PSP, who can
then determine the topology of the entire CR mesh. Based
on that, the PSP constructs a conflict graph denoted by
G(V, E), where V is the vertex set and E is the edge set. In
particular, each vertex corresponds to a LRC tuple denoted by
((i,4), (m,n),b), where i,j € N, j € T2, m € Ri, n € R,
and b € M, (M. Here, ’7;” is the set of nodes* within node
1’s transmission range on band b, and M, is the set of spectrum

4. In this paper, we consider the terms node and CR router interchangeable.
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bands available at node ¢. The LRC tuple indicates that node
¢ transmits to node j on channel b with radio m and radio
n, respectively. Besides, two vertices in V' are connected with
an undirected edge if the corresponding LRC tuples interfere
with each other, i.e., if any of the following conditions is true:

e The receiving node in one LRC tuple is within the
interference range of the transmitting node in another
LRC tuple, given that the both of them are using the
same band;

o The two tuples use the same radio at one or two nodes.

In this conflict graph, an independent set (IS) is a set in which
each element is a LRC tuple for a transmission, and all the
elements (or transmissions) can be carried out successfully at
the same time. If adding any more LRC tuple into an IS results
in a non-independent one, this IS is defined as a maximum
independent set (MIS). We denote the set of all the MISs by
I ={%1,1,,..1y,...,Ig}, where Q = |Z|, and Z, C V for
1 < ¢ < Q. We will show later that we do not really need to
find all the MISs, which is in fact an NP-complete problem.
We denote the MIS Z,’s time share (out of unit time 1) to
be active by A\, (A\; > 0). Therefore, if all the data traffic
in the network can be supported, we have Zqul Ag < 1.
Besides, we let ¥ . mn(Zg) be the instantaneous transmission
rate of the LRC tuple ((4,j),(m,n),b) when the MIS Z,
is active. Then, r?; . (Z,) is equal to 0 if the LRC tuple
((1,7), (m,n),b) & Ty, and the capacity of (i, j), (m, ), b),
ie., rfjﬁ,,m, otherwise, as calculated in (1).

We denote node ¢’s real valuation and bid price for a TO
by v; and c¢;, respectively. In an auction, nodes submit their
bids ¢;’s in a sealed manner, so that no one has access to any
information about others’ bids. After the auctioneer receives
all the bids, it divides the bidders into different virtual bidder
groups (VBGs), each of which is a set of transmitters of all
LRC tuple in one MIS. We denote the set of all the VBGs by
G. The auctioneer considers each VBG as a virtual bidder with
its group bid being the sum of all nodes’ bids in that group,
and determines the winning VBGs denoted by Gyy. We denote
each winning VBG in Gy by Gw, (1 <t < |Gw|), and the
set of indexes of the winning VBGs containing node ¢ by H;,
respectively. We also denote the clearing price for node ¢ in a
winning VBG containing i, say Gy, (t € H;), by pl.

2.4 Objective of Auction Design

The design of auction schemes heavily depends on the
desired properties. In this paper, we assume that all nodes
are strategic in the sense that they may manipulate their bids
to obtain favorable outcomes. We aim to design an auction
scheme that can satisfy two of the most important economic
requirements: Incentive Compatibility (IC) and Individual Ra-
tionality (IR), which are defined as follows:

o Incentive Compatibility (IC): The utility function of
node ¢ (i € N), is a function of all the bids:

dvem, (Vi —pt), if ¢ wins
0, otherwise.

Uz’(Cz‘,C—i) =

where c_; denotes the vector of bids from other nodes.
Thus, an auction is IC if for any node i (i € N) with
any ¢; # v; while others’ bids are fixed, we have

ui(ci,c—i) < ui(vi, c_y). 3)

o Individual Rationality (IR): An auction is IR, if no
bidder is charged higher than its bid in the auction, i.e.,
ci < p; forall i € N.
We say an auction is economic-robust [20], [27] if it is IC and
IR.

3 TRANSMISSION OPPORTUNITY AUCTION

In this section, we introduce our proposed transmission
opportunity auction scheme, called TOA. Recall that there are
a set of uni-cast D2D sessions, which need to be delivered
through the CR mesh and may be across multiple hops each.
Thus, the objective of TOA is to choose MISs, and hence
VBGs, which can support such multi-hop sessions and gener-
ate high social utility. Meanwhile, TOA should be economic-
robust. In general, the TOA scheme is composed of three
closely coupled procedures: TO allocation, TO scheduling, and
pricing. These three procedures are performed sequentially and
iteratively until our goals are reached. In what follows, we
detail the design of the three procedures, respectively.

3.1 Transmission Opportunity Allocation

At the beginning of TOA, each node i (: € N) submits
its bid ¢; to the auctioneer. Then the auctioneer calculates the
virtual bid from G, as

o= e 4)

i€G,

The objective of TO allocation is to find out one winning
MIS, which corresponds to a winning VBG, that maximizes
the virtual bid C; in each iteration in a monotonic manner. In
particular, we will find the VBG with the highest virtual bid in
the first iteration, the one with the second highest virtual bid in
the second iteration, and so on and so forth until the iteration
ends. Such VBGs (MISs) are considered as winning VBGs
(MISs) denoted by Gy (Zyy). We will show in Section 4 that
a monotonic TO allocation procedure is critical in achieving
the IC and IR properties. Note that each element in an MIS
is a TO. Since finding all the MISs and hence TOs is an NP-
complete problem, our approach of finding useful MISs one
by one is much more efficient.

Before formulating the optimization problem, we first list
several constraints as follows.

