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Abstract—The rapid growth of wireless devices and services for single-hop communications, and second, it is not clear
exacerbates the problem of spectrum scarcity in wireless e whom a winning user communicates with (the receiver is not
works. Recently, spectrum auction has emerged as one of thegjagrly specified). Thus, the network performance can be. poo
most promising techniques to enhance spectrum utilizatiorand . - .
mitigate this problem. Although there exist some works stuging 21U €t al. [12] discuss spectrum auction for multi-hop data
spectrum auction, most of them are designed for single-hop delivery. But they assume that each secondary network only

communications, and it is usually not clear whom a winning uer has one flow, and do not consider time domain scheduling
communicates with. Moreover, most previous auction schense when utilizing the spectrums.

only focus on satisfying the incentive compatibility propety, also Moreover, in addition to fulfilling SUs’ traffic demands,

called truthfulness, but ignore another two critical properties: fi h dt fi tai ) i
individual rationality, and budget balance. Thus, they maynot ~2UCtion schemes need to satisfy certain economic propertie

be economic-robust. In this paper, we propose a transmissio Specifically, incentive compatibility (IC) (also calleduthful-
opportunity auction scheme, called TOA, which can support ness or strategy-proof), individual rationality (IR), abaddget
multi-hop data traffic, ensure economic-robustness, and gerate  palance (BB) are three of the most critical properties irtianc
high revenue for the auctioneer. Specifically, in TOA, insted design. An auction is called economic-robust [8], [13] if al
of spectrum bands as in traditional spectrum auction schenmg . !

users hid for transmission opportunities (TOs). A TO is defired as these three propertles_ are preserved. It_ has been shown both
the permit of data transmission on a specific link using a ceain  theoretically and practically that an auction could be eutn

band, i.e., a link-band pair. The TOA scheme is composed of tee  ble to market manipulation and produce very poor outcomes if
procedures: TO allocation, TO scheduling, and pricing, whch are  those properties are not guaranteed [14]. Most previoutsosLic

performed sequentially and iteratively until the aforemgnioned schemes focus on IC only, but do not necessarily satisfy the
goals are reached. We prove that TOA is economic-robust, .
other two properties.

and conduct extensive simulations to show its effectivenesand : . . . )
efficiency. In this paper, we aim to design an economic-robust auction

scheme for multi-hop wireless networks. In particular, we
. INTRODUCTION consider an auction market where a PU acts as an auctioneer
The past few years have witnessed substantial growth arid leases its idle licensed spectrum bands to some SUs) whic
wireless devices and services, which, on the other handesnakire deployed by a secondary service provider (SSP) to fulfill
spectrum an even more scare resource in wireless networstain purposes, such as data delivery, data collectiod, a
Traditional spectrum allocation was conducted in a statithject tracking. SUs may need to transmit data to their desti
manner, resulting in inefficient spectrum utilization. Betly, nations that are multiple hops away. To deliver the datdi¢taf
spectrum sharing through a dynamic real-time secondawy spthe SSP asks all the SUs to submit bids to the auctioneer. If
trum auction market has been proposed to enhance spectggme SUs win, they pay a price to the auctioneer and relay
utilization and mitigate the problem of spectrum scardity. data traffic for each other using the spectrum purchased. The
such a market, a spectrum owner or primary user (PU) leagSP finally pays back all the winning SUs, and lets them gain
its idle licensed spectrum bands to secondary users (SUsktone profits so that they are motivated to participate in the
gain profits. SUs, who do not have their own spectrums batiction.
need to deliver data traffic, compete for spectrum bands andlo support multi-hop data traffic, ensure economic-
pay for them if they succeed in the spectrum auction. robustness, and generate high revenue for the auctioneer, w
In the literature, there have been some works studyipgopose a transmission opportunity auction scheme, called
spectrum auction in wireless networks. Unfortunately, mo$OA. In TOA, instead of spectrum bands as in traditional
of them [1]-[11] are only suitable for single-hop data transpectrum auction schemes, SUs bid for transmission opportu
mission. In particular, in these schemes, each user bidssandities (TOs). A TO is defined as the permit of data transmissio
allowed to use the purchased spectrum for communicationsif a specific link using a certain band, i.e., a link-band. pair
it wins. However, there are two problems: first, this is onlfhe TOA scheme is mainly composed of three procedures: TO

allocation, TO scheduling, and pricing. These three procesl
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each iteration the auctioneer solves a TO allocation (TQ-Althat spectrums are tradable only within their licensed sarea
optimization problem to find out the link-band pairs (i.eQg) However, these two works assume each seller can only sell
that can be active at the same time and have the highest tota channel and each buyer can buy one channel at most.
bid. It considers the set of the transmitters in these TOs aghis limits the utility of both buyers and sellers, as well as
winning virtual bidder group (VBG). In TO scheduling, thethe revenue of the auctioneer.

auctioneer formulates a minimum length scheduling problem Most importantly, all the above works are only suitable for
called TO scheduling (TO-SC), to see if the winning VBGsingle-hop data transmission. Although Zétual. [12] discuss
found so far can support the traffic demand in the network lpectrum auction for multi-hop data delivery, they assumag t
exploring scheduling (in both time and frequency domainghch secondary network only has one flow, and do not consider
and routing. If the minimum scheduling length is larger thatime domain scheduling when utilizing the spectrums.

