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Abstract: According to the fact that the secondary users’ delay
requirements for data transmission are not unitary in cognitive
radio networks, the secondary users are divided into two
classes, denoted by SUI and SU2, respectively. It is assumed
that SUI has a higher priority to occupy the primary users’
unutilized channels than SU2. A preemptive resume priority
M/G/1 queuing network is used to model the multiple
spectrum handoffs processing. By using a state transition
probability matrix and a cost matrix, the average cumulative
delays of SUl and SU2 are calculated, respectively.
Numerical results show that the more the primary user’s traffic
load, the more rapidly the SU2’s cumulative handoff delay
grows. Compared with the networks where secondary users are
unitary, the lower the SU1’s arrival rate, the more obviously
both SU1’s and SU2’s handoff delays decrease. The admission
access regions limited by the maximum tolerable delay can
also facilitate the design of admission control rules for graded
secondary users.
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ognitive radio (CR) techniques can improve spec-
C trum efficiency by allowing secondary users ( SUs)
to temporarily utilize the unused licensed spectrum of pri-
mary users (PUs)"" in CR networks. In order to avoid
the interference with PU signals, when the PU appears at
its licensed spectrum occupied by an SU, the spectrum
handoff procedure must be initiated to help the SU vacate
the occupied spectrum and find a suitable target channel
to resume the unfinished communications.
Spectrum handoff is an efficient method to guarantee
quality of service (QoS) for SUs”™. But in reverse, a
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frequent number of spectrum handoffs cannot ensure the

delay requirements of various communications. So, some
5-7

t"7". In gen-

eral, spectrum handoff strategies can be categorized into
8]

research works have been done to deal with i
four kinds: 1) No-handoff strategy' ™, where the SU stays
on the operating channel and does not occupy it until the
channel becomes idle again; 2) Pure proactive hand-
off, where the target channel sequence is ready for
handoff before an interruption occurs; 3) Pure reactive
spectrum handoff''”’, where the target channel is deter-
mined according to the spectrum sensing after the inter-
ruption; and 4) Hybrid handoff, where the target channel
is prepared during SU’s communication while spectrum
handoff is performed after the interruption.

However, the existing spectrum handoff strategies are
almost all based on unitary SUs. In fact, the SUs’ delay
requirements for data transmission are always different.
Some SUs’ communications may need a real-time charac-
teristic such as VolIP service, while some others may have
no need such as FTP data flow. So it is more useful to di-
vide SUs into multiple classes according to different prior-
ities to occupy the PU’s idle channel. In Ref.[11], con-
sidering that multiple graded SUs share one channel with
a PU, the waiting-time distributions for each class of SU
are derived in detail under the proposed T-preemptive pri-
ority discipline. But there is no analysis for multiple
spectrum handoffs as well as cumulative handoff delay for
graded SUs.

In this paper, we divide the SUs into two classes, deno-
ted by SUI and SU2. In the proposed model, SUI has a
higher priority to use the PUs’ unused spectrums than
SU2. So the priority to occupy the spectrum for the three
kinds of users PU, SU1 and SU2 decreases in turn. Based
on the pure reactive spectrum handoff strategy, we focus
on the analysis of the graded SUs with multiple spectrum
handoffs in a CRN. The aim is to investigate the effects of
PU’s activity level on SUI’s and SU2’s multiple handoff
delays. A Markov transition model combined with the pre-
emptive resume priority ( PRP) M/G/1 queuing net-
work'”! is used to characterize various arrivals, services
and waiting processes on different channels. The numerical
results compare the differences between the unitary SUs
and the graded SUs under various PU’s activity levels. The
final admission regions can also facilitate the designs of ad-
mission control rules for graded communication services.
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1 CR Network with Graded SUs

We consider a time-slotted CR network where the SUs
are divided into two classes, SUl and SU2. In order to
detect and protect PUs, the spectrum sensing procedure
must be executed by SUs at the beginning of each time
slot. If the current operating channel is idle, the SU can
use it in this time slot. Contrarily, the SU must perform a
spectrum handoff procedure to select a target channel to
resume its unfinished connections. This kind of listen-be-
fore-talk channel access scheme has been adopted in the
quiet period of the IEEE 802.22 standard'”'. When the
SUI connection is interrupted by the PU, the SUI can
grab one of the channels occupied by SU2s as its target
channel if there is no idle channel in the network.

