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Abstract—In recent years, cognitive radio technology (CR) unlicensed secondary users (SUs) to transmit opportaoailsti
has been proposed to allow unlicensed secondary users (SWs) over the unused spectrum without interrupting the opematio
opportunistically access the channels unused by primary @ss. of PUs. CR shows a great promise to enhance the spectrum

As a result, there is a lot of recent interests on studying cagtive e . . . .
radio cellular networks (CogCells) that can support both PUs utilization efficiency [5]. This has raised a lot of recentein

and SUs. Due to the limited transmission range of SUs, in €Sts on studying cognitive radio cellular networks (Cod)Cel
this work we consider supporting Multi-hop infrastructure -based where a CogCell consists of one base station (BS), a set of
secondary systems (SSs), where SUs can communicate with th%rimary users (PUs) and secondary users (SUs), and a group
BS over multiple hops. The use of SSs improves the reliabijitand of channels to be used.

coverage compared to its single-hop counterpart. In additn, SUs . . . . -
are allowed to access multiple channels, which helps to inease Due to hlgh density, SpeCtrum sharing with PUs, mOb'I'ty
transmission reliability and coverage and relieve interfeence at Of SUs, the interference constraints and the QoS requirtsmen
PUs. To enable multi-hop secondary transmissions, it is as of PUs, not all SUs can be admitted to the system by the
important to support efficient routing. In CogCells, efficient operator. As an SU may have a lower transmission power,
admission control, channel assignment and routing is cruei in order to provide a better coverage for SUs thus making
for the coverage optimization of SSs and to ensure the QoS . ; .
requirements in CogCells. more revenue from secondary transmissions, in this Wprk we
In this paper, we mathematically formulate the problem of consider a model that allows SUs to communicate with the
joint admission control, channel assignment and QoS routig BS over multiple hops. That is, each admitted SU operates
to maximize the coverage of SUs in a CogCell system thatnot only as a host, but also as a router to forward packets
supports multi-hop secondary transmissions, taking into acount on behalf of other admitted SUs that may not be within the

the interference constraints and QoS requirements from the . o .
PUs and admitted SUs. To our best knowledge, this is the first direct transmission range of the BS. Moreover, the admitted

study that attempts to optimize the coverage of SUs in multi- SUS are also supposed to reach certain quality of service
hop CogCells with the concurrent support of the above three (Q0S) such that the maximal time delay from any admitted
important procedures. We show that the problem is NP-hard SUs to the BS should be bounded in an acceptable threshold.
and propose three different algorithms to solve the coverag In a CogCell, spectrum sharing between PUs and SUs may
optimization problem and give the theoretical analyses ofts L ’ . .

performances in terms of approximation ratio to the optimum. significantly affect the quality of service (QOS? of .th? CayiC

Our solutions include a greedy heuristic approximation sceme, If an SU shares the same channel as a PU, it will increase the
an algorithm that can provide exact solution, and a new ap- interference power at the receiver of the PU, thus decrgasin
proximation solution with a poly-logarithmic approximati on ratio  jts signal-to-interference-plus-noise-ratio (SINR). the other
guarantee, e.g., the performance of our algorithm is withina 1504 the transmission of an SU will not affect the QoS of PUs

poly-logarithmic factor of that of any optimal algorithm for . . -
the problem. Our preliminary simulation results indicate that operating on different channels. Thus, allowing SUs to ssce

our new approximation algorithms can effectively exploit he Multiple channels can pOtef‘tia||y offer increased religband
increased number of SUs and channels, and performs much coverage, and reduce the interference at PUs.

better than the theoretical worst case bound. From the above discussions, we can see that effective admis-
l. INTRODUCTION sion control is needed_ to enlarge the coverage of CogCaﬂs an
) _ ) _ ensure the QoS requirements of both PUs and admitted SUs.
Recent studies show that the licensed primary wirelesSUsgris 5150 important to develop efficient channel assignment
(PUs) rarely utilize all the assigned frequency channet st chemes to greatly reduce the interference effect of nearby
time and location, therefore leading to many spectrum ROlgs, \smissions. Finally, to support multi-hop transmissiaf
In order to improve spectrum usage efficiency, cognltlvecradSUS’ the routing scheme should effectively alleviate ptdén

technology (CR) has been proposed in recent years to aHBanestion to the base station and improve the system throug

Part of this research was performed while the first author avéesearch put. Therefor?' efficient adm|s§|on control, channel amangnt )
Scientist/Postdoctoral Research Fellow at Simula Relselaab., Norway. and QoS routing are very crucial for the coverage optimizati