1, it means that the current winning VBGs cannot support

the traffic demand, and the auctioneer needs to find another [ll. PROBLEM FORMULATION

VBG through TO-AL again. Otherwise, the auctioneer can system Model

then determine the clearing price for each winning VBG and i )
SU, and computes its own revenue. The auctioneer finallywe consider an auction market where a spectrum owner or

chooses the iteration, i.e., the winning VBGs, that can gee primary user (PU) acts as an auctioneer and leases its idle li
the highest revenue among the results it obtains. censed spectrum bandd = {1,2,...,m, ..., M} to secondary

Moreover, notice that our auction scheme TOA is develop&d€'s (SUSIV = {1,2,..n, ..., N'}. The SUs are deployed by
based on second-price sealed-bid auction [15]. We prove tﬁlasecondary service provider (SSP) to fulfill some purposes
TOA is economic-robust for VBGs and individual SUs. such as data delivery, data collection, and object trackimg

The rest of this paper is organized as follows. We discuss rthS_ study, we assume that each. SUis equped_wnh one radio,
lated work in Section Il. The problem formulation is pressht which means it cannot transmit and receive smu!tanepusly.
in Section Ill. We detail the proposed transmission opputyu Suppose ?ere are a kse\tNﬁflz l{l’dQ’l"" L dL% sdessmnshm
auction (TOA) scheme in Section IV, and prove the economi@-e seconaary net\-Nor- . We lefl), d(l). an r(1) denote the .
robustness of TOA in Section V, respectively. We condu urce node, Qestlnatlon n_ode, and traﬁm demand of session
simulations in Section VI to evaluate the performance of TO €L, respectlvely. T(,) deliver the trgfﬂcs, the SSP asl_<s .aII
We finally conclude this paper in Section VI, the SUs to submit bids to the auctioneer for transmission

opportunities (TOs), each of which is defined as the permit
1. RELATED WORK of data transmission on a specific link using a certain band,

Auction has been employed by the Federal Communications’ & link-band pair. If some SUs win, they pay a price to the

Commission (FCC) to efficiently allocate spectrum resoslrciucuoneer and relay data traffic for each other with obthine
t

[16]. Based on this idea, some works propose to apply aucti 93' The SSP finally pays back all the winning SUs and lets

to spectrum sharing in wireless networks. %m galtr;] somte prifits. | the PU truct flict
Kloeck et al. [1] consider a multi-unit sealed-bid auction 'ven the network topology, the can construct a confiic

for efficient spectrum allocation. Huargf al. [11] propose graph denoted by7(V, E), where V' is the vertex set and

an auction mechanism which allows users to bid for theﬁ is the edge set. In particular, each vertex corresponds to

transmission power to efficiently share the spectrum. Gan Jink-band pair denoted ?};’(%’J)’m)' wherei € N J <
et al.[2] design an auction scheme considering spectrum reuse’ a“dm < M. Here, 7, is the §et of SUs W'th'n. SU

in wireless networks. However, all the above works ignoee thS transmission range on b"’.‘m'- Besides, .tWO vertices I .
possible strategic behavior of bidders. Zheal. [10] then ?rek gongected V.V'th fan un<_j|r2ectedh edge n‘_the _cf?orrespcgn(rj]mg
propose a truthful spectrum auction scheme VERITAS wi "' an pm(rjs__mter_ere W_'t each other, i.e., If any oet
greedy channel assignment and critical value based pridiag ollowing conditions Is true:

et al. [3] discuss how to generate maximum expected revenues The receiving SU in one link-band pair is within the
which is an alternate goal of maximum social welfare, in interference range of the transmitting SU in another link-
spectrum auction while satisfying the truthfulness proper ~ band pair, given that the both of them are using the same
In order to further improve the expected revenue, Al-Ayyoub band; ) ) _

et al. [6] design a color-based channel allocation scheme.e The two link-band pairs have at least one node in com-
Taking fairness in channel allocation into account, Gofbiaa mon.

et al. [7] develop a truthful auction protocol by applyingin this conflict graph, an independent set (IS) is a set in whic
linear programming techniques to balance the social welfagach element is a link-band pair standing for a transmission
and max-min fairness in secondary spectrum markets. dnd all the elements (or transmissions) can be carried out
addition to single-sided auction, some works employ doubseiccessfully at the same time. If adding any more link-band
auction in spectrum market, where multiple spectrum ownepairs into an IS results in a non-independent one, this IS
compete with each other to sell idle spectrums for profis defined as a maximum independent set (MIS). We denote
Zhou and Zheng [8] propose a framework TRUST for truthfithe set of all the MISs by = {Z,,7,,...Z,,...,Zo}, where
double spectrum auction enabling spectrum reuse. Wang@ = |Z|, andZ, C V for 1 < ¢ < Q. We will show later

al. [9] design a truthful double auction scheme considerirthat we do not really need to find all the MISs. We denote the



MIS Z,’s time share (out of unit time 1) to be active by pi # v; while the others’ bids are fixed, we have
(Aq > 0). Therefore, if all the data traffics in the network can (P ps) < us(v: ) @)
be supported, we havE:qQ:1 Aq < 1. Besides, we let]} (Z,) UilPi, P—i) = Uil P—i)-

be the instantaneous transmission rate of the link-band paie Individual Rationality (IR) : An auction is IR, if no