1.1 System description and assumptions

In the system, we assume that there are M independent
channels where each channel has three virtual distinct pri-

Channeli}
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ority queues with unlimited capacity for PUs, SUls and
SU2s, respectively. Arrived data packets must wait in
their queues before transmitting. We assume that the con-
nections ( consisting of data packets) with the same priori-
ty follow the first-come-first-served (FCES) principle in
each queue.

The arrival processes of PU and SU connections are
Poisson. The arrival rates for PU, SU1 and SU2 at chan-
nel k are denoted by )\Lk) , A and A, respectively. We
denote R\, R’ and Ry, as the data rate of PU, SUI and
SU2 connections at channel k. And denote L., L.’ and
LY as the sizes of connections at channel k, respectively.
Let £1° (D), £ () and f 3}’ () be the probability mass
functions of L”, L’ and L3, respectively. Hence, the

service time of PU, SUI and SU2 at channel & is X" A

L(k) (k) LU()

Rfk), ¢ éRi'k) and X' & ==~ (slots/arrival). The PRP
p sl 2

M/G/1 queuing network is shown in Fig. 1.
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Fig.1 The PRP M/G/1 queuing network model for three queues with distinct priorities

As shown in Fig. 1, the SUls and SU2s can opportu-
nistically utilize the idle channels of PUs. If there is no
interruption during an SU connection, the SU will com-
plete its data transmitting on the operating channel. Or it
will experience one or more spectrum handoffs. The in-
terruptions for SU1 are from PUs’ arrivals, while the in-
terruptions for SU2 can be from not only the PUs but also
SUls because the SUI’s priority is higher than SU2’s.
After each interruption, the spectrum sensing procedure
must be initiated instantly to search the target channel un-
der the pure reactive spectrum handoff strategy. Once the
target channel is selected, the interrupted SU will switch
its operating channel to the target one to continue its un-
finished connection.

The spectrum sensing time, the handshaking time
which is spent to achieve a consensus on the target chan-
nel between the transmitter and the receiver, and the
channel switching time are denoted by 7, 7,, 7., respec-
tively, for any SUs.

For SU1, the spectrum sensing results can be classified
into the following three cases: 1) Exiting one or more
idle channels; 2) Other channels are all busy while at
least one of them is occupied by SU2; 3) The rest of

channels are all occupied by other PUs or SUls. In the
first case, SUI will randomly select one as its target
channel and switch its operating channel to it; in the sec-
ond case, SUl can push one of the SU2s away from its
operating channel and occupy it, and the SU2 who is
pushed away has to wait at the current channel because
there must be no idle channels in the network at this mo-
ment; in the third case, SUIl has to stay on the current
channel and does not continue its unfinished connection
until all the arrival PUs depart. Hence, we can know that
the total processing time in each case (denoted by &, &,
and §,,,) to execute a spectrum handoff procedure is §,, &
T+T, +7, 6,27+ A7 + 7, + 7,(A7 is the extra time
spent on grabbing the channel from an SU2) and §,,, &7
+7,, respectively.

For SU2, its connection can be interrupted by the PU
or SUl. When SU2 is interrupted by the PU, the spec-
trum sensing results may be the following two cases: 1)
Exiting one or more idle channels, where SU2 will ran-
domly select one as its target channel and switch the oper-
ating channel to it. In this case, the total processing time
(denoted by 8,) is 5, A7 + 7, +7,; and 2) The rest of the
channels are all occupied by other users, where SU2 will
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stay on the current channel, and the total processing time
(denoted by §,,,) is 8., A7 +7,. When SU2 is interrupt-
ed by SUI, there must be no idle channels because SU1
has the higher priority to occupy the idle channels. SU2
has to stay on the current operating channel until all the
connections caused by the arrived SU1 are finished. In
this case, the total processing time is also equal to &

stay *

1.2 Example for mutiple handoffs

In order to explain the processing of multiple spectrum
handoffs in detail, we show an SU1 and an SU2 connec-
tion in Fig.2 and Fig. 3, respectively, where D,(i=1,2,
3) denotes the handoff delay of the i-th interruption. The
handoff delay is defined as the duration from the instant
that connection is interrupted until the instant that the un-
finished connection is resumed.

