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Abstract—Spectrum handoff occurs when the primary users In this paper, we focus on finding the optimal target channels
appear in the licensed band occupied by the secondary users.sequences for theroactive-decision spectrum handdfi CR
Spectrum handoff procedures aim to help the secondary users nanyorks, while leave the reactive-decision spectrum handoff in

to vacate the occupied licensed spectrum and find suitable target . . . .
channel to resume the unfinished transmission. In this paper, we the further work. The main objectives of this paper are described

discuss how to select the target channels to minimize the total service s follows:
time with multiple spectrum handoffs. We propose a preemptive  , A preemptive resume priority (PRP) M/G/1 queueing net-
resume priority (PRP) M/G/1 queueing network model to evaluate work model is proposed to characterize the spectrum usage

total service time for various target channels selections. Then, we
suggest a low-complexity greedy algorithm to select target channels.
Numerical results show that a spectrum handoff scheme based on
greedy selection strategy can reduce total service time compared to
the randomly selection scheme.

interactions between primary and secondary users with
multiple spectrum handoffs. Based on this model, the total
service time for various target channels sequences can be
evaluated, and then the optimal target channels sequences

can be found.
« A suboptimal greedy target channel selection scheme is
proposed to reduce the complexity for finding optimal target
Cognitive radio (CR) can improve spectrum efficiency through  channels. The complexity of the proposed greedy target

intelligent spectrum management technologies by allowing sec- channel selection scheme is independent of the total number
ondary users to temporarily access primary users’ unutilized of channels.

licensed spectrum. In order to enhance spectrum managemept, optimal sequences for target channels can be determined by

CR systems require many capabilities such as spectrum mobility, » stive search for all possible permutations of target channels,
(or called spectrum handoff) [1]. Spectrum handoff occurs Wh%ﬂ

he hiah-briofi X its | d b glijt this method is obviously too complicated. Based on the
the '9 -priority primary ‘users appear at its licensed bang,,seq prRP M/G/1 analytical model, it will be shown that the
occupied by the secondary users. Spectrum handoff proced

) Lgne osed low-complexity greedy target channel selection scheme
aim to help the secondary users to vacate the occupied licen g plexiy g y targ

' ) reduce the total service time compared to the randomly
spectrum and find suitable target channel to resume the un Rlection scheme
ished transmission. . . The rest of this paper is organized as follows. In Section Il, we
In general, according to the target channel decision metho

handoff hani b ived | ” Pmulate an optimization problem of target channels selection
spectrum handoff mechanisms can be categorized into [2], [§ ming to minimize total service time with multiple spectrum

(1) proactive-decision spectrum handoff: make the target ChaH};{ndoffs. Next, we propose a PRP M/G/1 queueing network

nels for spectrum handoff readyefore data transmission ac- ., e to evaluate total service time for various target channels

cording to the long-term observation outcomes, and (2) reac“‘é%'quences in Section IIl. Then, a low-complexity greedy target

decision spectrum handoff: determine the target channel acco(fﬂénnel selection scheme is discussed in Section V. In Section

ing to the results fronon-demandvideband sensing. V, we derive the total service time resulted from the proposed

Compag}d .t(.) the reactlve;]dec(;s?n spe(t:)trumblhandoff,dt%%eedy target channel selection scheme in a simplified case.
proactive-decision spectrum handoft may be able to redugnerical and simulation results are given in Section VI. Finally,
handoff delay because the time-consuming wideband sensin & give our concluding remarks in Section VII

not required .[4]. Furthermore, it is easier tq let both transmit- Il. PROBLEM EORMULATION

ter and receiver have a consensus on their target channel for ] ) o

the proactive-decision spectrum handoff than for the reactive- An lllustrative Example for proactive-decision Spectrum
decision spectrum sensing. Nevertheless, when the spectfd@pdoffs

handoff process is initiated, the proactive-decision spectrumWe consider a slotted-based CR network where each slot
handoff needs to resolve the issue that the pre-selected tammetsists of sensing phase and transmission phase. Before data
channel may no longer be available. Hence, one challenge fiansmission, secondary users must perform sensing procedure to
the proactive-decision handoff is to determine the optimal targgteck availability of the current operating channel. Furthermore,
channels sequences to minimize total service time. the spectrum handoff protocol proposed in [2] is considered. This