((i,4),m) when MISZ, is active. Thusc}(Z,) is equal to bidder is charged higher than its bid in the auction, i.e.,

0 when((i,j), m) ¢ Z,, and the capacity of(i, ), m), i.e., c; < p; forallieN.

c;;, otherwise, which will be introduced soon. o Budget Balanced (BB) To make the auction self-
Moreover, we denote an SWs real valuation of and bid sustained without any external subsidies, the generated

price for unit instantaneous transmission rate @yand p;, revenue of the auctioneer, i.e., the PU, is required to be

respectively. Note that; can be the rewards SWreceives non-negative.

bids p;'s in a sealed manner, so that no one has accessjigentive compatible, individually rational and budget-ba
any information about the others’ bids. After the auctianegnced. Since in this paper, we consider that the PU leases its
receives all the bids, it divides the bidders into differeintual  qwn idle spectrum bands without causing quality degradatio
bidder groups (VBGs), each of which is the set of transnsittefo jts own services, the PU's revenue is the total payment
of all link-band pairs in one MIS. Similarly, we denote the Sgeceived from the winning SUs, which is always non-negative
of all the VBGs byG = {G1, 02, ...,Gg -, Go}- Obviously, Thys, our auction scheme is always BB. We will focus on
we have|Z| = |G| = Q. Then, with SUs’ unit valuations gchieving IC and IR in our auction scheme design. Moreover,
and unit bid prices, the auctioneer can then calculate SUg, auction scheme is said to bgstem-efficierif the revenue
equivalent valuationsf andequivalent bidgor different TOs. of auctioneer is maximized. Unfortunately, according te th
Notice that in one MIS, any SU can have at most one TO. Lghpossibility theorem demonstrated in [17], an auctionnzzn
vi denote SUi's equivalent valuation of the TO it can obtainhe economic-robust and system-efficient at the same time.
fromZ,. Then, we can have] = v; -, -\ Zjeﬁm c¢ii(Zg)-  Therefore, in this study we aim to design an economic-robust
Accordingly, SUi's equivalent bid for the same TO, denotegyction, while try to generate high revenue for the auctene
by b}, can be calculated d§ = p; - 3=, c \q D je7m i) (Zg)- o _ _

The auctioneer considers VBGs as virtual bidders in tffe Transmission Opportunity’s Capacity
auction.Thevirtual bid from a VBG is the sum of all SUs’ Suppose the power spectral density of 80n bandm is
equivalent bids in the group. In particular, IBf, denote the a constant and denoted By™. A widely used model [18]
virtual bid from VBG G, (1 < ¢ < Q). Then, we haveB, = for power propagation gain between Sland SUj, denoted
>ieg, b?. Denote byB_ the vector of the virtual bids from by g, is ¢;; = C - [d(i,)]™, wherei and j also denote
the other VBGsG/G,. Thus, the entire bid price set, denotedhe positions of SU and SUj, respectively/(i, j) refers to
by B, is B = (B,,B_g). Besides, denote by the set the Euclidean distance betweérand j, v is the path loss
of the winning VBGs, andZy, the set of the correspondingfactor, andC' is a constant related to the antenna profiles
winning MISs. Notice that an SU can be involved in multipl®f the transmitter and the receiver, wavelength, and so on.
winning VBGs. Thus, SU’s total equivalent bidfor the TOs We assume that the data transmission is successful only if
it obtains, denoted by;, is equal tob; = quGQW b?. Note the received power spectral density at the receiver excaeds
thatb! =0if i € G,. threshold P*. Meanwhile, we assume interference becomes
— . . non-negligible only if it produces a power spectral density
B. ObjeCt'V_e of AUC'[IOf-1 Design ) over a threshold of’;" at the receiver. Thus, the transmission

The design Qf auction schemes heavily depends on thgge of SU; on bandm is Ry™ = (CP™/ P/, which
desweq p.roper'ues. In this paper, we assume that al! SLle 8fnes fromC/(RL™)=7 - P™ = P Similarly, based on the
strategic in the sense that they may manipulate their bids;tQerference threshol@? (P < Pi), the interference range

obtain favorable outcomes. Denote &y(i € N) the clearing ¢ gy ; is Rf,’m = (CP™/Pm)Y/7, which is no smaller than

price t_he_ auctioneer charges Sd_Jfor unit m_stantaneous L™ Thus, different SUs may have different transmission
transmission rate. We aim to design an auction scheme t

) ) ) . gesl/interference ranges on different channels wifereifit
can satisfy three of the most important economic requirdsnen, o < icsion power

Incentive Compatibility (IQ), Individqal Rationality (IRand In addition, according to the Shannon-Hartley theorem, if
Budget Balance (BB), which are defined as follows: SU i sends data to SY on link (i, ) using bandm, the

« Incentive Compatibility (IC) : The utility function of SU capacity of the TO, i.e., link-band paifi, j),m), is
i (i € N), is a function of all the bids: o

m m _ vm 9i; P
[ 326, c0w 2oment et i (Zg)] cij = W logs (1 + T) 3)
wilpp_i) = { (v — 1), if i wins with unit bid p;,