Fig. 2 shows a SUl’s connection flow with 24 slots
which encounters three interruptions. The default channel
is Ch3 which can be determined by the spectrum decision
algorithm'""'. It includes all three kinds of spectrum sens-
ing results given in section 1. 1. The process is described
as follows:

At the first interruption, the spectrum sensing result af-
firms that Ch2 is idle, SU1 switches its operating channel
to Ch2 to continue its connection. So the first handoff de-
lay is D, =§,,.

At the second interruption, it is found that all the chan-
nels are busy but Chl is occupied by SU2. With the high-
er priority, SUIl will grab Chl from SU2 and switch its
operating channel to it. Hence, the second handoff delay
is D, =6,,.

At the third interruption, SUI will stay on Chl because
all the other channels are occupied by PUs or SUls. SU1
cannot use Chl until all the PUs’ connections at Chl are
finished. So the handoff delay is the sum of §,,, and the
busy period ;" of PUs (i.e. D, =§,,, +Y."). In the fol-
lowing, the busy period resulting from PUs at Chk is de-
noted by Y;” which is the duration from the instant that
the first PU appears until the instant that the PUs’ queue
becomes empty.

Finally, the SU1’s connection is completed at Chl.

stay

Betay -~
Chl__ CPUsorSUE ] B2 SUT_T1-PUs T SO T S02_1
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ChZM_ESIﬂi
Ch3__ [ SUT—t =P | PUs or SUE 1
e
D, D, D,
*Arrival of primary user; - ---# Spectrum handoff

Fig.2 An example of SU1’s multiple spectrum handoffs

Fig. 3 shows an SU2’s connection flow with 17 slots
whose default channel is Ch2. All three spectrum sensing
results analyzed in section 1. 1 are mentioned. The trans-

mission process experienced three interruptions in which
we assume that the first and the second one are from PUs
but the third one is from SUl. The fourth interruption
aims at SU1 not SU2. Here we show it in order to indi-
cate that the busy period resulting from SU1 can be inter-
rupted again by PUs.

It is easy to know that the handoff delay of the first in-
terruption is D, = §,, and the second one is D, = sty +
Y,". The third handoff delay is D, =§,,, + Y.’ where Y}
is the sum of the cumulative effective transmission time of
SU1 and the busy period resulting from PUs during the
effective transmissions of the SU1 at Chl. Finally, the
SU2’s connection is finished at Chl.

It is important to note that, at the third interruption,
there must be no idle channels even in a multi-channel
system, otherwise SUI will first occupy the idle channel
rather than grab SU2’s operating channel.
words, if there are one or more idle channels, the inter-
ruption for SU2 must be only from PU rather than SUI.

stay
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Fig.3 An example of SU2’s multiple spectrum handoffs

2 Performance Analysis

2.1 Markov transition model

Without loss of generality, we denote the M channels
as Chl, Ch2, ...,ChM. Chk(1<k<M) is determined to
be the default channel of the SUs. The cumulative hand-
off delay of an SU with default channel Chk is denoted by
DY,

In Fig. 2 and Fig. 3, we can see that the SUl’s and
SU2’s cumulative handoff delays are D =D, + D, + D,
and D” = D, + D, + D,, respectively. If the default
channel Chk is denoted by s, and an n-element target
channel sequence is denoted by s, = {s,, s,, ..., s,} Where
s;,ef2(i=1,2,...,n) is defined as the i-th target chan-
nel, 2= {Chl, Ch2, ..., ChM}, there will be n + 2
states including the default channel and the channel deno-
ted by End at which the connection is finished. The state
transition path is “s,—s,—s,—...—s,—End”. Hence,
the target channel transition model is a Markov chain. Let
P, ;and C,; be the transition probability and transmission
cost from state i to state j, respectively. The SUI’s or
SU2’s average cumulative handoff delay E[ D'”] is the
expectation of all the transmission costs over all the possi-
ble target channel sequences. It can be regarded as Eq.
(2) in Ref. [10].