I. INTRODUCTION
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Fig. 1. An example of packet transmission process with three interruptions, (2) low-priority |
wheret; is the channel switch time. The whole data packet is partitioned into A7y queue g |
four parts due to spectrum handoff. R b (2)(X)
AP+ " departing
. @ | | users
protocol assumes each secondary user must wait on the selected AT :m}
target channel until it becomes idle. high-priority
Figure 1 shows an example where multiple spectrum hand- queue
Channel 2

offs occur during a packet transmission. In this figufePC
and LPC stands for the h!gh-prlorlty CUStomerS (ie., prlmar)éig. 2. The PRP M/G/1 queueing network for two-channel system wherel.
customers) and the low-priority customers (i.e., secondary cus-

tomers), respectively. Consider secondary user 1 (SU1), whose

default channels channel Ch1l. In the beginning, SU1 transmitsmodel is proposed to characterize the spectrum usage interactions
its packet to the corresponding receiver SU2. SU1 requires tdbekween primary and secondary users with multiple spectrum
28 time slots to transmit the whole packet. Assume that SUXsndoffs. Based on this model, the total service time for various
target channels sequenddenoted by©) is (Ch2, Ch2, Ch3). target channels sequences can be evaluated, and then the optimal
The multiple handoffs process is described as follows. At therget channels sequences can be found. Some important prop-
first interruption, SU1 changes to the idle channel Ch2 froerties for PRP M/G/1 queueing network model are listed below:
channel Chl. The handoff delay in this case is the channel, primary customers have the preemptive priority to interrupt
SWitChing time (denoted bys) At the second interruption, SuU1 the transmission of Secondary customers.

stays on the current channel Ch2. SU2 can access the channgl The interrupted secondary customer is designed to resume
only after the high-priority primary customers of Ch2 finish their  the unfinished transmission, instead of retransmitting the
transmissions. In this case, handoff delay is the busy period \yhole packet.

resulted from the primary customers of Ch2 (denotedyy). . The interrupted secondary customer’s target channel can be
At the third interruption, SU1 changes to Ch3. Because Ch3 is different from its current operating channel, which is a key
busy, SU1 cannot be served until all the other customers in the difference to the traditional PRP M/G/1 queueing theory.
present queue of Ch3 have been served. In this case, handoff The first-come-first-served (FCFS) scheduling discipline is
delay is the sum of; plus the waiting time in Ch3 (denoted by  adopted to arrange the channel access schedule among all
WS(?’)). Finally, the transmission of SU1 is finished on Ch3. The  secondary customers.

total service time (denoted bY) is defined as the duration from  Figure 2 shows an example of the PRP M/G/1 queueing
the instant of starting transmitting packets until the instant gktwork with two channels, in which primary customers are
finishing the transmission. Furthermore, handoff delay is definggt into the high-priority queue, and secondary customers are
as the duration from the instant of pausing transmission until tggt into the low-priority queue. When secondary customers are
instant of resuming the unfinished transmission. interrupted by primary customers, they can stay on the current
channel or change their operating channels to another channel.

) . o Firstly, in the change case, the unfinished transmission will be
We formulate &lotal Service Time Minimizing Problem for .t into the tail of the low-priority queue of another channel.
spectrum handoff as follows. Given the default channel as wejl, the other hand, the unfinished transmission can be inserted
as the arrival and departure models for both the primary apgy the head of the low-priority queue of the current channel
secondary customerBind an optimal target channels sequence,ynen the stay strategy is selected. In both cases, the unfinished
(denoted byo™) to minimize the total service time $ormally, ansmission can be immediately resumed when the channel