0. otherwise where ) is the thermal noise at the receiver. Note that the

1) denominator inside the log function only containpsThis is
because of one of our interference constraints, i.e., wiogle n
wherep_; denotes the vector of bids from the other SUS.is transmitting to nodg on bandm, all the other neighbors
Thus, an auction is IC if for any SW (i € A') with any of node; within its interference range are prohibited from



using this band. We will address the interference conggaiMoreover, recall that in this study, we consider each SU g on

in details in the following section. equipped with a single radio, which means each SU can only
transmit or receive on one frequency band at a time. Thus, we
IV. TRANSMISSIONOPPORTUNITYAUCTION can have
In this section, we introduce our proposed transmission
opportunity auction scheme, called TOA. Recall that in the SN spe > > s (7)
network there are SUs who need to deliver data traffic to their meM {i|jeT;™} meMqeTm

%Tr.‘att'onithat a,r\jlg‘“'“p'g EOPS a"\jaBéTh“f]t tﬂe obect Notice that (5)-(6) will hold whenever (7) holds.
such Its;a?f'gs (;cr)]?jebr'n s,h_ar;] reegr?ee o tﬁév; 'gt.oﬁaegrsﬁgor_ln addition to the above constraints at a certain SU, there
~ ! ing high revenu ueti ) e also constraints due to potential interference amoag th
while, TOA should be economic-robust. In general, the TO . . ; :
: i ; s. In particular, for a frequency bamd, if SU ¢ uses this
scheme is composed of three procedures: TO allocation, L g . m
scheduling, and pricing. These three procedures are paefbr nd for transmitting data to a neighboring $l& 7,", then
ng, pricing. . P me other SUs that can interfere with St$ reception should
sequentially and iteratively until our goals are reached.

hat follows. we detail the desian of the three procedur not use this band. To model this constraint, we denot@®
\r,\éspective\;; » W : '9 P U'SRe set of SUs that can interfere with S reception on band

m, i.e.,

A. Transm|s§|or1 Opportunity Allocauon - . P = (pld(p. ) < RP™ 4 j, T 4 0).
At the beginning of TO auction, each SUi € ) submits

its unit bid pricep; to the auctioneer. Then, as mentionedhe physical meaning of ;" # () in the above definition

before, the auctioneer can calculate 8&Jequivalent bid$? is that SUp has at least one neighbor to which it may

for the TO it obtains from a VBG/,, and the virtual bid from transmit data and hence cause interference tg'Steception.

G4, which is Therefore, we have
By=) b= > > i) p (4) S Y sm<1 (pePM). ()
i€G, i€Gy mEM FjET,™ {ilseT™} qEeT™

Note that as explained above, an auction cannot be economimMoreover, recall that we need find thieth highest virtual
cally robust and system-efficient at the same time, and & thjid in the ¢-th iteration. Thus, in the-th (¢ > 2) iteration,
study we aim to design an economic-robust auction. Thus, the need find the VBG giving the highest virtual bid with the
objective of TO allocation is to find out one winning MIS,previously foundt — 1 VBGs being excluded. Lettin@yy
which corresponds to a winning VBG, that maximizes thandGy;, denote the MIS and the corresponding VBG that we
virtual bid B, in each iteration in a monotonic manner. Irfind in thet-th iteration, respectively, we have

particular, we will find the VBG with the highest virtual bid i

the first iteration, the one with the second highest virtuelit Z sii <|Iwr|, 1<7<t-1, ()]
the second iteration, and so on and so forth until the itenati ((.5),m)EZw,~

ends. Such VBGs (MISs) are considered as winning VBGs

(MISs) denoted by, (Zyy). We will show in SectionV-A that Soooospz1 1<r<t-1, (10)
a monotonic TO allocation procedure is critical in achigvin ((4,5),m)¢Tw,~

the IC and IR properties. .. where|Zy, ;| is the number of elements containedZy, .
Before formulating the optimization problem, we first |I5k9) means that all the link-band pairs in any of the previpus|

several constraints as follows. . ;
: . . found ¢ — 1 MISs cannot be selected at the same time in the
Notice that in the procedure of TO allocation, we do not

L L t-th iteration, which excludes the previous- 1 MISs. (10)
assume that we know all the MISs, finding which is in fact Aheans that the newly found MIS should contain at least one
NP-complete problem. We denote

different link-band pair from any of the previously found 1
m | 1,if 4 can transmit toj on bandm, MISs.
% 7\ 0, otherwise. Consequently, according to the above constraints, the TO
Since an SU is not able to transmit to or receive from muItipFéI.IocatIon (TO.'AL) oppmlzatl(_)n .problem fmdm_g the VBG
with the ¢-th highest virtual bid in the-th iteration can be
SUs on the same frequency band, we have .
formulated as follows:

> i<l and } sp<i. ) TO-AL:  Maximize > Y Y csypi

ij 2]

JeT" A iEN JET: mEM;NM,;
Besides, an SU cannot use the same frequency band for trans- s.t. Equations(7) — (10)
mission and reception, due to “self-interference” at ptgisi

; siy=0 or 1
layer, i.e., J

Z si7 + Z sia < 1. (6) wheres;’s are the optimization variableg;}’s are calculated
{iljeTm} qET" according to (3),p; are known constants received from the