114

Zhang Lei, Song Tiecheng, Wu Ming, and Hu Jing

If we examine all the possible transition paths in the
Markov model, the time complexity of evaluating the cu-
mulative handoff delay is O(M"),
mum number of interruptions.
if we use the PRP M/G/1 queuing, accord-
ing to the memoryless property of exponential distribu-

where L is the maxi-
However,

tion, we can easily calculate the cumulative handoff delay
in a two-channel CR network. The multi-channel case
can be extended from the two-channel case easily. In the
following, there are only two channels Chl and Ch2 in
the CR network. The average service time of the PU,
SUI and SU2 at Chk are denoted by E(X\"), E(X})
and E(XY), respectively.

In the two-channel system, there are only three states
Chl, Ch2 and End. For SUI and SU2 connection, the
interrupted probabilities from PU on Chk(k =1, 2) are
separately denoted by P,” and P\”, respectively. For
SU2, another interrupted probability from SUI is denoted
by P"'. The probabilities that Chk is occupied by PU,
SUI and SU2 are denoted by p\”, p. and p};’, respec-
t1ve1y Hence, the probability that Chk is idle is p|” =1

_ o _ B

_p p p sl _p s2
2.2 Cumulative handoff delay for SU1

We assume that the current channel of the SU1 connec-
tion is Chl. When an interruption occurs, this SU1 will
switch its operating channel to Ch2 if Ch2 is idle or Ch2
is occupied by SU2. The probability of changing the op-
erating channel is P\" (py” +p5’). If Ch2 is occupied by
PU or other SUls, it will stay on Chl. The probability of
staying on the operating channel is P\" (p\” +p(’). Fur-
thermore, if no interruption occurs, this SU1 will finish
its transmission on Chl with probability 1 — P\". Similar-
ly, if the current channel is Ch2, the above probability
can be obtained in the same way. The state transition
probability matrix can be obtained as

P(l)(p(Z) +P£12) P(l)(p(l) +p£22> 1 —P;”
P=| PP (p +p3) PP (" +p) 1-PY
0 0 0

(1)

The cost of state transition is defined as each handoff
delay. So the corresponding state transition cost matrix is

8. +ELY)] 5. 0
C: 8c ilay +E[Y( ] O (2)
0 0 0

where §, is either §,, if the other channel is idle or §,, if
the other channel is occupied by SU2.

If the service time follows the exponential distribution,
the residual service time after an interruption will follow
The service rates

for a new arrival PU, SU1 and SU2 on channel k are de-

the identical exponential distribution.

noted by ,up ol and uly, respectively. When the de-

fault channel is Chk, the potential average cumulative de-
lay is still E[ D'“] if the target channel is Chk after an in-
terruption. Hence, the potential average cumulative delay

matrix is
E[D'”] E[D™] 0
D=|E[D"] E[D®] 0 (3)
0 0 0

The cumulative handoff delay can be obtained by sol-
ving the following matrix equation,

R=P-(C+D)" (4)

where R = [E[D"] E[D®] 0]". From Eq. (4),
we have

E[D"]=¢ +&+d,+(1-P,")0 (5)

E[D?]=¢,+& +¢, +(1-P)0 (6)

where @, = P\ (p') + p7) (8, + E[Y ] +

E[D"]), & =P,
(8, +E[DV 1), i,i7

According to Ref. [3 7],
on channel k is

P (8, +E[D(')]) ¢, =
ei{l,2{buti’
the average busy period of PUs

(i) (i)
P, pa

E[X,"] 1
E[Y)"]= W (0 <k> (x) (7)
? 1-A," E[X, ] A,
The average busy period of SUls on channel k is
E[XP] 1
E[Y]= - = (8)
T -AY EIXY T g -y

Referring to (2) and (3) in Ref. [15],
ed probability of SUI on channel k is

the interrupt-

)\(k)
(k) _
PP )\(k) : (k) (9)

The probabilities that Chk is occupied by PU, SUI and
0] ® *)

A,
(k) _ (k) k) _Mo
SW2 are p,” =, pa —7(,0 and p,” =—;y, Tespectively.
Mop sl 2

2.3 Cumulative handoff delay for SU2

For SU2, the staying probability on channel £ when an
interruption occurs is denoted by Pm) , and the average
cumulative handoff delay with default Chk is denoted by
E[D¥].
channel if its connection is interrupted by SUI.