Notice that in the procedure of TO allocation, we do not
assume that we know all the MISs, finding which is in fact an
NP-complete problem. We denote

1, if ¢, using radio m, can transmit to j,
= using radio n, on channel b,
0, otherwise.

b

Sij,mn

Recall that we let T;” denote the set of nodes that can access
channel b and are within the transmission range of node ¢,
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and R; the set of radios at node 7. We can prove that a node
cannot transmit to or receive from multiple nodes on the same
channel due to interference, even if it has multiple radios with
different transmission power. Thus, we have

202 D shmn <L D > D shma <L

JETP MER; n€ER; {i|jeTP} MER: nER;
®)

Besides, a node j cannot use the same channel or radio for
transmission and reception at the same time. Therefore, we
get

oY Yt Y <16

{i|jeTP} mER:i n€R; qujb YER; 2ER,

)RS DD DI DD D DR S RN ()

beM; {i|jeTr} mER; PEM; qeT} 2€Rq

Moreover, the total number of communication links, transmit-
ting or receiving, at any node j should be no larger than the
number of radios node j has, which means

Z Z Z Z Sijmn + Z Z Z Z Siaus

beM; {7;|je7‘i”} meER; n€ER; PEM,; quj” YER; zER,

<Rl = R;. ®)

In addition to the above constraints at a certain node, there
are also constraints due to potential interference among the
nodes. In particular, for a spectrum band b, if node ¢ uses
this band for transmitting data to a neighboring node j € T2,
then any other nodes that can interfere with node j’s reception
should not use this band. To model this constraint, we denote
by P]l? the set of nodes that can interfere with node j’s
reception on band b, i.e.,

Py = {pld(p,j) < RY’.p# 4, T) #0}.

The interpretation of 7;’ # () in the above definition is that
node p may interference with the reception at node j only if
there are some nodes within p’s transmission range on channel
b which p can transmit to. Consequently, for each p € P we
have

Do D st X D D eSO

{i|j€7—ib} meER; n€R; qupb YERp 2ER

Moreover, recall that we need find the t-th highest virtual
bid in the ¢-th iteration. Thus, in the ¢-th (¢ > 2) iteration,
we need find the VBG giving the highest virtual bid with the
previously found ¢t — 1 VBGs being excluded. Letting Zyy,
and Gy denote the MIS and the corresponding VBG that we
find in the ¢-th iteration, respectively, we have

Z imn < |Twrl, 1<7<t—1, (10)
((4,3),(mn),b)ETw,+
> Lon =1, 1<7T<t—1, (D

((@,5),(m,n),b)¢Zw,

where |Zyy ,| is the number of elements contained in Zyy, ..
(10) means that all the LRC tuples in any of the previously
found ¢ — 1 MISs cannot be selected at the same time in the

t-th iteration, which excludes the previous ¢ — 1 MISs. (11)
means that the newly found MIS should contain at least one
different LRC tuple from any of the previously found ¢ — 1
MISs.

Consequently, according to the above constraints, the TO
allocation (TO-AL) optimization problem finding the VBG
with the ¢-th highest virtual bid in the ¢-th iteration can be
formulated as follows:

TO-AL: Maximize Z Z Z Z Z sfjmn ¢
i€EN beEM,; JETY MER; n€ER;
s.t. Constraints (5) — (11)
Sli)j,mn =0 or 1
where sé’j’mn’s are the optimization variables. Note that (10)

and (11) make sure the newly found IS in ¢-th iteration is
an MIS and different from any MIS found in previous ¢ — 1
iterations. Besides, (10) is in fact always satisfied as long as
(11) holds. Since sfj’mn can only take value of 0 or 1, TO-
AL is a Binary Integer Programming (BIP) problem, which
can be solved by applying the traditional branch-and-bound
or branch-and-cut [41] approach.

Note that at the end of each round of TO-AL a winning MIS
(and thus a winning VBG) is identified. However, how to allow
the winning VBGs to carry out D2D sessions is not clear.
In another word, although the spectrum has been allocated
to winning VBGs, it is useless for data transmission without
specifying the scheduling and data routing policy.

3.2 Transmission Opportunity Scheduling

After determining some winning MISs, the auctioneer finds
an optimal way to utilize them to deliver all the uni-cast
sessions, by exploring joint scheduling and routing.

Denote the set of the winning MISs found up to the ¢-th
iteration by 7}, = U._,Zy .. Note that |Z};;| = ¢. Letting
fij (1) denote the flow rate of traffic I over link (¢, j), where
i €N, jETi (Ti =Uper, T, and | € L, the scheduling of
the MISs should satisfy the following:

t
IEIUED DD DREDDED DR AR
leL g=1  beM;NM; meER; n€R;

Note that (12) is a probabilistic constraint since 77; ... (Z4)’s

are random variables. Inspired by the concept of value at risk
(VaR) in [42], we leverage a parameter 5 € [0, 1] to define
the spectrum availability at confidence level 3, and denote it

by Xg(W) as follows:
Hw(t) = [~ hw(w)dw, teR

Xp(W) = sup{t : Hw(t) > B},

Based on the above definition, we can reformulate (12) as

lel bEMiﬂMj meER; TLGRJ

B €[0,1].

(13)
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We then give routing constraints in the following. Recall
that a source node may need a number of relay nodes to relay
its data packets toward the intended destination node. Since
routing packets along a single path may not be able to fully
take advantage of the local available channels, in this study, we
employ multi-path routing to deliver packets more effectively
and efficiently.

In particular, if node ¢ is the source of session [, i.e., i =
s(1), then we have the following constraints:

Z fisp) = 0, (14)
J#s(1),s(DET;
S L = ). (15)

J#s(1),0€Tsy

The first constraint means that the incoming data rate of
session [ at its source node is 0. The second constraint means
that the traffic for session [ may be delivered through multiple
nodes on multiple paths, and the total data rates on all outgoing
links are equal to the corresponding average end-to-end session
data rate r(l).