of SSs and to ensure the QoS requirements in CogCells. It atseased number of SUs, in a CogCell system that allows SUs
highlights the necessity and importance to investigatessroto access multiple channels and communicate with the BS over
layer optimization problem in CogCell systems. Althougimultiple hops, and it performs much better than the thecakti
very important, this joint optimization problem has not beeworst case bound. It is worth mentioning that our scheme can
investigated in a CogCell system that supports multi-hdpe extended to the adaptive power control scenénie to the
secondary transmissions. space constraint, we defer the power control related issues
Joint admission control, channel assignment, and powaand performance evaluations of our new approximation
allocation problem for maximization of secondary revenuagorithms to the full version of this paper.
in the CogCell has not been explored well so far even The rest of the paper is organized as follows. In Section
in a single-hop scenario. Most of work only focused oi, we introduce the network model and system architecture
the single-channel scheme. Islam et al. [7] investigated tbf CogCells, the model of wireless interference, and the QoS
distributed scheme in the CogCell with one BS equippadetrics for PUs and admitted SUs. We formulate the coverage
with multiple antennas, one primary transmitter (PT) and ormptimization problem and show its NP-hardness in Sectibn I
primary receiver (PR). In [12] and [13], Xing et al. proposeth Section IV, we present our schemes for joint admission
a distributed constrained power control algorithm under tttontrol, channel assignment, and QoS routing. Finally, we
consideration of the CogCell with one PR, and several Sdenclude the paper in Section V.
with separative secondary receivers, based on a gameytheor
approach. In [15], Zhang et al. proposed a minimal SINR Il. SYSTEM MODEL AND ASSUMPTIONS
removal algorithm (MSRA) for the CogCell with one PU. The In this section, we will first introduce the network model
NP-hardness of this problem had also been showed in [1&hd system architecture used in this work for CogCells. Then
A power control scheme had been proposed in [16] for tiwee describe the model of wireless interferences caused by
CogCell under a strong assumption that all SUs are admitieds and admitted SUs and the definition of SINR. Finally,
to access the channel to BS. In [11], Xiang et al. introduceek give the metrics of the QoS requirements which have
three QoS-aware admission and power control schemes whighbe guaranteed and provided to PUs and admitted SUs in
included an exact solution based on dynamic programmintge CogCell system which allows SUs to perform multi-hop
a greedy heuristic algorithm and a minimal SINR removatansmissions.
algorithm which is a simple extension of MSRA from [15]. .
Very recently, a new joint scheme that takes into accoufit Network Model and System Architecture
QoS-aware admission control, channel assignment and poweln the literature, the models used in CogCells for spectrum
allocation scheme was proposed by xin [10] and it had besharing between PUs and SUs can be cataloged into two
shown that the secondary revenue achieved by the propos&in classes. The first one is called overlay model where
approximation algorithm is only a logarithmical factor awa SUs should stop transmission on the channels they currently
from the optimum. However, these work only considered threccupy and switch to another unused channel as long as
single-hop scenario, which is much simpler than our probleRlUs are detected to be using these channels. Another one is
and does not need to consider routing strategies. underlay model in which the SUs and PUs can coexist and
In this paper, we mathematically formulate the problem ahare the same spectrum with each other by employing Code
joint admission control, channel assignment and QoS rgutiDivision Multiple Access (CDMA) as long as the interference
to maximize the coverage of BS for SUs in the multi-hopaused by the SUs to PUs is less than the predefined system
infrastructure-based SS of CogCell, taking into accoust ththreshold [2], [17], [11], [10]. In this paper, we conceréra
interference constraints and QoS requirements from both Pah the underlay model. In a CogCell, the system consists of
and admitted SUsTo our best knowledge, this is the one BS, a set of PUs and SUs, and a group of channels
first effort of studying the coverage optimization problem which can be used in the system. However, any admitted
with concurrent consideration of the three important SUs or PUs can be only allowed to use at most one channel
procedures in a CogCell system supporting multi-hop sec- at any time due to hardware constraints at each SU or PU
ondary transmissions.We show that the problem consideredhat is the exactly same assumption used in [10], [11]. Each
is NP-hard, and propose three different algorithms to solegimitted SU operates not only as a host, but also as a router
the coverage optimization problem and show the theoretital forward packets on behalf of other admitted SUs that
analyses of its performances in terms of approximatioro ratnay not be within the direct transmission range of the BS.
to the optimum. Our solutions include a greedy heuristitherefore, multi-hop infrastructure-based secondaryesys
approximation scheme, an algorithm to look for exact s@an enhance the reliability and improve the coverage of the B
lution, and more importantly a new approximation solutionompared to its single-hop counterpart. It is worth mentign
with a poly-logarithmic approximation ratio guarantee.eThthat this is the first time that multi-hop SSs in CogCell sgste
performance of our approximate algorithm is within a polyare investigated. In general, a PU can be in one of two
logarithmic factor of that of any optimal algorithm for themodes, transmitting or receiving, depending on if the PU is
problem. Our preliminary simulation results indicate tbat transmitting or receiving data from the BS. Without the logs
new approximation algorithm can effectively support an irgenerality, the PUs in the CogCell can be represented by the



PTs where the PUs are transmitting (or planning to transmi) Wireless Transmission and Interference Model

data on some channels, and the PRs where the PUs stay fyhen SUs and PTs transmit over the same channel as
the receiving mode. Another motivation of such a division ofhe one used by PRs or SRs, PRs and SRs will receive the
PUs is to guarantee different QoS requirements which Willterference power from all these admitted SUs and PTs. Note
be described later. Figure 1 shows the system model of gt we assume that admitted SUs can be in both transmission
CogCell used in this paper. and receiving modes in this work. Therefore, we should take
into account the interference effects made by all admitigd S

to the system. Different types of interference models haenb
studied in the literature, which include physical inteefiece
model (PhyIM) [4], [10], [11], [15], [16], fixed protocol
interference model (fPrIM) [9], RTS/CTS model (RTS-CTS)
[1], and transmitter interference model (TxIM) [14]. In shi
paper, we adopt the PhylM. LeRr (1) and R;(n) denote

the transmission range and the interference range of;user

the CogCell system respectively, wheres N, U N; UN,.
Typically, Rp(1) < Rr(p) < cRp(p) for some constant

¢ > 1. Normally, we call the ratioy,, = (1) 55 |nterference-

Transmission ratio for uset, wherel ?%’ff < 5 in practice.