©* = argmin S(O) . (1) becomes idle. _ _
Ve In this model, one of key parameters is the effective packet
length. It is the transmission duration from the instant that packet
Il. PRP M/G/1QUEUEING NETWORK is transmitted or resumed until the instant that interruption event
In Section Il, we formulate a total service time minimizingpccurs. For example, if a secondary user finishes its packet
problem. However, we do not mention how to evaluate totiansmission without interruption, the effective packet length is
service time. In this section, a PRP M/G/1 queueing netwotke whole packet length. On the other hand, only partial packet

B. Total Service Time Minimizing Problem



can be transmitted when interruption event occurs. In this case, / a\}@@ ----- Case 1
the effective packet length is the transmission duration of this /=

partial packet. £ \@\ﬁ@ ----- Case 2-1
The notations and definitions of the variables used in the PRP a =
M/G/1 queueing networks are introduced as follows. T

o We assume the arrivals of primary and secondary cus- \
Default ™
tomers whose default channels are chanihdbllow the Chisniel Aa) == Case 2-3-1
Poisson processes with rateé"') and A", respectively. /7\\
Furthermore, their packet length distributions are denoted @ ----- Case 2-3-2
by b,(,k) (z) and bk (z) with meansE[X,(,k)] and E[Xs(k)} .
time slots, respectively. V) - Case 2-3-3

. DenoteAEk) as the arrival rate of the secondary customers
with ¢ — 1 interruptions { > 1) at channel. Furthermore, Fig. 3. There are only six permutations for the target channel sequence based
these customers’ effective packet lengths are denoted 35ythe principle of shortest handoff delay.

" () with meanE[X "] time slots.

« Denotep” andp{") as the busy probability resulted fromrheorem 1:Let 0 — {1,2,.... M} and W be the expected
primary customers and the secondary customers it time spent in the waiting queue for a secondary customer on
interruptions { > 1) at channelk, respectively. The total channel (k € Q) . Assume(®) is independent of the channels
utilization factor for channet is represented g8*). Then, 4y ailabilities in the previous tracks of target channels sequence.

the following constraint shall be satisfied. When the shortest-handoff-delay principle is adopted to select the
< target channel, the size &asible solution sedf Total Service
p) = pk) 4 Zpg )1, (2) Time Minimizing Problem is six as shown in Fig. 3.
=1

Proof: Assume that the secondary customer is transmitted on

wherel < k < M. Hence,p*) can be also interpretedchannela in the beginning. For the first interruption, the ex-

as the busy probability of channél. Note thatpz(,’“) _ pected handoff delay for staying on the current chaanetjuals

/\,(,k)E[X,(,k)] andpgk) _ Aﬁk)E[Xi(k)} for all i. to the busy period resulted from the primary users of c_hannel
« only. On the other hand, the handoff delay for changing its
Note that the system parameters suchxgé A b(k)( ) ; :
) y . P » SUCIRS, As . Op TT)s - gperating channel to channél (¢ € Q/{a}) is the sum of
andb; (z), can be estimated by the existing models such as [éﬁannel switch time (denoted by) plus the waiting time of
Hereatfter, the subscript O will replageto represent the primary secondary customers on chanheHence, there are two possible

user's valuables to ease the notations. _cases for target channels selection in the first interruption. In
According to this model, we can evaluate the total serviggase 1, we have

time of secondary users for various target channels selections. (@) _ )

Intuitively, based on the brute force method, we must compare Yo' < nglgl/ria}{ws +ts} s 3)

all possible permutations of target channels sequences in order to

find the optimal solution. Led/ be the total number of channelswhere Y,*) is the busy period resulted from the primary users

which can be selected for spectrum handoff &k the number of channelk. In this case, the interrupted secondary customer

of interruptions during the whole packet transmission. The brugeefers staying on the current channel because it can produce

force method needs to compaié¢ permutations and has theminimal expected handoff delay. Thus, the first target channel

time complexity of()(Mﬁ)_ in the target channels sequence is chamnélith this decision,

the interrupted secondary customer can resume its transmission

when all the primary customers are served on chamnelf

the statistics of traffic pattern on each channel are stable, (3)
In order to reduce the complexity for solvinptal Service holds when the interrupted secondary customer is preempted