If node 7 is an intermediate relay node for session I, i.e.,
1 # s(l) and @ # d(l), then

> fulh=

J#s(1),5€Ts

>

p#d(1),i€Tp

Jpi(D), (16)

which indicates that the total incoming data rates at a relay
node are equal to its total outgoing data rates for the same
session.

Moreover, if node 4 is the destination node of session [, i.e.,
i = d(l), then we have

Yo Jawi() =0, (17)
J#d(1),€Taq)
Yoo @) =r(). (18)

p#d(1),d(1)eTp

The first constraint means the total outgoing data rate for
session [ at its destination d(1) is 0, while the second constraint
indicates that the total incoming data rate for session [ at the
destination d(l) is equal to the corresponding average end-to-
end session data rate 7(1).

Based on the constraints mentioned above, the TO schedul-
ing (TO-SC) optimization problem in the ¢-th iteration is
formulated as follows:

t
TO-SC:  Minimize » ),
q=1
s.t. Constraints (13) — (18)
Ag>0(1<g<i)
fij() >0 (G eN,jeT,lel).

Its objective is to minimize the active transmission time of all
winning MISs to support all the D2D sessions, such that a fea-
sible solution, i.e., Zflzl Ag <1, can be found fast. Denoting
by Fy (w) the cumulative distribution function (CDF) of the

random variable T, we can get X5(W) = Fy;' (1— ). Thus,
(13) can be further reformulated as

t
DD <Y AF iz, (1= B), (19)

el q=1

where Wi;(Z,) is defined as 3-c g, bZ:mERi 2 ner,
b b is B
2 (G (maywyez, WStsmn 1082 (14 25

distributions of random variables W?’s, and the decision
variables ng,mn’s obtained in the TO-AL procedure, (19) is a
linear constraint regarding variables f;;(1)’s. After replacing
(13) with (19), the formulated TO-SC problem is a linear
programming (LP) problem, which can be easily solved by
using the simplex method [43]. The optimal result of TO-SC
indicates whether the current winning MISs are enough to
support all the uni-cast sessions. Specifically, if the optimal
result is no larger than 1, then all sessions can be supported.
The solution also shows how to schedule the MISs and route
the traffic. Then, the auctioneer continues to perform pricing as
introduced next. Otherwise, it means that the current winning
MISs cannot satisfy the sessions. Thus, the auctioneer does not
need to perform pricing and another winning MIS is generated
from TO-AL.

Note that TO-SC is an indispensable procedure for our
proposed TOA. First, it tells how the winning VBGs utilize
their obtained spectrum to deliver D2D sessions. Second, the
derived minimum scheduling length ZZ=1 Ag is critical for
pricing, which determines if the economic-robustness can be
achieved in TOA. More details will be provided next.

). Thus, given the

3.3

Before describing the pricing scheme, we would like to dis-
cuss the iteration termination condition. As mentioned above, a
minimum scheduling length 22:1 A4 over all selected VBGs
is derived via TO-SC in t-th iteration. If 37, _; Ag > 1,
it indicates the traffic load cannot be supported by current
winning VBGs and another round of iteration is needed to
identify more winning VBG(s). In this paper, we set the
termination condition as the iteration when 2221 Ag £ 1is
reached for the first time. As we will show later in the proof
of Theorem 1, this termination condition plays a critical role
in guaranteeing economic-robustness of our scheme.

After fixing the iteration number, i.e., the number of winning
VBGs, we set the charging price for each winning node fol-
lowing the basic idea of VCG auction pricing [44]. Recall that
H, represent the set of indices of winning VBGs containing
node ¢. The clearing price for i is

bi = Z p; = Z (Ct,fi —(Ce - Ci))~

teH, teH,

Iteration Termination and Pricing

(20)

where C _; stands for the ¢-th highest group bid when node
1 is excluded from the t-th iteration and C; — ¢; is the sum
of bids from the ¢-th highest group bid except c;. Clearly, the
clearing price for winner ¢ is irrelevant to its bid. Based on the
proposed spectrum allocation and pricing procedure, we are
able to prove this spectrum auction framework is economic-
robust. We leave its discussion and proof in Section 4.
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3.4 Computation Efficiency Analysis

Recall that our TOA scheme consists of three procedures:
TO allocation (solving TO-AL), TO scheduling (solving TO-
SC), and pricing, out of which TO-SC (an LP problem) and
pricing can be efficiently computed while TO-AL (a BIP
problem) may take some computation efforts. A new round
of TOA might be triggered by the update of traffic demand.
Fortunately, in most cases the PSP does not have to conduct
a new TOA entirely, as long as the CR routers’ bids and the
CR mesh topology do not change. The objective of TO-AL is
to find out winning VBGs that have the highest virtual bids.
In particular, a winning VBG that maximizes the virtual bid
Cy is selected in each iteration in a monotonic manner. Note
that a VBG’s virtual bid is only dependent on the CR routers’
bids and their topology (as it determines their interference
relations). If these two factors do not change, the order of
winning VBGs selected via TO-AL of two TOAs (for different
traffic demand) will be identical. That is, the formulation
and solution of TO-AL is irrelevant to the traffic demand.
Besides, these two factors are considered stable for a relatively
long time period®, say one hour or even longer. Therefore,
even if the traffic demand changes, it is quite possible that
the PSP does not need to compute TO-AL, but only TO-SC
and pricing based on the existing winning VBGs, unless the
existing winning VBGs cannot support the new traffic demand.
In this case, more new winning VBGs are required. Thus,
several more rounds of TO-AL will be conducted. Still, it
does not need to re-compute the entire TOA. We provide more
discussion in the simulation part.