7 Chama & iererence If we do not specify the interference at a ugein CogCell
system, we always refer to the interference caused by alsuse
Fig. 1. An example of the CogCell. who haveyp within their interference range. Specifically, let

T(u) and J(u) denote the subsets of users which contain

To simplify our presentation and clarify the novelty anghe pys and SUs within the transmission range and the
significance of our work, we use the similar notations as ong8erference range of userrespectively. Furthermore, lef’,
used in [10], but we concentrate on the scertlario where mugihdg“;;”j denote the interference power received atjRiie 7tJo

T .
hop secondary systems are supported XetN,,, Ny andNw e transmission from SWe N, and PTk € N! on channel

denote the sets of SUs, PTs, PRs, and the available Chan[{lﬂ%spectively. According to the PhylMﬁij and GCUJ can be

respectively. The number of SUs, PTs, PRs, and Chann@i(?)ressed as follows.

can be denoted byzs,nfo, n, and n, respectively, where .

ns = |Ny|,nt, = |NL|, nl = |N7|, andny = | Ny|. Moreover, i = hyy ()P (w),¥i € NyN3(5),Yj € Ny (1)
let Nj(w), Nj(w),n,(w),n;(w) denote the sets of PTs and

PRs which are accessing the chanaeand the cardinalities

of the corresponding sets respectively. In a CogCell system  ¢i; = I} (w)P{ (w),Vk € Nyn3(j),¥5 € Ny (2)
the operator of the BS can control the admission of SUs int s p sp pp

service while maximizing the number of admitted SUs in ordé’vﬁssesriifip(oﬁ’er]:’“o(gugh:éﬂhgf;tasngihga (dwg%er;(:]tcej ttr?: ;(r)a\:\?jr'

0 ererge he covrege ofhe B for SU. 15 et 1t nuaton om SU. P (o th PR, repeciuly.Fom
ty the PhyIM, ;7 (w) and by’ (w) can be calculated as follows.

by the operator. Moreover, the QoS (e.g., the minimum data

transmission rate) required by any admitted SUs should be op Gf(w)GijT(w)
also guaranteed. However, each $Will also generate the hij (w) = T @D
signal and interference powes; at PR if it is allowed ”

to access the same channel as PRSince the PUs have a@n

higher privilege than the SUs in the CogCell, the signal and GP! (w)GE" (w)
interference power caused by all admitted SUs and all PTs/; (w) = W
to any PRj can not exceed the predefined system threshold ki

T';. In order to maximize the coverage of a secondary systewhere G; (w), G4’ (w), G¥"(w), d:F, 4%, and o denote the

a proper subset of the SUs (e.g., admitted SUs) need todwenna gains of SU, PT k£ and PRy on channehw, the
selected to access the channels allowed to communicate viigtances from the SWand PTk to the PRy, and the path
the BS in a multi-hop manner under an acceptable interfererigding factor respectively.

threshold at each PR. Moreover, the system also needs t&onsequently, the signal plus interference powW&i(w)
guarantee and provide the QoS to PTs and admitted Saggumulated at PR on channeks due to the transmission
according to their individual requirements. The detailealSQ from all admitted SUs and PTs with exactly the same channel
requirements from PTs and admitted SUs to the system will can be formulated as follows.

be introduced in the following sections. For the convenéenc e nt

of presentation, we list all notations and symbols used i th THw) =S 1%, w

paper in Tablel. 3 (w) ; i i ¥ ;Cka

Vi€ NsN3(j5),Vj € Ny (3)

t . : T
Yk € NEN3(j),Y5 € NI (4)



o, G (w)GY (w) PP (w)x; i G (w)GP" (w) PE (w) By the definition of SINR, we can also have
= Z (d7)a + Z (dm?)a . .
=1 N k=t + hsb(w) = GLNEW) ooy (11)
w . T K3 - sb o k) S
<I'/,Vj € N, (d3”)
) and
is a bi | indi - Gy ()G (w)
wherez;,, is a binary variable where;,, = 1 indicates SUi hﬁb(w) — Tk Vk € N (12)
is admitted to transmit to the BS on chanmelotherwise SU (dﬁb)CY b

1is for_b!dden to transmit on chapn@lm the CongII: Due to whered:®, dib’ G (w) and G*(w) denote the distances from
the privileges of PUs and coexistence regulation in ungierlgU i and PT# to the BS and the antenna gains of PENnd
model [11], [15],Tf(w) can not exceed the predefined system g

thresholdl'y’ on channelv at PRj. Note that the interference th(IeDSeSt(;ntrEZe fir\],ﬁgn:bafﬁﬁgtgiz requirements at PUS. we
model used in [11], [15] is not reliable since the interferen P g d '

%ssume that all PUs can communicate with BS within one

limitation at PR; does not take account into the accumulatq10p In this work, we mainly focus on supporting coverage

interference from PTs. Without loss of the generality, Wextension of BS to allow SUs to communicate with the BS
always assume that

in a multi-hop fashion. Letiop(i) denote the hop distance

5 o G2 (w)GP" (w) PP (w) from the SUi to BS in SSs of the CogCell system, e.g., the
w k j max w . r . A .
Z Gy < Z PPYa <T¥,VjeN,. subnetwork induced only by SUs. Similarly as Equation 8, the
k=1 k=1 (di5) ©) SINR of the admitted SU that hashop(:) = 1 can be given
Similarly, we can also define the corresponding terminolo- .
gies of interference effect at secondary receivers (SRs) as () — hi®(w) PP (w)
follows. The interference powef (w) accumulated at SU ! No + Is(w) + I, (w) — ks (w) P? (w) (13)
¢ on channelv due to the transmission from all admitted SUs Vi € Ny A2 = 1 A hop(i) =1,
Emd PTs with exactly the same channekan be formulated whereA denotes logical AND operator. For other cases when
y nt hop(i) # 1, the SINR of the admitted SUto another admitted
= ~ v SU ¢ at channekv can be defined as follows.
TI(U)) :ZTiniw—i_Zqu q
i=1 k=1 hig (w) P (w)
&,(w) = :
ne G w) G (W) P ()t o GE ()G (1) P () b Mo bl r b Shig)fiw) 0
=y zdi‘i); AL “’(dzs?; 0 Vi € Ny A iy = 1 A hop(i) # 1,
Z;l l.q k=1 b whereh;;(w) denote the power attenuation on the channel
SI‘q,quNS/\ZEJ(q)/\kEJ(q). from SU i to SUq
(") Similarly as Equation 11j;7(w) can be calculated as
C. SINR Definition follows.
According to the description of PhyIM in [10], the SINR oy Glw)Gi(w) .
of PT k on channekw can be expressed as follows. i (w) = (dsz)e VieNoAgea®, (19
£ () hP? (w) PP (w) whered;? is the distance from SWto SUgq.
\W) = ;
No + Is(w) + Iy(w) — b’ (w) Pf (w) D. QoS Requirements