Time Minimizing Problem, we suggest a sub-optimal greedyy primary customers again. Hence, the interrupted secondary

strategy for target channels selection. Specifically, we select #igstomer will always stay on channel until it is transmitted

channel withshortest handoff delayo be the target channelcompletely. On the other hand, in Case 2,

at each spectrum handoff [6]. Furthermore, in the considered ) ) ) *) (@)

spectrum handoff protocol [2], we assume each secondary uskt # a3 W + 1. < mln{Vkegl/l{naﬂ}{Ws Tl B YT

must wait on the selected target channel until this channel ' 4)

becomes idle such as the cases of the second and the thirthis case, the interrupted customer prefers changing to channel

interruptions in Fig. 1. 0 because it can produce minimal expected handoff delay. Thus,
The above optimization problem can be solved by the suthe first target channel in the target channels sequence is channel

optimal greedy target channels selection scheme with tinge

complexity of O(1). This can be proved with the help of the Case 2 can be further partitioned into three subcases if the

following theorems. second interruption occurs. Firstly, the handoff delays for staying

IV. GREEDY TARGET CHANNEL SELECTION



on channels and changing to channe} (y # « and ) of shortest handoff delay is adoptethe six permutations are
are Yo(ﬁ) and W +¢,, respectively. They are similar to theshown in Fig. 3. Hence, the time complexity of the proposed
situation of the first interruption. Furthermore, becatig§” in ~ greedy algorithm i€)(1). Once the system parameters are given,
independent of the channels availabilities in the previous trackgtal Service Time Minimizing Problem can be solved from

of target channels sequence, the handoff delay for switchiiif only six permutations. Note that the similar discussions can
back to channel is W ®) + t, approximately. From the abovebe applied on other greedy strategies for target channels selection

observations, there exist three possibilities in Case 2. In C&th as the strategy that the channel with longest idle period is
2-1, we have selected firstly. =

) ) *) Not only can this theorem prove the low-complexity advantage
Yoo < ngzl/n{ﬁ}{ws s} ®)  for the proposed greedy target channel selection approach, but
. L . also be helpful to resolve the so-called transmitter-receiver
This case is similar to Case 1. Hence, the mterrupted_ sgcpnd&%nnel synchronization issue in CR networks [4], [8]. That is,
customer prefers staying on chanr@l_thereafter until it is the transmitter and the receiver must have a consensus on the
transmitted successfully. Furthermore, in Case 2-2, we have operating channel. Based on this theorem, the transmitter and the
W 4+t <min{ min {W® +¢,}, Yo(ﬁ)} . (6) receiver only need to consider three channels in the suboptimal
VkeQ/ {5} sense.
In this case, the interrupted secondary customer will switch
back to channeh. The target channels in the target channels
sequence will alternately switch between channland a. In
the traditional cellular network, switching the target channel back!n this section, we evaluate total service time of secondary
and forth leads to the degradation of network performance [Esers. Based on the proposed PRP M/G/1 analytical model, it will
However, in this case, it can result in shorter total service timee shown that the proposed low-complexity greedy target channel
Finally, in Case 2-3, we have selection scheme can reduce the total service time compared
™) ) ) ) ) to the randomly selection scheme. To simplify the analysis, we
I #£a,8,5 WD 41, < mln{wegl/l?ﬁ 7}{Ws +ts}, Y5} - assume that each channel has identical traffic patterns. Hence,
7 (7) the notation ) in all system parameters can be dropped.
In this case, the interrupted secondary customer prefers changin@ur goal is to derive total service time of secondary users
to channely. That is, the second target channel in the targit the two-channel system. Because each channel has identical
channels sequence is channel traffic patterns, the possible permutations of target channels
Similarly, Case 2-3 can be also further partitioned accordisgquence can be further reduced into two cases. One is the
to system parameters when the third interruption occurs. In tAkvays-changease, i.e. case 2-2 of Fig. 3. Another one is the
third interruption, the expected handoff delays for switching baé¢klways-stay, i.e., case 1 of Fig. 3. Based on the estimated total
to channelsa: and 3 approximateWs(a) +t, and WS(B) +t,, service time provided by this analytical model, one can decide
respectively. On the other hand, the expected handoff delay Ygnether the always-change strategy is better than the always-stay
staying on the current channel and changing to channe) Strategy or vice versa.
(n # «, 3, and~y) areYO(W) andW." +t,, respectively. Hence,
there exist three possibilities in Case 2-3 as follows. In Cai\e
2-3-1, we have ’