4 PROOF OF ECONOMIC PROPERTIES

In this section, we will demonstrate that our proposed
auction scheme TOA is economic-robust. However, proof
procedures from existing works cannot be directly applied.
And it is a non-trivial task. In addition to spectrums, the
outcome of a TOA further determines how to utilize them
to support multihop data sessions via the link scheduling and
routing policy. All of them play important role in achieving
the economic-robustness. However, the traditional spectrum
auction schemes only focus on spectrum allocation. Neither
link scheduling nor routing is considered. Hence their factors
to take into account for the proof are much simpler.

To prove the economic-robustness of the proposed spectrum
auction scheme, we first have the following lemma:

Lemma 1: When the other nodes’ bids, i.e., c_;, are fixed,
if a VBG that contains node ¢ with bid ¢; wins in the t-th
iteration, it also wins by the ¢-th iteration when node 7 bids
C; > ¢

Proof: Let the winning VBG in the ¢-th iteration contain-
ing node ¢ with bid ¢; be Gy +(c;). When node 4 bids with
¢;, denote by ¢’ and t* the iterations when this VBG wins
and TOA terminates, respectively. It is possible that t* < ¢ or

5. For the topology, once CR routers are deployed by their SSPs, they are
fixed and static. For a CR router’s bid ¢;, we have ¢; = v; under IC property.
As v; stands for the router’s real valuation towards a TO, it is reasonable to
assume that it does not change frequently.

t* > t. In order to prove this lemma, we discuss under these
two scenarios.

We first consider the scenario where t* > ¢. For the winning
VBG Gw.¢(c;), its group bid is Cy = ¢*; + ¢;, where ¢!, =
Zje{ngt\{i}} c¢j. When node ¢ bids c; > ¢;, this VBG’s new
group bid, denoted by C,, is C}, = Cy — ¢; + ¢, > C.

The VBGs losing in all ¢ iterations when ¢ bids with ¢;
can be divided into two classes, i.e., the VBGs do not contain
node ¢ and the VBGs contain node i. For any VBG in the
first class, we denote its group bids when node ¢ bids with
¢; and with ¢} by Cy and C, respectively. Since the other
nodes’ bids remain the same, we have C, = Cs < Cy < C},.
Therefore, the VBGs which do not contain 7 and lose in all ¢
iterations when ¢ bids with ¢; will still lose in all ¢’ iteration
when ¢ bids ¢. For any VBG in the second class, it won’t
beat C}, as well, since the bids from VBGs containing node
1 will increase by the same amount. Therefore, the number of
losing VBGs in the ¢'-th iteration when node 4 bids ¢, won’t
be less than that in the ¢-th iteration when node ¢ bids ¢; and
thus ¢/ < t. As t* > t, we have t' < t < t*, i.e., the VBG
wins by ¢-th iteration when node 4 bids ¢.

For the second scenario where t* < ¢, we can prove t' < ¢
following the similar approach above. Besides, we need further
prove the VBG wins before TOA termination. From the results
above, we have {Gyw r(c})|1 <k <t} C{Gwr(c)|l <k <
t}, i.e., all winning VBGs up to t'-th iterations when node 4
bids ¢} is a subset of all winning VBGs up to ¢-th iterations
when node 7 bids ¢;. Since 22;11 Ag > 1 with the winning
VBG set {Gw.r(c;)|1 < k < t}, we have 22:11 Ag > 1 with
the winning VBG set {Gw,1(c;)|1 < k < t'}, and thus ¢’ < ¢*
according to our iteration termination condition.

In all, we prove the lemma under both scenarios.

O

Using the above lemma, we can arrive at the following
theorem.

Theorem 1: The proposed TOA is incentive compatibility.

Proof: We need to show that for any node ¢ with any ¢; #
v; while the others’ bids are fixed, the condition in (3) holds.
Let u;(c;,c—;) and w;(v;, c_;) denote node 4’s utility when
it bids ¢; and v;, respectively. We first consider the scenario
where ¢; > v;.

e Case 1: node i loses with both v; and c;. In this case,
u; (¢, 1) = ui(v;, c—3) = 0 according to our definition
in (2). Thus, (3) holds.

o Case 2: node i loses with v; but wins with c;. Obviously,
we have u;(v;,c_;j) = 0. Considering a VBG Gy +(c;)
containing node ¢ with bid ¢; wins in the t-th iteration,
we can infer that E}i—:ll Ar > 1 according to our pricing
scheme. Therefore, when node 7 is excluded from the ¢-
th iteration, the VBG with the group bid of Cy _; wins
as well. Since node ¢ loses when it bids v;, we have
Cy — ¢i +v; < Cy,_5. Thus, u;(c;, c_;) is calculated by

ui(ci,emi) = Y (vi— Croi+ (Cr — )
teH;

= Z ((Ct —c; + Ui) — Ctyfi) <0

teH,
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e Case 3: node © wins with v; and loses with c;. Since

¢; > v;, according to Lemma 1, this will not happen.
Case 4: node i wins with both v; and c;. We denote the
set of the indices of the iterations where ¢ wins by bidding
¢; and v; by H; and HJ, respectively. This case can be
further divided into two subcases. In the first subcase,
the set of winning VBGs when node ¢ bids ¢; and that
when node ¢ bids v;, denoted by Gw (¢;) and Gy (v;),
respectively, are the same. In the second one, Gy (¢;)
and Gw (v;) are different, it means at least one of the
winning VBGs when node ¢ bids v; loses when ¢ bids
¢; according to Lemma 1. Since the first subcase can be
treated as a special instance for the latter, we focus on
the IC proof for the second subcase in the following.
When node ¢ bids ¢;, denote its utility attributed to
the common VBGs between Guw (c;) and Gw (v;) by
u}(ci, c_;) and the utility attributed to the other VBGs
by u?(c;,c_;). When node i bids v;, denote its utility
attributed to the common VBGs between Gy (¢;) and
Gw (v;) by u} (v;, c_;) which is exactly u; (v, c_;). Then,
we have the following results.