Wherehﬁb(w) and PP (w) denote the power attenuation to the One of the QoS metrics we consider in this work is the data
BS and the transmission power of RTon channels respec- transmission rate (DTR) which was also used in [10], [11],
tively. Moreover,N, represents the background noise receivdd5], however these studies are constrained to the singgpe-h
at the BS,I, (w) and I,(w) present the interferences receivegcenario.

from all admitted SUs and PTs on channelrespectively. ~ According to Shannon’ channel capacity formulation, the
According to the definition of SINRI,(w) and,(w) can be maximum DTRA can be estimated by

defined as follows. N A= Blog,(1 +£) (16)
Ii(w) = thb(w)Pis(w):ciw (9) whereB is the channel bandwidth argdis the SINR.
i=1 In order to guarantee the minimum DTR™™” required
nt by the admitted SU and the minimum DTR\;"*"* required
I _ BPY (1) PP 10 by PT k, it is equivalent to guarantee the minimum SINRs
o) ; v (@) P (w) (10) €™ for SU i and & for PT k according to Equation

16.
whereh:?(w) andh?’(w) denote the power attenuation on the

channelw from SU 4 and PTE to the BS respectively. £ (w) > &M =2

2 X2

min,s

T 1Vie NoA (2w =1) (17)

A




o | ) > €7
P Vi € Ng A (zi = 1) A (hop(i) > 1) A (yiq = 1)

&(w) > &M =275 — 1,Vk € NJ. (18)

(24)

Another QoS metric considered in this work is the max- iyiq =1,
imum hop distance from any admitted SUs to the BS. Note —

that some admitted SUs may not be able to communicate with - .

the BS directly, but rely on other admitted SUs to forward va eniVs A (hop (i) >il:p(q)) MG a) € B) (25)
their packets to the BS. This raises another challenge jghat A (Z Tqw > 0) A (Z Tiw > 0)

maintaining the network connectivity induced by all adsnitt = o

SUs. Due to the path loss and mobility of SUs, the hop

distancehop(i) for any admitted SU should be also upper hop(i) < & Vi € Ny A (Jw: (23w = 1)) (26)

bounded by a predefined system threshtiphtherel < £ < 6 n. nt

in practice. Z TigTiw + Z Cog < T4 (27)
=1 k=1

hop(i) < €,Vi € Ny A (Jw : (24 = 1)). (19) , ,
Vge NsNi€T(QNkeET(Q AN (T yy=1)
Combining with QoS requirement on DTR at admitted SUs, .
it also indicates that a delay-bounded routing scheme \ill b Z"’: o <1Vie N 28)

also reserved.

w=1
Ill. THE PROBLEM FORMULATION Tiw € {0,1},Vi € N, Vw € Ny (29)
To simplify our presentation, we model the multi-hop Yiq € {0,1}, Vi € Ny, Vg € Ny (30)

infrastructure-based SS of the Cogcell as an undirected con
nected graphG = (V,FE), whereV = {BS} U {SUs} E(w) =0,Vi € Ny A (T4 = 0) (31)
represents the set of nodes that consists of BS and SU& and s )

contains unordered pairs of distinct nodes, such(that) € F P} (w) = 0,¥i € Ns A (30 = 0) (32)

if only if the transmission from node can directly reach  \yhere the first constraint (Equation 21) says that the in-
nodeu and vice versa (the reachability of transmissions {grference to any PR due to the transmissions from all
assumed to be a symmetric relation). In other word$ias agmitted SUs and PTs sharing the same channel with &

to be withinv’ transmission range. In this case, we say thgbt exceed the predefined system interference threshotl. Th
the nodesv and v are neighbors inG. The problem we gecond constraint (22) mentions that the QoS requireménts a
investigate in this paper is to select a subset of SUs from thes in terms of the minimum DTR should be guaranteed. The
multi-hop infrastructure-based SS (e.g., graghand assign following two constraints (Equations 23 and 24) remark that
proper channels to the admitted SUs in order to maximigge QoS at admitted SUs in terms of the minimum DTR at the
the coverage of the BS in terms of the total number of SUgks on the selected routing paths should be satisfied, tay.
admitted by the operator of a CogCell. Meanwhile, a Qognnectivity of the subsystem induced by admitted SUs weill b
routing path will be also generated during the selection g{,aranteed. The binary variabtg, is used to indicate whether
admitted SUs, e.g., the admitted SUs also induce a connect®dl; is admitted to access the chanmeto the system, e.g.,
subgraph. Moreover, the interference constraints at Ris, L., = 1 means that SU is admitted on channeb, and
QoS requirements for both PTs and admitted SUs can be a&sﬂgj — 0 indicates that SU is not allowed to use channel
guaranteed. Note also that a delay-bounded routing schegen the CogCell system. The binary variabjg, is used to
will also be generated due to the bounded maximum hops fr¢Rgdicate whether the linki, q) € E is selected by the routing
any admitted SU to BS and guaranteed DTR at each admitiggorithm. The constraint in Equation 25 provides out nagti
SUs. We formulate such a joint admission control, Cha””@ﬂrategy, e.g., assuming a single path routing. Note that th
assignment, and QoS-aware routing scenario as a non-lingg|lti-path or load-balanced routing schemes are not oursfoc