SUs. Note that (9) and (10) make sure the newly found I8 inThe first constraint means the total outgoing data rate for
th iteration is an MIS and it is different from any MIS found insession at its destinatior/(!) is 0, while the second constraint
previoust — 1 iterations. Besides, (9) is in fact always satisfiethdicates that the total incoming data rate for sesgiahthe

as long as (10) holds. Sincg] can only take value of 0 or destinationd(l) is equal to the corresponding traffic demand
1, TO-AL is a Binary Integer Programming (BIP) problemy (7).

which can be solved by applying the traditiofmbnch-and-  Thus, based on the constraints mentioned above, the TO
boundor branch-and-cu{19] approach. scheduling (TO-SC) optimization problem in thh iteration

B. Transmission Opportunity Scheduling can be formulated as follows:

t
In this paper, we assume strict allocation [3] in TO auction, TO-SC: Minimize Z Ay
i.e., a source node pays the auctioneer only if its trafficatein =1
is fully satisfied. Thus, the auctioneer needs to find an agitim s.t. Equations(11) — (16)

way to utilize those winning MISs, trying to deliver all scer A >0 (1<g<t)
nodes’ traffic by exploring joint scheduling and routing. 4= =4=

Denote the set of the winning MISs found up to théh fij() =20 (ieN,jeTi,leL)
iteration by Zj,, = Ul_;Zw,,. Note that|Zy,| = t. Letting The formulated optimization problem is a linear programgnin
fi; (1) denote the flow rate of trafficover link (z, j), wherei € (| p) problem, which can be easily solved by using the
N, L€ L, andj € T; givenT; = UpmemT;™, the scheduling simplex method [20]. The optimal result of TO-SC indicates

of the MISs should satisfy the following: whether the current winning MISs are enough to support the
t traffic demand. Specifically, If the optimal objective fuioct

Zfij(l) < Z)\q Z cii (Zg)- (11) is no larger than 1, then the traffic can be supported. The

leL =1 meM solution also shows how to schedule the MISs and route the

We then give routing constraints in the following. Recalfr@ffics. Then, the auctioneer continues to perform priasg
that a source SU may need a number of relay nodes to reld oduced next. .OtherW|se, |_t means that the current vaigni
its data packets toward the intended destination nodeeSif¥ISS cannot satisfy the traffic demand. Thus, the auctioneer
routing packets along a single path may not be able to fuﬂpes not need to perform pricing and another winning MIS is
take advantage of the local available channels, in thig/stud  "€€ded from TO-AL.
employ_ multi-path routing to deliver packets more effeeljv C. Pricing
and efficiently.

In particular, if SUi is the source of sessidni.e.,i = s(1),
then we have the following constraints:

S fp®

In an iteration, if the minimum scheduling IengEfF1 Aq
is no larger than 1, given the winning MISg;, and their
schedules, the auctioneer can then determine the cleaio® p
0, (12) for each SU. The pricing procedure consists of two steps:
determining the clearing price for each winning VBG, and

j#s(1),s(1)ET; L. . . ..
175020 determining the clearing price for each winning SU.

Z fswi () = r(0). (13) Denote the number of iterations the auctioneer takes to
3#s().3€Tsw) get 22:1 Ay < 1 for the first time byTy. To maintain the

The first constraint means that the incoming data rate ®fOnomic properties and take spectrum utilization into-con
session at its source node is 0. The second constraint mea¥igeration, we determine the clearing price for each wignin
that the traffic for sessionmay be delivered through multiple VBG in the ¢-th iteration, denoted by';, as follows:

nodes on multiple paths, and the total data rates on all mdgo t
links are equal to the corresponding traffic demaifid. C; = max {Bt . Z Ags Btﬂ}, for t > Ty,
If SU 7 is an intermediate relay node for sessigni.e., q=1
i # s(1) andi # d(l), then where B; is the virtual bid from the VBG found in the-th
iteration, i.e., the | t bid Il the winning VBGS'
Z i) = Z FoilD), (14) iteration, i.e., the lowest bid among all the winning S

T e d T bids, andB;; is the virtual bid from the VBG found in the

i#e(D).1€T: pd(l)A€Ty (t + 1)-th iteration, i.e., the highest bid among all the losing
which indicates that the total incoming data rates at a rel§#8Gs’ bids. Notice thatzfzzl )\, indicates the spectrum
node are equal to its total outgoing data rates for the samglization. When it is less than 1, it means that the aut@n

session. . . o o can launch another auction to rent the unutilized spectrum,
Moreover, if SUi is the destination node of sessign.e., and hence it is reasonable to consider it in the clearingepric
i = d(l), then we have With each winning VBG's clearing price defined as above,
B the price a winning SU needs to pay, denoted 4, ;, is
Z faw; () =0, (15) given as follows:
J#d(1),J€Taq) t
b4
S han® =), (16) Cri= Y (5o for =1

p#d(1),d()ETp q=1



Note thatg? -Cy is the price SU needs to pay in VBG4, Proof: Recall thatB; is the virtual bid from the VBG

and hencef*t,i is the total clearing price for Sl found in thet-th iteration, i.e., thet-th winning VBG, and
Thus, a winning SU’s clearing price, denoted by, ;, is  the clearing price i€ = max{B; - 2221 Ag, Biy1}. First,
. if B, -, _1A¢ < Bija, thenCy is equal toBy;, which
Cti = =3 : — , for t > Tp. is obviously a critical value since bidders with higher bids
Zq:1 ZmeM ZjeT{” Cij (Zw,q) than By, 1 win and those with lower bids lose. Second, if