First, for those common VBGs between Gy (c;) and

Gw (vi),

uj (ci,c—i) — uj (vi, c5)

= Z (v; = Co—i + Cp— )

te(H;NH])

— Z (’Ui — Ct/’fi + Ct’ - 1]7;).

t'€(H;NH!)

Since Gw(¢;) and Gw(v;) are identical, we have
Zte(HmH;) v; = Zt’e(HmH;) v;. In addition, since
the bids from any VBG that does not include node ¢
when ¢ bids either ¢; or v; are the same, the exclusion
of node ¢ from the auction won’t change their relative
relationships as well. Therefore, we have C; _; = Cy _;
and thus Zte(H nmn Ct—i = Xvemnm) Ct/ . Inall,
we arrive at u; (cz,c i) = ul(vi,c_y).

Second, for any VBG in Gy (¢;) but not in Gy (v;), since
v; + Cp — ¢; < Cy,—;, we have

u?(ci,c_y) = Z (vi = Ct, i + (Cy — ¢;)) < 0.

teH;\(H;NHY)
As a result, we can get

Ui(CuC—i) - Uz‘(vz’, C_ )
= ui(ci,eq) —ui (v, c3) +ui(ei,cg) <O0.

We then consider the scenario where v; > c¢;.

o Case 1: node @ loses with both v; and c;. In this case,

u; (e, c—3) = u;i(v;, c—3) = 0 according to our definition
in (2). Thus, (3) holds.

o Case 2: node i loses with v; but wins with ¢;. Since

v; > ¢;, according to Lemma 1, this will not happen.

o Case 3: node i wins with v; and loses with c;. In this

case, we have u;(¢;,c_;) = 0 and

ui(vi, c_y) = Z (v; — C—i + (Cy — vy))

teH!

= Y (Ci=Ci4)>0.

teH!

o Case 4: node i wins with both v; and c;. Similarly, this
case can be further divided into two subcases. In the first
subcase, Gy (¢;) and Gy (v;) are the same. In the second
one, Gw (¢;) and Gy (v;) are different, it means at least
one of the winning VBGs when node 7 bids v; loses when
¢ bids ¢; according to Lemma 1. Since the first subcase
can be treated as a special instance for the latter, we focus
on the IC proof for the second subcase in the following.
When node ¢ bids v;, denote its utility attributed to
the common VBGs between Gy (c;) and Gw (v;) by
u}(vi, c_;) and the utility attributed to the other VBGs
by u?(v;,c_;). When node i bids ¢;, denote its utility
attributed to the common VBGs between Gy (c;) and
Gw (v;) by u}(ci, c_;) which is exactly u;(c;, c_;). Then,
we have the following results.

First, for those common VBGs between Gy (c;) and
Gw (v;), we have u} (c;,c_;) = ul(v;, c_;) following the
same approach above.

Second, for any VBG in Gy (v;) but not in Gy (c;), we
have

u?(viyc_3) = Z (vi = Ct—i + (Cr — v3)) > 0.

teH/\(H/NH;)
As a result, we can get

ui(ci, i) — ui(vi, €_4)
= U}(Ci,C,i) —u}(vi,c,i) —U2(’02, ) < 0.

In all, u;(c;, c—;) < w;(v;, c—j) always hold, and hence the
spectrum auction is IC.
O
Theorem 2: The proposed TOA is individual rationality.
Proof: For a winning node 1, its utility is expressed as

ui(ci,c_q) = Z (v; = Cr—i + (Ct — )
teH;

= Z (—Ct’,i + Ct) > O

teH,

For a losing node ¢, its utility is 0. In all, node 7 always gets
non-negative utility. O

With Theorem 1 and 2, and the fact that the auctioneer’s
revenue is always nonnegative in our problem, we conclude
that the proposed spectrum auction scheme is economic-
robust.

5 SIMULATION RESULTS

In this section, we conduct simulations to evaluate the
performance of our proposed auction scheme TOA under the
novel CMCN architecture. Specifically, we consider a CMCN
consisting of two adjacent hexagonal cellular cells with radius
of 500m. Suppose that there are four basic cellular bands
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available at the PSP, which have the same bandwidth of SMHz
and are shared by both cells. A total number of |N| = 30
CR routers are randomly deployed in the network, forming
a cognitive mesh, to facilitate D2D communications. Each
CR router is equipped with 2 radios. Assume that the PSP
has |M| = 4 secondary spectrum bands which it can lease
to the CR routers, and that all the spectrum bands’ band-
widths follow the same normal distribution Unless otherwise
specified, the default value of the mean (u) and that of the
standard deviation (o) of the spectrum are SMHz and 1MHz,
respectively. We assume that each CR router’s true valuation
of (and hence its bid for) unit expectation transmission rate is
uniformly distributed over [107%, 10~°]. Some other important
simulation parameters are listed as follows. The path loss
exponent is 4 and C' = 62.5. The noise power spectral density
is 7 = 3.34 x 10~ '*®W/Hz at all nodes. The transmission power
spectral density of nodes is 8.1 x 107, and the reception
threshold and interference threshold are both 8.1n on each
spectrum band. All simulations are carried out in CPLEX 12.4
on a computer with a 2.27 GHz CPU and 24 GB RAM.