NP-hard problem as follows. in this work however, it is not difficult to built existing rdiag
ne N strategies into our framework. The constraint in Equatién 2
argmm.,yiqmafz Z Tiw (20) gives an upper bound on the hop distariee(i) for any
i1 w1 admitted SU: to BS, e.g., upper bounded by a predefined
subject to: system threshold. The constraint in Equation 27 says that
the interference power accumulated at any admittedySin
Ns M np the selected routing path due to the transmissions from all
DN DD G <TY.Vje Ny, Ywe Ny (21) admitted SUs and PTs in its interference range using the same
i=1 w=1 k=1w=1 channel should not exceed the predefined system interferenc
£ (w) > é-;nin,p’v]g c N; (22) threshold. The constraint in Equation 28 ensures that oméy o

. channel can be used by any admitted SUs. The following two
& (w) > &M"™° Vi € N A (2 = 1) A (hop(i) = 1) (23) constraints (Equations 29 and 30) define the values of the

2



variablesz;,, andy;,. The last two constraints (Equation 31lbe done in a greedy manner. In each iteration of GHAA-M, an
and 32) clarify the situation when SUis forbidden to access unique SUi with the largest value of;,(w) will be admitted

any channels in the system. to access the channel in the CogCell if the acceptance of
Theorem 1:The coverage optimization problem we define®U i can still guarantee the QoS constraints at PTs, PRs, and
above is NP-hard. the admitted SUg € D, wherew € N,,. Meanwhile, the

Proof: It directly follows since a special case (e.qg., singleselection approach with the largest (w) under guaranteed
hop) of the scenario we considered here had been provedoS also generates a routing scheme, e.g., the(link € £
be a NP-hard problem in the literature. m will be selected to forward the packages for $tb the BS.

IV. JOINT ADMISSION CONTROL, CHANNEL The details of GHAA-M are illustrated in Algorithr.

ASSIGNMENT, AND QOS ROUTING

In this section, we present three new joint admission Coﬁ\_lgorithm 1 Greedy Heuristic Approximation Algorithm for
SGoverage Optimization in Multi-hop CogCells

trol, channel assignment, and QoS routing algorithms whi
includes a greedy heuristi©(——;—) approximation Input: Nuw, Ni(w), NJ (w), Ns, G(V, E),T%, hi®(w), h;} (w),
P s)Mw pS dgs

b s s Ss b s
scheme (GHAS-M), ‘{)((1og(m+nsl)+1ognm)2) approximation hi?(w), hY, (w)vdib,difvdiqadi_z;adi sy, dig, 0, G (w),

algorithm (Fast-AA-M), and an exact solution for multi-hop Gk (w), G5 (w), &, PF (w), Py (w).

CogCe” systems_ Output: DS, l'lw(l e DSANw e Nm), yiq(i e DS A q (S .DS)7
o ) and Maz, (the number of admitted SUs).
A. A Greedy Heuristic Algorithm 1. Maz, = 0; D° = {BS}; hop(BS) = 0;

In this section, we propose a greedy heuristic approximatio2: for ¢ = 1 to n, do
algorithm (GHAA-M) to solve the coverage optimization 3: for w =1 to |N,,| do

problem by joint consideration of admission control, chelnn 4: iy = 05
assignment, and QoS routing strategy in multi-hop CogCellss:  for ¢ =1 to n, do
To simplify our presentation, we also define some new notions: Yiqg = 0;

that will be used in our approximation schemes later. A7: repeat
dormant SU node is an SU that has already been admittetd for w =1 to |[Ny| do

into the CogCell system, and an active SU node is an SU: for eachq € D® A hop(q) < ¢ do

which is not yet dormant. LeD®, A%, andnum(i) denote 10: for eachi € Ny A i ¢ D*® do

the set of dormant nodes in the SS, the set of active nodes, if (i,q) € E then

and the number of active SUs with the hop distance at most: computee;,(w) according to Equation 33;

¢ to the BS through the SWe A respectively. For the sake 13:  Select a SU with largest value ot;,(w) and the QoS
of technique, we also assume that the BS of the CogCell  constraints at PTs (Equation 22), PRs (Equation 21) and
is a dormant node in the SS. In our GHAA-M scheme, the admitted SUs (Equations 23 and 24) still hold due to

selection of admitted SUs< N, assignment of the channels the acceptance afto the CogCell system;
w for the admitted SUs, and the selection of links on thes: if 7 = () then
routing paths from an admitted Sidto the BS in a multi-hop 15: hop(i) = hop(q) + 1;
manner are crucially based on a preference functigtw) 16 D*=D* +{i};
that is described as follows, wheiec A° andg € D*, e.g., 17 Tiw = 1;
initially only BS € D*. 18: Yig = 1;
@) num(s) 19: ;Jntil (Vﬁ € L;\j :/ng];(ql)) zdé) or (i =0)
eig(W) = 7757 20: for each: € Ny A4 ® do
By (w)Efy (w) 21:  for w =1 to |N,| do
Vi€ A%,Vq € D* A\ (i,q) € E,Yw € Ny, Vj € N (w), 22: P (w) = 0;