By - Y _1 Mg > By, thenC, is equal toB; - Y, Ag,

) . which is also a critical value. Thus, the clearing price gals
As mentioned before, the auctioneer performs the aboy&.ritical value.

three procedures sequentially and iteratively. Here, weutis -

when the auctioneer stops and finishes the auction process. 1h,s from Lemma 1 and Lemma 2. we have the following
Notice that the auctioneer’s revenue obtained in tHB  haorem.

iteration, denoted by(?), is R(t) = C, - 1. According 10 Theorem1: The proposed auction scheme TOA is IC and

Moon anyg Moser’s result [21], any graph withvertices has IR, and hence economically robust for VBGs.

at most3s MISs. Thus, the number of iterations does not need

to exceed?,%, which we denote byr, i.e.,t < T,. Recall B. Proof of Economic-robustness for Individual SUs

that we denote the number of iterations the auctioneer take\lthough in the previous section, we have shown that our

to getZ§:1 Aq < 1 for the first time byT,. We also define a proposed auction scheme TOA preserves IC and IR properties

control parameter;, to be the maximum number of iterationsand hence is economically robust for VBGs, we need further

the auctioneer runs beyorih to calculate for its maximum prove that it also has these properties for individual SUs.

revenue under the proposed auction scheme. Therefore, wghe following lemma demonstrates the monotonic alloca-

havet < T, + Ty, and hence < min{Ty + Ty, T, }. We will  tion for SUs.

show in our simulations that we usually only need a small Lemma3: When the other SUs’ bids, i.ep,; are fixed, if

number of iterations in practice. Moreover, in the case thg8U wins by biddingp;, then it also wins by bidding, > p;.

the auctioneer finds that the SUs’ traffic demands cannot be Proof: Consider an arbitrary iteration If SU i is a

supported, the auctioneer will drop one of them each timé uninner up to this iteration with big;, it means thati is

the remaining traffic demands can be satisfied. in at least one of theé winning VBGs. Denote the winning
After the iteration ends, the auctioneer finds the optim&IBG that contains SU and wins in theg-th iteration byg,

iterationt* that gives the maximum revenue(t) among all (1 < ¢ < ¢). Then, its virtual bid is

thet — Ty + 1 (from T} to t) outcomes. Note thaR(¢) is not

D. Iteration Termination Condition

equal to the maximum revenue the auctioneer can possibly get By = Z b? = Z b}’- +bf
undersystem-efficierduction scheme as we explained before. 7€Gq 3€(Gq\1)
Then, SUi’s clearing price will bec;- ;. whereb? = p; - e ZjeTm c;’;(IW,q). When SUi bids

, ; T . ;.
V. PROOF OFECONOMIC PROPERTIES p; > pi, the VBG G,’'s new virtual bid, denoted by’ , is

In this section, we first prove that our proposed auction B/ = Z b +pj - Z Z cii(Zw,q) > By.
scheme TOA is IC and IR for VBGs, and then show that FE(G4\4) meM FET™

those two economic properties also hold for individual SUs. Denote the set of the winning VBGs found up to tpéh

A. Proof of Economic-robustness for VBGs iteration byGy,, i.e.,Gj;, = UI_,Gw,,. For any VBGG, that
does not contain SU and loses in ally iterations wheni
$ids with pi, i.e., i ¢ G, andG, € G\ G, we denote its
virtual bid when SU; bids withp; and withp, by B and B,
respectively. Since the other SUs’ bids remain the same, we
have

According to Myerson’s characterization of IC and IR su
tained auction [22], if the item in the auction is monototiica
allocated and the winners are charged with critical valoent
the auction satisfies the IC and IR properties.

Definition 1: Monotonic Allocation: When others’ bids,
i.e., B_q are fixed, if one bidder wins by bidding,, then it
also wins by biddingB; > B,. Therefore, the VBGs which do not contain $ldnd lose in all

Definition 2: Critical Value: Critical value is such a value ¢ iterations whern bids with p; will still lose when: bids with
that if bidders bid higher than it, then they win, and if bidgle p/. Consequently, when bids with p/, since the virtual bids
bid lower than it, then they lose. of the VBGs containing SU become larger, the number of

Lemmal: The auction items, i.e., TOs, are monotonicall}yBGs containing SU in theq wining VBGs in allq iterations
allocated in our auction scheme. gets no smaller than that wherbids with p;. Thus, SU; still

Proof: Since the TO allocation procedure determines \&ins. [ ]
winning VBG each time by finding the one with the highest Using the above lemma, we are able to prove the IC property
bid, the lemma directly follows. m for individual SUs as follows.

Lemma2: The clearing priceC; for each winning VBG  Theorem2: The proposed auction scheme TOA is IC for
is a critical value. SUs.