5.1 Performance of the CMCN Architecture

In this subsection, we compare the maximum throughput
of our proposed CMCN architecture with that of another
two architectures, i.e., cellular network (CN) architecture and
mesh network assisted cellular network (MNCN) architecture.
In particular, in the CMCN architecture, we first utilize the
cellular bands to carry users’ traffic. Then, after all the
cellular bands are exhausted, we employ the cognitive mesh
to further support users’ traffic demand. We assume that
the CN architecture works in FDMA/FDD mode, i.e., each
cellular band is exclusively allocated to one user for either
upstream or downstream data transmissions in one cell, and
each session requires two cellular bands, one for upstream
transmissions and the other for downstream transmissions. In
addition, MNCN works in a similar way to that of CMCN,
except that the mesh network in the MNCN only uses the
cellular bands that are available locally. As we focus on the
performance comparison among these three architectures, we
do not employ the TOA scheme to allocate the spectrums in
CMCN. Instead, we explore the joint scheduling and routing
to find the maximum throughput of these three architectures®.

Simulation results when the number of sessions L ranges
from 3 to 10 are shown in Fig. 2. We find that the maximum
throughput of the CN architecture is the lowest among the
three. The maximum throughput of the MNCN architecture is
up to 130% larger than that of the CN architecture. The per-
formance gain is because the MNCN can utilize the available
cellular bands for local transmissions. Moreover, comparing
the performance of the CMCN architecture and that of the
MNCN architecture, we can see that the average throughput
of CMCN is much larger, i.e., up to 63% more, due to the
utilization of secondary spectrum bands.

6. Specifically, we formulate one optimization problem under each architec-
ture with the objective of maximizing the total throughput of all the sessions,
considering link scheduling and routing constraints.
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Fig. 2. Maximum throughput comparison among three
architectures.

Besides, we compare in Fig. 3 the total spectrum resources
utilized by the three architectures when they achieve their
maximum throughput shown in Fig. 2. The total spectrum
resources are defined as /the effective spectrums utilized in the
whole network, i.e., 2221 Aq D((0.4),(mn) b) €T, % mm - W,
where ¢’ is the total number of MISs used to support the max-
imum throughput. We find that the total spectrum resources
utilized by our CMCN architecture are much larger than those
by the CMCN and the CN architectures. For example, when
L = 10, the average total spectrum resources used by the
CMCN architecture are 301.5MHz, which are 1.8 times and
15.1 times as large as those by MNCN (171.6MHz) and those
by CN (20.0MHz), respectively. The total spectrum resources
utilized by the CN architecture are the lowest and remain
constant as L increases, because this architecture does not
explore spectrum reuse for communications.
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Fig. 3. Spectrum resources utilized by the three different
architectures.

We further evaluate the end-to-end delay performance of
the three architectures. By applying the Little’s theorem, the
average delay a session experiences at a single node could be
approximated by the ratio between the average queue length
at that node and its average transmission rate. Then, for each
session we count the number of hops/nodes it passes through
from the source to the destination. Accordingly, the average
delay of all sessions can be readily derived. The result is shown
in Fig. 4. First, we find that the CN architecture has the lowest
delay when L < 9. This is because all sessions in CN are
carried out in two hops, one as the uplink connection and
the other as the downlink connection. When L > 9, its delay
surpasses that of CMCN. It accounts to the fact that when
the network becomes crowded, the base station becomes the
bottleneck of data delivery, which causes some extra queuing
delay, while CMCN can explore local links to accommodate
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more traffic. Besides, part of sessions in CMCN can be
delivered within a single hop with D2D communications, if
the destination is within the transmission range of the source.
We also find that the delay of MNCN is larger than that of
CMCN, since CMCN also leverages secondary spectrums for
data delivery which leads to a higher network capacity.
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Fig. 4. End-to-end delay comparison among three archi-
tectures.

5.2 Performance of the TOA Scheme

Next, we demonstrate the performance of the TOA scheme.
Since we have proved that our auction scheme is economic-
robust in the previous section, we focus on the auction
efficiency, the auctioneer’s revenue and computation complex-
ity of the TOA scheme in what follows. Note that auction
efficiency is defined as the ratio of the number of finally
successfully delivered traffic flows to the total number of
traffic flows demanded by the cellular users. Besides, in this
simulation, we assume that there are 5 sessions in the network
which are all carried by the cognitive mesh, and that the same
as before, there are four secondary spectrum bands available.

We first compare the auction efficiency of the proposed
TOA scheme with those of two other auction schemes: one
for single-hop data transmission [22], and the other for multi-
hop data transmission [24] which greedily assigns spectrum
bands to links. We call these two schemes 1-hop auction
and simple multi-hop auction, respectively, in our simulations.
To make fair comparisons, we compare TOA with these two
schemes in single-hop and multi-hop scenarios, respectively. In
addition, for each confidence level 3, we employ 50 simulation
instances, each with the newly generated bandwidths for all
the 4 spectrum bands according to their distributions. For each
simulation instance, we re-generate the network topology and
source/destination pairs of the session and take the average
value as the result.

In single-hop scenarios, each source node can reach its
intended destination node in one hop, and hence the data traffic
can be delivered in one-hop as well. Fig. 5(a) compares the
auction efficiency under our proposed TOA scheme and that
under the 1-hop auction scheme, when £ is equal to 0.8 and
0.9. We can find that TOA can achieve much higher auction
efficiency than 1-hop auction. As we mentioned before, this is
because in 1-hop auction, it is not clear whom a winning node
communicates with and there can be a lot of collisions in the
network. Besides, we find the auction efficiency achieved when
£ = 0.8 is lower than that achieved when 5 = 0.9 under both
auction schemes. This is because a larger 8 implies that the
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Fig. 5. Auction efficiency comparison with a 1-hop auc-
tion scheme and a simple multi-hop auction scheme. (a)
Single-hop data transmission scenario. (b) Multi-hop data
transmission scenario.

probability that transmissions can be carried out successfully
on the chosen links is higher. Thus, the sessions can be
supported with a higher probability and the auction efficiency
is higher as well.