(33) 23 Maz, = SIS | Tiw;

where

Eb= > (O m—Ty— > )Y, (34)  The GHAA-M scheme we propose here is very simple
prop y p
JEN (w) i€A® keNE (w) and easy to be implemented however it is not difficult to
o w w w s w see that GHAA-M in the worst case scenario can lead a
By (w) = Z (Z Tiq — (Tg = Z Cha))Tig- (35) O(W)-approximation ratio if all admitted SUs have
qED* i€A* keN! (w) p s )T |
» the largest interference component on selected chaanel
From the preference function, (w) 33, it is easy to see thatat a particular PRj € N;(w) or an admitted SUq <
an activeSU who has more activé-hop neighbors or less DAY y;, > 0. Motivated by the disadvantage of GHAA-
signal and interference power to PTs and the admitted SMs we also propose another approximation algorithm with a
has more chance to be admitted to the system. Hauij{aw), much better approximation ratio guarantee in the following
the selection of SUs to be admitted to the CogCell system c8action I1V-B.



B. AO((log(HTM 1)+logn )2)-approximation algorithm consists of the following steps, whete> 0 is a parameter
P s el

In this section, we present a new polynomial-time joinv[vhose.valu? carr: be spec:fled _Iater. . .
admission control, channel assignment, and QoS routi§ P 1'_ Solve t_e LP re a>§at|0n of ?_’6’ po§S|ny approx-
scheme called Fast-AA-M for multi-hop CogCells in whic ately in case is ex_ponentlall_y large in the input Siz€. Let
our algorithm can guarantee that the number of SUs a%*— be the (near—)qptlmal solution of the LP relaxation and
mitted to the CogCell system by the operator is at least —_ .cec Y& be its value. LeCy, Cy, -+, Cin € C be the
o( 1 ) fraction of any optimum solution configurations associated with the nonzero components;of

(Tog(n; T ) Flog w2 y op

meanwhile the QoS requirements from PTs, PRs and 1ie€p2ci aDne(;Igeih?, ?;laryaﬁeiiéfyns Z[?:Ilr}gc\g\l,tgé%):a?];otrhen
admitted SUs are also guaranteed. Our new coverage Op- o . ol
timization algorithm is partially based on the frame worlg;f)peat the fO|_|OWII’Ig forfgz"/(1 — o4/2)] iterations: Sel?Ct
. > . _.. ~ the configuratiorC” € {C1,Cs,---,C,,} such that(S—C")
for set covering problems which is callegapproximation is minimum and letr. — 1 andS — S — ' whereo is a
subset oblivious algorithm in [3], and a new observatiorn thgmall parameter sutzﬁ/th_at/) <1to Ee s_ecified Iatero For an
nw ni-dimension (multiple multi-dimension) bin packing is_ | . . d P NG
P o R arbitrary set of itemsS, ®(S) = In(329_, e? Xies Wi);
8 O(npny, )-approximation subset oblivious in [10] Howeverste 3: Consider the set of item§ CJI:%hat are not covered
the work in [10] investigated only for single-hop scenanma Po: Vi Sifand only if S . d th
the proposed approach in [10] can not be directly implied £ ¥ Namelyi € S if and only if >,cc yc = 0, and the

multi-hop scheme with a guaranteed performance ratio. Tﬁgsociated optimization problem for the residual instance

details of our Fast-AA-M will be given in Section IV-B2. min{Zyc : Zyc > 1(i € S),ye € {0,1}(C € C)}.
Prior to presenting our new scheme, we will introduce some Cee co - ’ ’

terminologies and approaches in Section IV-B1 that will be (38)

used as a sub-procedure in our Fast-AA-M later. Apply some approximation algorithm to the problem 38 yield-
1) Preliminaries: For the completeness of our presenta- ing solutiony®;

tion, we re-produce the p-approximation subset oblivious Step 4: Return the solution/ = y" + y°.

algorithm from [3] and a new observation from [10] that For the abbreviation, we denote this approach by

will be used as a sub-procedure in our Fast-AA-M scheme SETCOVER(Z,w), wherew is the weight vector fol:i € I.

in Section IV-B2. A crucial notation used in [3] is called theapproximation
Given a sefl of d-dimensional items, theth corresponding subset oblivious algorithm which is is defined as follows.

to a d-tuple (t},t2,--- ,t¢), that must be packed into the Definition 3: A p-approximation algorithm for problem 36

smallest number of unit-size bins, corresponding todtieple is called subset oblivious if, for any fixed > 0, there exist

(1,---,1). Given an instanf, let opt(I) denote the value of constraintsd, ¢, w (possibly depending om) such that, for

the optimal solution fod. This problem can be formulated asevery instancd of 36, there exist vectorg!, w?,--- ,w? €

the following general set covering problem, in which akef R!/l with the following properties: 0 wé < 4, for each

items has to be covered by configurations from the collectian € C andj = 1,2,--- ,d; (i) opt(I) > mazf_, >",; wl;

C C 2!, where each configuratioff € C corresponds to a set (i) appr(S) < pmad??zl Sics w{ + eopt(I) + w, for each

of items that can be packed into a bin: ScI.