We know that SU2 must stay on the operating
So the
event that SU2 changes its operating channel to another
one only occurs when the interruption is from a PU.
Hence, the states transition probability matrix is

p(l (1 (N p) p(1) pl) p)
PV PY P P -PY) 1-P P
p_| p@ (2) p(2) p(2) (2) p(2) p(2)
P=| PO (1-PY) PP P2 +PY 1-PP P

0 0 0
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With the same way in section 2.2, the cumulative
handoff delay of SU2 can be obtained by

E[DV]=¢ +7, +& +(1-P")0 (10)

(11)

where ¢, =P\ P\ (8, +E[Y," ] +E[D"]), 3, =

stay i

E[D?]=¢,+7,+8 +(1-P7?)0

A A 1 i i i i
Pg,)(smy+7(E[Y;>] F AV ELYYTE[YY]) +

E[DV]), 8=P"(1-PL) (B +E[D"]), i=12,
The second part in Eq. (10) and Eq. (11) is explained
as follows: When SU2 is interrupted by SU1, this SU2
must stay on the operating channel. So Y;S” is the sum of
the cumulative effective transmission time of SUI and the
busy period resulting from PUs arrived at Chi during the
effective transmission time of SUI. SUI may be inter-
rupted repeatedly by PUs and it may stay on the operating
channel or change. For simplicity, we can reasonably
consider its cumulative effective transmissions as half of
its average busy period in the two-channel system. Natu-

1
2
the SU1’s cumulative effective transmission time on Chi.

rally, —E[ Y ]A;” is the number of PUs arrived during

2.4 Expression of cumulative handoff delay

If we assume that the arrival rates for the same priority
users on Chl and Ch2 are equal and so are the service
rates, the same indicated variables for different channels
will be also equal such as Pf)') = P;z) = P,. Other varia-
bles clearing the superscript are also denoted by this
form. Substituting (7) and (9) into (5) and (6), we
have E[ D" ] = E[ D] and the cumulative handoff de-

lay is obtained as

E[D] =2

1 _P [(pp +psl ) (65[2\)/ +E|: Yp]) +p08c1 +p525c2]
P

(12)

By solving Egs. (10) and (11) synchronously, we
have E[ D] = E[ D] and the expression of the cumu-
lative handoff delay for SU2 can be obtained as

(13)

PP LT oA 1 L R
X P])Psmy(ﬁSlay +E[ Yp]) + P [5Slay +7E[ Ysl](l +)\pE[ Yp]) ] +Pp80(l —Psmy)
E[D] = = =
1-P,-P,
R , A Ay A Comparing Figs.5(a) and (b), we find that the SU2’s
where B, = o Pa =y » Pas =Py +pu 4P lative handoff delay d Jargel d 57%
b i ot cumulative handoff delay decreases largely aroun o

In conventional analysis, the priorities of SUs are the
same. The interrupt is only from a PU, and the probabili-
ty of staying on the operating channel when an interrup-
tion occurs is the channel busy probability. Considering
the above changes, the cumulative handoff delay of unita-
ry SUs is

PP (8

. +ElY | -6.) +P5,
EI:D(DJ= stay [ p] c) c

1-P

stay

(14)

A

where P = : ) ’ Pslay =Py tPa tPas 8sl3y =T

(/\p +Ms] +/'l’52
+7,,and 6, =7 +71, +7,.