In multi-hop scenarios, each source node needs to deliver
data to its destination via multiple hops. The auction efficiency
of TOA and that of the simple multi-hop auction scheme
are compared in Fig. 5(b). We can also find that TOA can
achieve much higher auction efficiency than the simple multi-
hop auction scheme. This is because we consider transmission
opportunities in auctions as well as spectrum scheduling in
both frequency and time domains, while the simple multi-
hop auction scheme greedily assigns one spectrum for each
session without much coordination or interference control.
Moreover, comparing Fig. 5(a) and Fig. 5(b), we notice that
the auction efficiency of TOA in single-hop scenarios is on
average slightly larger than that in multi-hop scenarios with
the same (. This is intuitively true since the probability that
packets can be successfully delivered from source nodes to
destination nodes is lower in multi-hop scenarios than in
single-hop scenarios.

We further demonstrate in Fig. 6 the auction efficiency
of TOA under different confidence levels (3’s) and different
standard deviations (¢’s) of secondary spectrum’s bandwidth
distributions. We can find that the auction efficiency increases
as o decreases, since the spectrum supply becomes more stable
and the PSP’s probabilistic constraint (12) can be satisfied
more easily. On the other hand, we notice that a larger
B does not necessarily lead to a higher auction efficiency,
which is more obvious when o is larger. For instance, when
o = 0.5MHz, the auction efficiency of TOA when 5 = 0.75
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is 0.76, which is smaller than that when S = 0.95, i.e., 0.96.
However, when o = 2.5MHz, the auction efficiency of TOA
when 8 = 0.75 is 0.66, which is nevertheless larger than that
when 5 = 0.95, i.e., 0.49. The maximum auction efficiency is
achieved when f is about 0.85. This interesting result is due
to the following reason. When o is large, it means that the
spectrum bandwidth gets very dynamic. In this case, when (8
first increases but is still a small value, the auction efficiency
can increase because the PSP can easily find links or schedules
that can satisfy its probabilistic constraint (12) while the
probability that transmissions can be carried out successfully
on the chosen links gets higher. However, when [ further
increases, e.g., becomes a large value, the auction efficiency
can decrease because the PSP may not be able to find many
links or schedules that can satisfy its probabilistic constraint
with high confidence (or probability). Therefore, based on this
observation, the PSP needs to jointly consider the secondary
spectrum’s bandwidth distributions and its confidence level
to achieve a high auction efficiency.

TABLE 1
Computation performance of TOA when new sessions join.

[ Index | 1T [ 23] 4 [5]67] 717181
Session 1 2 3 4 5 6 7 8
Iteration 464 34 29 52 27 0 38 16
Time (s) | 146.2 | 92 | 85 | 134 | 81 | 0.1 | 114 | 49

[Time(s) | 09 OO [I12] 13 [15]16] 16 [ 1.7 ]

We finally study the computation performance of TOA, in
terms of iteration number in TO-AL and computation time
for the entire TOA, under traffic dynamics. Recall that TOA
scheme consists of three procedures: TO-AL, TO-SC, and
pricing, out of which TO-SC (an LP problem) and pricing
can be efficiently computed while TO-AL (a BIP problem)
may take some computation efforts.

Table 1 is for the case that each session joins the network
one by one. The third row is the number of additional iterations
needed for TO-AL to find new VBGs and the fourth row
is the computation time for the entire TOA. The joining
of a new session triggers the calculation of TOA. We can
see that the number of iterations needed for the first index
(there is only one session) is the highest, 464, leading to the
highest computation time 146.2s. This is mainly due to the
computation of TO-AL. After that, when a new session joins,
only a small amount of additional iterations are needed since

many winning VBGs have been identified already in previous
iterations. We also notice that when the 6th session joins, no
iteration is needed. It means that the current winning VBGs
can support all 6 sessions. The computation time, 0.1s, counts
for the computation of TO-SC and pricing.

We further show in Table 2 the computation performance
of TOA when sessions leave. Similar to Table 1, they leave
one by one and, each triggering the calculation of TOA. It
shows that the number of iterations needed for the first index
(when there are eight sessions) is the highest, 488, leading
to the highest computation time 153.3s. However, as sessions
leave, the iteration involved in TO-AL keeps as 0. Their time
consumption all comes from TO-SC and pricing.

From Table 1 and 2, we conclude that our proposed TOA
can efficiently handle the traffic dynamics when sessions leave
the network and the case when sessions join the network in
an intermittent manner (or the session intervals are relatively
large). In order to tackle the case of high session arrival rate,
one possible solution is to just run TOA once for a batch of
new sessions, instead of running it every time a new session
joins.

TABLE 2
Computation performance of TOA when sessions leave.
[[Index | 1T [ 2 [ 3 T 4T 5] 6 177 38]
Session 8 7 6 5 4 3 2 1
Iteration 488 0 0 0 0 0 0 0
Time (s) | 153.3 | 0.11 | 0.10 | 0.10 | 0.09 | 0.09 | 0.09 | 0.08
[Tme(s) [ 17 [ 16 [ 1.6 [ 15 | 13 [ 1.2 | 09 [ 09 ]

The last row of Table 1 and Table 2 also show the compu-
tation time when utilizing non-auction approach for resource
management in CMCN. As that in Section 5.1, we formulate
an optimization problem with the objective of maximizing
the total end-to-end data rate of all the sessions, considering
link scheduling and routing constraints. We notice that the
computation time of non-auction approach is less than that
of TOA when new sessions join. However, the former is
larger than the latter when sessions leave. This is because the
optimization problem needs to be recalculated when a new
session leaves. However, TOA only needs to recalculate TO-
SC, which is an LP problem with much smaller size.