. , The following theorem has been shown in [3].
: > . . .
mm{cz:ec yo ;yc 210 € 1),yo €{0,1}(C € C)} Theorem 4:A p-approximation subset oblivious problem

(36) can be solved by procedureeBCOVER(Z, w) with O(log p)

Since the collectiorC is exponentially large for the givenapproximation ratio guarantee. _
application item set/, an approximation algorithm (or LP In what follows, we introduce a new observation from [10]

relaxation of 36) can be very useful for such an applicatior(€.9., an extension from [3]) which will be employed as a
The dual of this LP (Equation 36) is given by sub-procedure in our new Fast-AA-M scheme to guarantee a

proper performance in the worst case scenario.
maz{) w;: Y w; <1(C€C),w; >0 €I)} (37)  Theorem 5:¢ d-dimensional (multiple multi-dimensional)
iel ieC bin packing is aO(. - d)-approximation subset oblivious
Note that the separation problem for the dual is the follgwirdlgorithm.
knapsack-type problem: given weights on each item, find Theorem 6:The cost of the final heuristic solution
a feasible configuration in which the total weight of itemgslo for ¢ d-dimensional bin packing produced by procedure

not exceed!. In the literature, it has been shown that: SETCOVER(I, W) with § = Ind - 1,0 = (2¢/Ind - 1) /(¢ +
Theorem 2:1f there exists a Polynomial-Time Approxima-¥¢/Ind -¢) andy = 1 is at most
tion Scheme (PTAS) for the separation problem for 37, that is (2Ind-)(1 +e/Ind)

givenw; € R!!! solvemazcee 3, wi, then there exists a (Ind-t+1+2e)opt(I)+d+ Ge/nd) T (39)
PTAS for the LP relaxation of 36.

Based on Theorem 2, an approximation solution of the deg., this is a deterministi®(logd + log)-approximation
covering problem 36 has been constructed in [3], whicdgorithm for. d-dimensional bin packing (e.g., problem 36).



2) The Fast-AA-M Schemeln this section, we present Similarly, the upper bound of signal and interference power
our main approximation algorithm (Fast-AA-M) withcaused by admitted SUs at each admitted;Stuthe backbone
O((log(n,#nsl)ﬂognm)z) approximation ratio guarantee. network G%°"¢ can be bounded by:

The main idea of our algorithm is that we first select a

ng, (w)

subset of SUs out of all active SUs to form a connected w w w bone

: . 19 (w) <TY — - Vg € Vbome (42
backbone networkGtene = (Vbore Eore) in which the w) =Ty ]; ko z;n Tug VLS s (42)
sub-graph induced bg%°"¢ and its immediate neighbors of a v“i‘;:q

active SUs can cover at least a Ioganthml(_:al fractlor_1 of trﬁote that a potentially admitted SU refers to an SU that
total number of admitted SUs by any optimal solution for .~ . . .

S . satisfies the following constraints (Equation 43):
the coverage optimization problem in the worst case scenari ‘
whereV "¢ C V and E?°" C E. The construction of2"¢ Vi : i€ Ny A (78 < IJ(w)) A (7} < T (w))
is based_ on a smart use of the multiple multi-dimensional | (% < I*(w)) A (3q € Ve (i,q) € E), (43)
bin packing approach in [10]. Moreover, we also ensure that

: r bone t
acceptance of all SUs in the backbone netwai”e will Vj € Ny (w), Vg € V78, Wk € Np(w), 3w € Ni.

not cause any trouble to guarantee the QoS requirement:@ghsequenﬂy all PRs and admitted SYs € Vbore
. . . . 1 S

PUs during the construction @§%". Although the existing gn particular channels corresponds to an?’ + nbome)-
54 S

minimum connected dominating set approximation schemggle unit-size bin (1,---,1), and a potential admit-

can be used to construct tiig°"¢, the QoS requirements atied SU corresponds to a(n” + nbome)-tuple item
. S

PUs and admitted SUs may not be guaranteed, e.g., the nodes b

9 nl o (nl41) (nf+nbome)
in the connected dominating set can not be all admitted to thdi » Wi Wi n, Wy o W ), where
CogCell system. Based on this constructed backbone netwo%z( )= T L <o
we convert a variety of our problem toa, (n), + n°")- W)= nt (w) S 2SNy,

. . . . . . . . Fw - wo— one v
dimensional (multiple multi-dimensional) bin packing ptem z K1 G~ 2vgevione Ty; (44)

in which each potentially admitted SUs with one-hop connechi—nd
tion to G%"¢ corresponds to the items and all PRs, the SUs

w

in G%"¢, and the available channe}, corresponds to the,, WZ(w) = ) Tiz ,

(ny, +n%")-dimensional bins, where?’"* is the number of TY — 320 G = Ygueyrone T (45)
admitted SUs inG%ne. After that, one more execution of the uzq

approach in [10] based on the constructed backbone network Vzi(n,+1) <z < (n,+ nbone).

will derive the expected solution. The details of our Fagt-A . ) ]

M are illustrated in Algorithne. Note that W/(w) can be different for different chan-

According to the Equations 8 and 10, we can derive a up (?ls. Alitser g_xecuti_on <|)fb_the hkguristic dalgoorlittljm fm“’d
bound of signal and interference power allowed by all additt \'*» + ) |mensijoogf\ In pac g!g_pro g(r:]e y proceaure
SUs at each P, e.g., the QoS at P% can not be guaranteedSETCOVER((NS — V7o), w), combining with QOS require-

if the signal and interference power from all admitted sydents at ea_ch adm|ttec_zl SU we se!ect one bin for ea_ch
exceeds this bound. channelv which can achieve the maximal number of admitted

SUs among all bins configured for each channet N,,.
hpb( )PP (w) Due to the construction of the admitted SUs, we know that
k _ "k k b
L (w) = P (w —No - Z he (W) Py (w) there always exists a feasible routing paths from any adaitt
1<u<ny, SU to the BS meanwhile the DTR at each link on this path and

g

. urh . (40) length of such a path in terms of number of hops will satisfy
- Z hop(w) Py (w), Yk € Ny (w). the QoS requirements we defined at Section 1ll. Consequently
Vgevyere Dijkstra’s algorithm can be used to figure out the exact path