3 Numerical Results

Fig. 4 shows the effects of p, on the average cumulative
handoff delay, where p, =p, =0.2, 7 =7, =7, = A7 =
0. 1. It is shown that the cumulative handoff delays of
SU1 and SU2 increase as p, increases with the chance to
access channels decreasing. But, the delay of SU2 is
higher than that of SUI when p, is identical since SUI can
grab SU2’s operating channel. In particular, when p, is
over 0.2, the SU2’s average delay increases rapidly.
When p, increases from 0.2 to 0.5, the delay increases
almost fourfold.

Fig. 5 gives the comparison of the cumulative handoff
delay for SU1, SU2 and the unitary SU, where A, =
0.1, wy=py =04, u,=0.5, 7=7,=7,=A7=0.1.

as A decreases from 0.1 to 0.02. Other SUI’s arrival
rates with the same gap will also lead to the same effects
for SU2. And the SU1’s cumulative handoff delay can be
shortened around 36% at the cost of around 20% SU2’s
addition compared to the unitary SU in Fig. 5 (a).
Hence, the network with graded SUs can obtain a better
performance under an appropriate SU1’s arrival rate.

4.51
4.0
3.5
3.0
235
2.0
1.5
1.0

=
9

Cumulative handoff delay/slots

0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
Py

Fig.4 The effect of the probability that a channel is occupied
by a PU on the average cumulative handoff delay

The SUI and SU2’s admission regions painted gray are
shown in Fig. 6 and Fig. 7, respectively, where 7 =7, =
7,=0, Ar=0.1, u,=0.6, u, =u, =1. In Fig.6, we
assume that the maximum allowable average handoff delay
for SUL is 0.5 slots, while in Fig. 7 for SU2 it is 2.5
slots. In Fig.6 (a) when A, <0.22, the SU1’s arrival rate
must be limited by the channel occupied probability, i. e.
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Fig.5 Comparison of the cumulative handoff delay for SUIL,
SU2 and unitary SU. (a) A, =0.02; (b) Ay =0.10

P tpo<1-p,. When A, >0.22, the SU1’s arrival rate
must satisfy the delay constraint, but when A, >0.296,
no SUI can be allowed access. Compared with Fig. 6
(a), in Fig. 6(b) the admissible region shrinks because
the larger SU2’s arrival rate leads to the smaller remainder
of the traffic loads for SUI. This means that SU1 has to
spend extra time A7 to find the target channel. In Fig.7,
the admissible region for SU2 shrinks as A increases from
0.2 to 0. 4 for the same reason.

0.81 0.81
0.7 0.7
0.6 0.6
<o.sf Zo.5F
0.4 0.4
0.3F 0.3F
0.2 0.2 -
0.1F 0.1F
0 I 1 1 ] 0 1 1 1 ]
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
/\P /\p
(2) (b)
Fig.6 Admissible region (A, ). (a) A, =0.2; (b) A, =0.4
0.8[ 0.8
0.7 0.7
0.6 0.6
20.5F 2o.5F
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1F
0 1 1 1 ] 0 1 1 1 ]
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
/\P /\P
(a) (b)

Fig.7 Admissible region (A,,A,). (a) Ay =0.2; (b) A, =0.4

Fig. 8 gives the admissible region for SU2 with SUI
when the PU’s traffic load is known and the maximum al-
lowable average handoff delays of SUl and SU2 are 0. 8
and 2 slots, respectively, where 7 =7, =7, =0, A7 =
0.1,p,=0.5,u, =p, =1. It is shown that if A, >0.4,
SU2 must be rejected with A, =0. 1. If A, >0.276, no
SU2 can be accepted.

0.6
0.5
<o.4f
0.3
0.2

0.1F
0

1)
0 0.05 0.10 0.15 0.20 0.25 0.30

A

Fig.8 Admissible region (A, ,A,)

4 Conclusion

This paper proposes an analytical approach for the gra-
ded SUs’ average cumulative handoff delay resulting from
multiple spectrum handoffs in CR networks. Analytical
results provide an intuitive explanation for the effect of
traffic load on the graded SUs’ performance. The Admis-
sible region can help us to design the admission control
rules to meet different latency requirements of graded
SUs. In future work, the hybrid spectrum handoff scheme
can be considered to find an optimal handoff strategy for
graded SUs in order to minimize the cumulative handoff
delay.
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