V. PERFORMANCEANALYSIS

Total Service Time of Secondary Customers
Let S andE[D] be the average total service time and handoff

() ; (k)
Yoo < Vkénﬂlfl{y}{ws +tsh (8)  delay of secondary customers. Then, we have
In this case, the interrupted secondary customer prefers staying S = E[X,] + E[N|E[D] , (11)
on channely thereafter until it is transmitted completely. Fur-
thermore, in Cases 2-3-2 and 2-3-3, we have whereE[N] is the average number of interruptions.
(@) . . (k) () If the always-stay strategy (i.e., case 1 of Fig. 3) is adopted, the
LR mm{v;gegl/l?aﬂ}{ws +t:1Y0"} . (9 average handoff delay is the average busy periad fesulted

and from primary users of each channel. That is, we have

W +t, <min{ min (WP +,1 v}, (10) E[Sstay] = E[Xs] + E[N]Yp . (12)
‘ vkeQ/{8,7} , ,
respectively. Thus, the interrupted secondary customer switc Oereé :;en do(;[?fe(;eT:m?é/Vlf :_h;a a\avgyes{/;ha}gﬁ;&zgﬁy tlismgdgfpted,
back to channels and 3, respectively. These two subcases Wiﬁ Y 13Vs L s 9

repeat the discussions in Cases 1 and 2 when the secon&gﬁlondary users. Thus, we have

customer is interrupted again. E[Sehange] = E[X,] + E[N](W, +t,) . (13)
According to Lemma 1 in Appendix I, there are not any sub-

cases in Case 2-3. Hence, we conclude thate are only six The unknown terms such &, E[N], andW; in (12) and (13)

permutations for target channels sequence when the principldl be derived in the following subsections.



In addition, we also consider a baseline case that the intélem all customers in the present queue and the newly arriving
rupted secondary customer will uniformly select a target chanmeimary users, respectively. According to [9], we haklg =

from all channels. Thus, it follows that %Z;’il ME[(X;)?]. Furthermore, according to Little’s formula,
E[N EIN it follows that
ElS anaom] = EX + S0y, + S w0 L g AW, 0
2 2 Q; = { oWo Z 21)
Based on the analytical results, a better target channel can be AWs izl

decided to minimize the total service time. Hence, the optimahere IV, is the average waiting time of primary customers.
total service time (denoted by*) can be expressed as followsHence, we have

. _ E[Sstay] , Yo < Ws+ts Wo = Ro + QoE[X0] . (22)
5 - E[Schan e] YE) > Ws + ts ’ (15)
) e N ~_where the first term is average residual packet length resulted
Note that if Yo = W, + t,, the stay or change decision isirom primary customers only and the second term is the total
equivalent in terms of total service time. workload of primary customers in the present high-priority
queue. Similarly, sinceky = 1X\E[(X()?] according to [9],
B. Derivation ofE[N] in (12) and (13) solving (21) and (22) simultaneously yields
For derivingE[N], recall that the transmission of a secondary ME[(X0)?] AE[(X0)?]
X . v : 1= —+——  and Qy= 2"+~ (23)
customer will be interrupted if primary customers appear during 2(1 — po) 2(1 — po)

its transmission duration. Thus, the average number of interrup-

tions for a secondary packet within a period BfX,] can be Last, if A; and ELX;] can be known, one can obtai’
s by solving (20) and (21) iteratively. In the special case when

obtained as E[N] = AE[X,] (16) the secondary customer has an exponentially distributed packet
—A0EkRsl length, i.e.,bs(z) = puse~#+* wherep, = g, one can obtain
o _ Xi = As(22-) 1 ELXG] = o=, andE[(X;)?] = eTETR L
C. Derivation ofYy in (12) for all i >'1. Thus, the closed-form expression fof, g
According to the definition of utilization, we have . ) N N2E[(X0)?]
_ PoEIX0)?)) + g + e
pPo — )\0E[X0] . (17) Wq = 1— Do — p . (24)