) ) for each admitted SUs to the BS.
Another upper bound of signal and interference power of Theorem 7:0ur Fast-AA-M  scheme can guarantee

all admitted SUs at each PRe N;(w) can be achieved asiat the number of admitted SUs achieved is at least
follows according to Equation 5. Q((log(nT+n3)+logn‘u)2) fraction of the one of any optimal
solution’meanwhile the QoS required by all PTs, PRs and the
; admitted SUs are also satisfied.
J <TW _ wo_ w :
L(w) < T 1; Gy y %;m Taj Proof: The QoS requirements at all PTs, PRs and the
B €V admitted SUs can be guaranteed due to the construction of

ng, (w)

n, (w) Gﬁt(w)G”(w)P,f(w) (41) the set of admitted SUs, e.g., acceptance of an SU to the
=TIy - Z (djpp)a CogCell system if only if QoS requirements at PUs and
k=1 kg all admitted SUs are satisfied. During the construction of
— Z Tais Vi € Ny (w). backbone network in Algorithrg, we use the multiple multi-

Vgevone dimensional bin packing approach from [10] and we select



Algorithm 2 Fast Approximation Algorithm (Fast-AA-M) for packbone network is at Iea§(1(+
og(nr+n

Multi-hop CogCells
Input: Same as the input in Algorithrh.
Output: D*, z4,(i € D* Aw € Ny), yiq(i € D* A g € D?),
and M azx, (the number of admitted SUs).
1. D® = VPore = {BSY: hop(BS) = 0; flag = 0;
2: for i =1 ton, do

3. for w=110|N,| do

4: T = 0

5. for ¢g=1ton, do

6: Yig = 0;

7: repeat

8 NmP = {j: (i € Ns)A(3q:q € D* A (hop(q) <
8) A(i,q) € B}

9: for w=110|Ny| do

10: for eachi € N!*"? do

11: computeW/ (w) according to 44 and 45;

12:  execute 8TCOVER(N™? W),
13:  if SETCOVER(N mP W) # () then

14: for w =1 to |Ny| do

15: select one bifs with maximal) ., .o num(i) on
channehw;

16: for i € B(w) do

17: if (the QoS at PUs and admitted SYsc D*

JToany) fraction of
the optimum due to Theorem 6. Accordlng to Theorems 4,
5 and 6, the procedureESCOVER((Ns — V2ome) w) will
further lead a logarithmical factor down in terms of the
number of admitted SUs. Combining with the polynomial-time
complexity of the approach in [10], It completes the promf.

C. An Exact Solution

Due to the enormous memory requirement by the dynamic
programming approaches to achieve an optimal solution for
the problem formulated in Section I, we employ the staddar
branch-and-bound approach in [6] to solve our problem. As
mentioned in [6], [10], the crucial property of branch-and-
bound techniques is an intelligent enumeration of the smiut
space for the optimization problems. It can divide the owadji
problem into several decomposed subproblems and calculate
these subproblems in parallel which significantly redua th
computational burden. Based on the standard methodologies
introduced in [6] and a framework for single-hop scenario in
[10], the original optimization problem investigated hean
be transferred to the following problem with exactly the sam
constraints as the original ones.

can still be guaranteed with acceptance of SWhere

)AGq:q € D* A&, (w) > €™ then

18: select a SUgq with Mazsep:§;,(w) A
(hop(q) < t);

19: hop(i) = hop(q) + 1;

20: DS = ‘/Sbone = Ds + {1}7

21: Tiw = 13

2 ig = 1; B = B 4 { (i q));

23 until (Vg : (¢ € D*% A (hop(q) >
(SETCOVER(N!e™P W) = ()

24: if flag =1 then

25:  go to 34:

26: for eachq € V"¢ do

27.  count(q) = ZWGVS@M (Yqi + Yiq);:

28: for eachi € V*"¢ do

29: if count(i)=1then

£)) or

30: ‘/Sbone — ‘/Sbone _ {’L},
31: Ebone = phone _ {(5.q)},Y(i,q) € E¥"¢;y;y = 0;
32: DS = Vbore, flag = 1;

33: goto7:

34: for eachi € Ny Ai ¢ D* do
35.  for w=11t0|Ny| do

36: Pf(w) = 0;

37 Maw, = 30, Y00, o

arga,, y.,max(L(X,2),r,9)) (46)
(%2)?7 —25: anzw‘i'zyzq
i=1 w=1
—Za(sz—wam—m— (47)
=1

Z%Z

i=1

+2Cka+z

where r; andy,, are dual vanables. It is easy to see that
the optimal solution of the dual problem (Eq. 46) is an
upper bound of the optimum of the original problem for
arbitrary nonnegative:; and vy,,. However, to achieve an
optimal solution in terms of a tight upper bound, the optimum
dual variables have to be chose such th&¥,9),r,n) (EQ.

47) is minimized. The details of standard branch-and-bound
approach can be found in [6].

V]EN;,

V. CONCLUSION

In this paper, we mathematically formulate the problem of
joint admission control, channel assignment and QoS rgutin
to maximize the coverage of BS for SUs in the CogCell system
that supports multi-hop secondary transmissions, taking i
account the interference constraints and QoS requirements
from both PUs and admitted SUs. To our best knowledge, we
have made the first effort in studying this important prohlem

one bin with maximal number of SUs to be admitted to thk is worth mentioning that none of the work in the literature
system in each iteration of the construction that can gueeanso far concurrently investigate the issues of the three pro-

that the coverage of the backbone network in terms of tleedures in multi-hop infrastructure-based secondaryeryst
number of admitted SUs within one-hop connection to thearticularly, multi-hop routing related issues are ragtldied.
backbone network and the number of admitted SUs in the this paper, We propose three different algorithms to esolv



the coverage optimization problem and analysis its thazaet

performance in terms of approximation ratio to the optimum
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