B, =B, < B, < B,



Proof: Recall that to prove the IC property, we need to
show that for any SU with any p; # v; while the others’

bids are fixed, the condition in (2) holds.
Let w;(p;, p—i) andw;(v;, p—;) denote SUi’s utility when

SU 1 bidsp; andv;, respectively. We first consider the scenario

wherep; > v;.

o Case 1 SU i loses with bothv; and p;. In this case,

w;(pi, P—i) = u;(v;, p—i) = 0 according to our definition
in (1). Thus, (2) holds.

Case 2 SU1 loses withv; but wins withp;. In this case,
obviously we have;(v;, p—;) = 0. Since SUi wins with
pi, in an arbitraryt-th iteration ¢ > 7g), we can obtain

wi(pi, P— 1)
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qg=1meM jeT™ qg=1
t
b?
e qct),
q:1 < b*i + b’L
whereb?, = . Gy, . Besides, since SU is a

winning SU there must be at least one out of the
winning VBGs that containg. Denote the set of the
indexes of such VBGs byi. Then, we get} = b =0
for ¢ ¢ H, and hence

I
qeH 7 (3
In addition, sincev; < p;, we can have that for any
q € H, v} < b} and thus
bq q

v
U»q Ot < 'U m Ct . (17)

) bq + bq
Furthermore, for any winning VBG that contains SUJ
sayG, (¢ € H), its virtual bid satisfie3, = b, + b >
C';. Due to the fact SU loses by bidding;, thet winning
VBGs, denoted by, (1 < k < t) with virtual bid By,
do not contain SU when SUs bids v;. Thus, we have
b?, +v! < B;. Since at least one VBG containing SU
becomes a winner when Sibids p;, G, must lose, and
henceB; < C;. Thus, we have’; > b7, +vf for g € H.
As a result, we finally get

vl

ui(pi, P-i) < Z(vf’ - mct) <0,
qeEH
which leads tou;(p;, p—i) < u;(vi, p—i) as well.

Case 3 SU ¢ wins with v; and loses withp;. Since
p; > v;, according to the monotonicity property we have
proved in Lemma 3, this will not happen.

Case 4 SU i wins with bothv; and p;. In an arbitrary
t-th iteration ¢ > 7Ty), we denote the set of the indexes
of the winning VBGs containing SW when SU: bids
with p; and that when Ui bids with v; by H and H’,

respectively. We also denote the clearing prices when
bids with p; and v; by C; and CJ, respectively. Notice
that 1) if the set of winning VBGs when Stbids with

p; and that when SU bids with v;, denoted byGy,, (p;)
andgy; (v;), respectively, are the same, we have> C;
according to (17) since the VBGs’ virtual bids are larger
when SUi bids with p; and A\,;’s remain the same; 2) if
Gy (pi) and G, (v;) are different, it means at least one
of the winning VBGs when SU bids withv; loses when
SU 1 bids withp;. Since this VBG’s virtual bid when SU
1 bids with p;, denoted byB,, is no smaller than that
when when SU; bids with v;, denoted byB.,, we have
Cy > B, > B, > (). Consequently, we always have
C: > C}. Besides, similar to that in Case 2, we get

bq
ui(pi,p—i) = Z(U? mct)

qeH
g vl
wi(vi,pi) = Y Vi Tt
qEH’ —1 7

When SUi bids with p;, denote its utility attributed
to the common VBGs betwee@), (p;) and G}, (v;) by
ul(p;, p—i) and the utility attributed to the other VBGs by
u?(p;, p—i). Similarly, when SUi bids withv;, denote its
ut|I|ty attributed to the common VBGs betwe@ﬁv Di)
andgy, (v;) by u} (v;, p—i) and the utility attributed to the
other VBGs byu?(v;, p—i). Then, we have the following
results.
First, for those common VBGs betwee@, (p;) and
G, (v;), we have

uzl (v’ia pfi)
b
ST, + 07 Cf)

o
- Y (e

qge(HNH')

ul (pi, p—i) —

which is less than 0 according to (17).
Secondfor any VBG inG{, (p;) but not inG{, (v;), we
have

bl 1

v?—bq cht<11 —

/U’L
7531- e C;.
Since this VBG loses when SWUbids with v;, we have
C, > C} > b, +vl. Thus, we get

bd
wpnpi) = Y (vf’ e Ot> <0.
qeH\(HNH") I

Third, for any VBG in G, (v;) but not in G, (pi), w
havev! — T T + : C} > 0 since this VBG wins when SU
i bids withv; and ¢/ < b2, +vl. Thus, we obtain

bd
S () 20

qeH'\(HNH")

u?(via pfi) =



As a result, we can get 2 : =
> 1-hop Auct!on, M=1
wi(pis P—i) — wivi, P_i) 2 Lohop hucton =3
:ui (p’u pfi) - U% (v’ia pfi) + Uf (pzv pfi) - u12 (viv pfi) .g r TO Auchon, W23
<0. EE 1
8 O o
The proof is similar whem; < v;, which is omitted due to 305 e P
space limit. Tae e o
In general,u;(p;, p-i) < w;(v;,p—;) always holds, and ) P G
hence the theorem directly follows. [ | % 15 20 25 30
Theorem3: The proposed auction scheme TOA is IR for Number oy (Breaers)
SUs.
Proof: In an arbitraryt-th iteration ¢ > Tp), since TOA 2 > Simple Multi-hop Auction, M=1

o

- Simple Multi-hop Auction, M=3
o TO Auction, M=1
* TO Auction, M=3

is IR for VBGs, we havel; < B, for 1 < ¢ <, and hence
t b
Zq:l (B_Tq ’ Ct)
t m
Zq:l > mem ZjeTim Cij (Zw,q)