Denote I, as the idle period of each channel for the primary
network. Because of the memoryless property, the duration from
the termination of busy period to the arrival of the next primar. Simulation Setup

VI. NUMERICAL AND SIMULATION RESULTS

customer fO||OWS the eXponentiaI diStribution with meaﬁ] We use MATLAB Software to Simu'ate a two_Channe| System_
Hence, we have 1 In each channel, two types of customers are generated with
Iy (18) Poisson process. The high-priority customers can interrupt the

Ao transmission of low-priority customers. Furthermore, we assume
Then, substituting (17) and (18) injg = Yo’i’lo yields the customers with identical priority access channel with first-
come-first-served (FCFS) scheduling discipline. Hence, each
Y, = E[Xo] = E[Xo] (19) channel is collision-free. Finally, we assume all primary and
1—po 11— AE[X] secondary customers have the exponentially distributed packet
lengths in our simulations.

D. Derivation of W, in (13)

Next, let Qo be the average length of high-priority queud. Performance Evaluation
and Q; be the average number of secondary customers withgig,\re 4 shows the total service time in the always-stay and
i — 1 interruptions { > 1) waiting in the queue, respectively.jhe ajways-change cases. Based on (15), our proposed greedy

Because the incoming secondgry user must wait until all thegQection can intelligently operate on the best target channel
Qi secondary users and the primary users have been servedyfig shortest total service time. With a lower value Xf, the

waiting time (V) for secondary users in always-change Ccasgierrypted customer prefers to change the operating channel. By

can be expressed as contrast, when\, is large, the interrupted customer prefers the
oo always-stay strategy. This phenomenon can be also interpreted
W, = Ry + Y QiE[X,] + A WLE[Xo] , (20) by the renewal theory as follows: As, increases, the busy
i=0 period Y, increases. Thus, it is more likely that the randomly

where R, is the average residual effective packet length. It isterrupted secondary customer will see a longer busy period.
the remaining time to complete service of the customer whi¢kence, in this case, the interrupted customer prefers staying on
is serving. This customer can be the primary customer or ttfee current channel. 5

secondary customer with— 1 interruptions. Furthermore, the Figure 5 compares the total service time of spectrum handoff
second and the third terms are the accumulated workload resulteth two different target channel selection methods: 1) the
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Fig. 4. Comparison of total service time in the always-stay and the alway&g. 6. Effect of us on the total service time of the proposed greedy target
change cases. The value @qf is assumed b@. channel selection. The value of is assumed bé.

)\S=O.1, u0=0.4, and us=0.5

5 ‘ ‘ ‘ ] consisting of at most three channels. Numerical results show that
S a spectrum handoff scheme based on greedy selection strategy
48/ | =¢= random seclection approach ¢ can reduce the total service time compared to the randomly
—e— proposed greedy approach e .
~ selection scheme.
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APPENDIX |
THE PROOF OFLEMMA 1

Lemma 1:Case 2-3 can only be further partitioned into three
sub-cases (sub-cases 2-3-1, 2-3-2, and 2-3-3).

Proof: Assume that there exists another subcase in case 2-3. That

Total Service Time (S)
w 3

%.1 0.‘12 . 0,‘14 . 0“16 0.‘18 0.2 Is’
Arrival Rate of Primary Users (A ) I+, B, wm Tt < min{wﬁggin {W(k) +t5}, Yl(’Y)} )
Yy
Fig. 5. Comparison of total service time for random and greedy strategies. The ) (25)
value oft, is assumed be. Then, it follows thatiV( + ¢, < W) ¢, for all k # n, .
However, from (4) in case 2, we obtaiff () +t, < W) ¢,
) for all k # «, 5. It leads to a contradiction. |
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