6 RELATED WORK
6.1

The concept of D2D communications as an underlay to
an LTE-Advanced cellular network is firstly introduced in
[1]. After that, a few works have studied resource allocation
and power control which aim to mitigate mutual interference
between D2D and cellular connections. For example, Kaufman
et al. [45] proposed a route discovery scheme for D2D users,
which keeps the interference to cellular users below an allowed
threshold. However, the interference from cellular users to
D2D users is not considered. To address this problem, Min et
al. [46], [47] proposed interference management strategies to
enhance the reliability of D2D communications or the overall
capacity of D2D underlaying cellular networks. Besides, Yu
et al. [48] studied a resource sharing mode selection problem,

D2D Communications in Cellular Networks
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which decides whether the network shall assign D2D com-
munication mode or not to a user pair and whether a pair
of D2D users shall share resources with cellular users or use
dedicated resources instead. Niu et al. [49] discussed popular
content downloading in mmWave small cells. Both D2D
transmission in close proximity and concurrent transmissions
are exploited to improve transmission efficiency. Meng et
al. [50] investigated a dynamic social-aware peer selection
problem for cooperative D2D communications. Mozaffari et
al. [51] studied the performance of a UAV that acts as a
flying base station in an area in which users are engaged in the
D2D communication. Tractable expressions for the coverage
probabilities are derived.

Notice that none of the above work is similar to ours, which
discusses how a PSP offloads cellular users’ data traffic to a
cognitive mesh via a constructed spectrum auction market.

6.2 Game Theory in D2D Communications

There are only limited works utilizing Auction Theory for
resource management and load balancing in D2D communi-
cations. A two-phase auction based resource allocation was
developed for underlaying D2D communications in [52]. It
aims at minimizing interference while maximizing fairness in
the allocation. However, the economic properties are not dis-
cussed. Hasan et al. [53] proposed an auction-based distributed
resource allocation scheme in D2D-enabled multi-tier cellular
networks. The goal is to allocate transmit power to D2D UEs
to maximize spectral efficiency without causing significant
interference to macro UEs. Reverse auction mechanisms were
applied in [54], [55] for D2D load balancing in cellular
networks. D2D wusers sell their transmission capabilities to
offload some traffic from a cellular network. The problem
discussed therein is totally different from ours.

In addition, to characterize the interactive power control and
resource management in D2D communications, game theory
has been extensively used in the literature. In particular, game
theory has been used to model competition among transmitters
and interference coordination, analyze the strategic behavior
of transmitters, and design distributed algorithms. Both co-
operative game and non-cooperative game theory have been
utilized [56]-[59].

Note that none of above works considers multi-hop D2D
communications in their auction design. Besides, link schedul-
ing and routing are not taken into account for resource
allocation and load balancing.

6.3 Spectrum Auction in Wireless Networks

Auction has been employed by the Federal Communications
Commission (FCC) to efficiently allocate spectrum resources
[60]. Based on this idea, some works proposed to apply
auction to spectrum sharing in wireless networks. Kloeck et
al. [14] considered a multi-unit sealed-bid auction for efficient
spectrum allocation. Huang et al. [23] proposed an auction
mechanism which allows users to bid for their transmission
power to efficiently share the spectrum. Gandhi et al. [15]
designed an auction scheme considering spectrum reuse in
wireless networks. Zhou er al. [22] proposed a spectrum

auction scheme VERITAS with greedy channel assignment
and critical value based pricing. Jia et al. [16] discussed how
to generate maximum expected revenue, which is an alternate
goal of maximum social welfare in spectrum auction. In order
to further improve the expected revenue, Al-Ayyoub et al.
[18] designed a color-based channel allocation scheme. Taking
fairness in channel allocation into account, Gopinathan et
al. [19] developed a spectrum auction protocol by applying
linear programming techniques to balance the social welfare
and max-min fairness in secondary spectrum markets. In
addition to single-sided auction, some works employ double
auction in spectrum market, where multiple spectrum owners
compete with each other to sell idle spectrums for profit. Zhou
and Zheng [20] proposed a framework TRUST for double
spectrum auction enabling spectrum reuse. Wang et al. [21]
designed a double auction scheme considering that spectrums
are tradable only within their licensed areas. However, these
two works assume each seller can only sell one channel and
each buyer can buy one channel at most. This limits the utility
of both buyers and sellers, as well as the revenue of the
auctioneer. Most importantly, all these works are only suitable
for single-hop data transmission. Although Zhu et al. [24],
[25] discussed spectrum auction for multi-hop data delivery,
they assume that each secondary network only has one flow,
and do not consider time domain scheduling when utilizing
the spectrums. Our previous work [26] studied spectrum
auction for multi-hop wireless networks without exploring the
diversity brought by multi-radio nodes. In addition, dynamic
spectrum availability is not taken into consideration by the
above auction schemes.

7 CONCLUSIONS

In this paper, we have proposed a novel architecture, called
cognitive mesh assisted cellular network (CMCN), to enable
D2D communications and alleviate congestion in cellular
networks. A transmission opportunity auction scheme, called
TOA, has been developed for carrying out spectrum auctions
in CMCNs, which has been proved to be economic-robust.
Moreover, we have found through simulations that the pro-
posed CMCN architecture can achieve much higher throughput
than the traditional cellular network (CN) architecture and the
mesh network assisted cellular network (MNCN) architecture.
Extensive simulation results also show that TOA can lead to
higher spectrum utilization under uncertain spectrum supply
than other auction schemes.
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