[
[}

c;, =

Auction Efficiency
[

Zt b? osf S ° .
< q=1""1 LB T SE— ST
Zq:l Zmé/\/l ZjeTim C?} (IW,q) ‘ ‘ ‘
10 15 20 25 30
Zzzl Pi Y mem ZjeTm c (Zw.,q) Number E)E))SUS (Bidders)
= [ - = Di-
A . . . ) . )
Zq:l ZmeM ZJGTT? ”( W’q) Fig. 1.  Auction efficiency comparison with 1-hop auction ecte and
Therefore, TOA is IR for SUs u greedy multi-hop auction scheme. (a) Single-hop data tné&ssson scenario.
' ) . (b) Multi-hop data transmission scenario.
From Theorem 2 and Theorem 3, we can have the foIIoquId P

theorem.
Theorem4: The proposed auction scheme TOA
economic-robust for SUs.

jdata transmission [12] which greedily assigns spectrunt$an
to links. We call these two schems 1-hop auction and greedy
multi-hop auction, respectively, in our simulations. Tokaa
VI. SIMULATION RESULTS fair comparisons, we compare TOA with these two schemes

In this section, we conduct simulations to evaluate the pdf single-hop and multi-hop scenarios, respectively.
formance of our proposed auction scheme TOA. SimulationsIn the single-hop scenario, each source SU can reach its
are carried out in CPLEX 12.4 on a computer with a 2.2intended destination SU in one hop, and hence the data traffic
GHz CPU and 24 GB RAM. We randomly deploy SUs in &an be delivered in one-hop as well. Fig. 1(a) gives the tesul
square network of areB000m x 1000m. There are totally 5 when the number of SUs ranges from 10 to 30 and the number
multi-hop sessions in the network, each of which has traffif available spectruma/ is equal to 1 and 3. We can find that
demand of 1Mbps. We assume that each bidder’s true valuatio@A can achieve much higher auction efficiency than 1-hop
of (and hence its bid for) unit instantaneous transmissata r auction. Particularly, in the case that there is only ondlalvie
is uniformly distributed ovef10~¢,10~°]. In addition, assume spectrum band, TOA can support two and three traffic flows
the PU has 3 idle spectrum bands to lease to the SUs, with thelren the number of SUs is 10 and 15, respectively, while 1-
bandwidths being 1.0MHz, 1.5MHz and 2.0MHz, respectivel{top auction cannot support any of the traffic flows. When there
Some other important simulation parameters are listed @k more SUs in the network, TOA can support four traffic
follows. The path loss exponent is 4 a@t= 62.5. The noise flows while 1-hop auction can only support one of them. In
power spectral density ig = 3.34 x 10~ '®W/Hz at all nodes. the case that there are three available spectrum bands, TOA
The transmission power spectral density of nodeéslis 107, can support four flows when there are 10 SUs and all the five
and the reception threshold and interference thresholdatte flows when there are more SUs, while 1-hop auction can only
8.1n on each spectrum band. Thus, the transmission rargypport one flow, two flows, and three flows, when there are
and the interference range on each frequency band are bbdh 15 and 20, and more SUs, respectively. As we mentioned
equal to 500m. Since we have proved that our auction scheh®fore, this is because in 1-hop auction, it is not clear whom
is economic-robust in the previous section, we demonstraevinning SU communicates with and there can be a lot of
the auction efficiencyand the auctioneer’s revenue in whacollisions in the network.
follows. Note that auction efficiency is defined as the rafio o In the multi-hop scenario, each source node needs to deliver
the number of finally successfully delivered traffic flowshet data to its destination via multiple hops. The auction edficy
total number of traffic flows demanded by the SUs. is shown in Fig. 1(b) when the number of SUs ranges from 10

We first compare the auction efficiency of the proposdad 30 and the number of available spectrufdsis equal to 1
TOA scheme with those of two other auction schemes: one fand 3. In particular, in the case that there is only one aviaila
single-hop data transmission [10], and the other for nhdf spectrum band, TOA can support three traffic flows when the



number of SUs is 10, and all the five traffic flows when thergearing price for each winning VBG and SU, and computes

are more SUs in the network. On the other hand, greedy mults own revenue. The auctioneer finally chooses the winning

hop auction cannot support any traffic flows when there are Y8BGs which can generate the highest revenue among the

SUs, and only two flows when there are more SUs. Besidessults it obtains. We have proved that TOA is IC, IR, and

in the case that there are three available spectrum bands, TBB, and hence economic-robust. We have also carried out

can support four flows when there are 10 SUs and five flowgtensive simulations which show that TOA leads to high
when there are more SUs, while greedy multi-hop auction capectrum utilization and efficiently generates high prdfits
only support one flow, two flows, and three flows, when thetbe auctioneer.
are 10, 15, and more SUs, respectively. This is because that

we consider transmission opportunities in auctions as agll
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