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Appendix A Eliminating algorithm of self-interference

In order to clear up the self-interference, the secondary users (SUs) should estimate the self-interference and remove it
from the signal received. Suppose that the signal estimated for the self-interference is kqs(t), where k, is the attenuation
coefficient of the estimator, s(t) is the local transmitted signal of the SU. When subtracting the estimated signal from the
received signal r(t), we would send the signal to the detector to decide whether the PU is present or not. The self-interference
eliminating discussed in the paper can be described as in Figure Al. The attenuation coefficient of the estimator can be
obtained by the iteration as follows

ka(m) = ka(m — 1) + ARys(0) (A1)

where

T
Rys(0) = /0 y(t)s(t)dt (A2)

is the cross correlation function between the detected signal y(¢) and the local transmitted signal s(t) at the same time.
Then, the eliminating algorithm of self-interference, which is based on the least mean square criterion, can be summarized
as in Algorithm Al.

Algorithm A1 : Eliminating Algorithm of Self-Interference

1: Initialization, set kq(0) = 0;

2: The m!" iteration process:
Calculate the estimated signal of the transmitted signal of the SU, s/(t) = kq(m)s(t);

3: Subtract the estimated signal s’(t) from the signal received of the SU r(t) and obtain the detected signal y(t) =
r(t) — s (t);

4: Calculate the cross correlation function between y(t) and s(t), Rys(0);

5: For the given iterative step size A, update the attenuation coefficient of the estimator kq(m) according to (Al);

6: Send y(t) to the detector to detected whether the PU is present or not. We may use any spectrum sensing algorithm
we want to detect the PU signal;

7: Go back to Step 2 until the data transmission of SU is finished;

8: End.

Appendix B Performances analysis

In this section, we discuss the performance of our proposed CR network in which the spectrum sensing and access operate
simultaneously (SSAOS), and compare it with the conventional CR network.

Suppose there are I primary user (PUs) and J SUs in a cognitive radio (CR) network, in which there are N subchannels
with bandwidth B. The traffic arrivals of PUs and SUs follow the Poisson processes with mean rates Ap (Ap > 0) and As
(As > 0), and their service periods follow the negative exponential distributions with mean rates up and ps respectively.
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Figure B1 Model of access of PUs and SUs in CR networks.

The SUs adopt the spectrum access switch strategy in which the SUs switch to another new ”spectrum hole” when any
PU is present in the subchannel. Therefore, the sensing and access of PUs and SUs can be modeled as a state transition
model shown in Figure B1, where the state (¢, j) represents the state where there are i active PUs and j active SUs in the
cognitive network, ¢ < I, j < J. Because there are only N subchannels in the cognitive network, the state space should
satisfy the constraint as follows

Q={(,j): 0<i<N,0<j<N, 0<i+j<N} (B1)

When i+ 7 < N — 1, 7 > 1, there are some free subchannels to be accessed in the network. If a PU presents, the state
will transfer from (¢, 5) to (¢ 4+ 1, j) with the state transition probability Ap. If an SU is allowed to access the network, the
state will transfer from (z,7) to (¢, + 1) with the transition probability As. When ¢ + j = N, j > 1, there is no any free
subchannel to be accessed. At this moment, if a PU is present, the SU should release the subchannel occupied. And then,
the state will transfer from (¢, ) to (¢ + 1,5 — 1) with the probability Ap. If a SU wants to access the network, it has to
wait until there is a subchannel released by a PU or other SUs in the network.

Throughput. Assuming the data transmission period of the I*? SU is T}, 1 < I < j, the throughput of SU’s CR network
can be given by

N J N—j
throuhput = B Z Z T Z T4, (B2)
j=1li=1 i=0
where 7; ; is the probability of state (7,7) in the network.

The Markov process in Figure Bl can be taken as the Quasi-Birth-and-Death process with the generator matrix as

follows [1]

Ag Co 0 - 0
B; A, C; - 0
Q=|0 By . . (B3)
. An_1 Cn_1
0 0 -~ Byx Axn

Where,
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ar As O 0
s a2 As 0
Av=10 2us - . : 0<k<N-1
. : . as As
0 0 -+ (N—k)us as
where
a1 = —(As + Ap + kpp)
az = —(As + Ap + ps + kpip)
a3 = —(As +Ap + (N — 1 = k)us + kpp)
ag = —(Ap + (N — k)ps + kpp)
and

AN =—Nup

Br =kppIny1-k, LSESN
IN41— is the identity matrix of order (N + 1 — k), and

[(Ap 0 0 - 0]
0 XA O - 0
Cj = 00 0<k<N-1
N 0
0 0 - 0 A
[0 0 -+ 0 X |

For the Quasi-Birth-and-Death process, according to Netus theory, we have

Q=0
where
™= [71'0,0 mo,1 *** TO,N 71,0 ®1,1 *** T, N—1 **°
Then,we can get all of the state probabilities from
Q=0

N sN-—i —
s.t. Eizozj:o Ty, = 1.
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Figure B2 Sensing and access slots in CR networks.
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(B14) is the boundary condition of steady state of Quasi-Birth-and-Death process. From (B2), we know that the data
transmission period of SUs, 77, is an important factor which affects the network throughput. Figure B2 shows the difference
of the data transmission periods between SSAOS CR networks and conventional ones when there are idle subchannels. In
SSAOS CR networks, the spectrum sensing and access operate simultaneously except for the first slot Ts1). But in the
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network, the spectrum sensing and access operate separately, sensing slots (Ts1, Ts2, ---) and access slots (Tc1, Te2, )
are alternate in time. In any slot, only one operation, sensing or access, can be carried out.Therefore, the data transmission
period in SSAOS CR networks is much longer than that in the conventional ones. The throughput of SSAOS networks
should be much larger than that of the conventional ones.

Delay. The delay is defined as the time for which a SU waits to access an idle subchannel if it wants to access the
network.

In the conventional CR network, if a SU wants to access the network, it will first sense the surrounding spectrum, and
then decide whether there is any idle subchannel to be accessed. If there is an idle subchannel (i4+j < N), it can immediately
access one of the idle subchannels. If there is no any idle subchannels (i + j = N), it should wait until PUs or other SUs
releases a subchannel. Therefore, the average access delay of the conventional cognitive network can be expressed as follows

N
te=T+ > mijmin{tps,tss} + T (B15)
i=0, j=N—i
where T is the sensing period, tps and tss are the service periods of the PU and SU respectively, which follow the negative
exponential distributions with mean rates p, and ps; min{¢ps,tss} denotes to take the smaller between ¢ps and tss.

In the SSAOS cognitive network, SUs continuously sense the spectrum and are aware of the subchannel states in real

time. The delay can be formaulted as follows
N
te= > mijmin{tps, tss} + T (B16)
i=0, j=N—i

Obviously, the delay in the SSAOS cognitive network is much shorter than that in the conventional one.

Collision Probability. When a PU wants to access a subchannel which has been occupied by a SU, a transmission collision
between the SU and PU will occur. The collision probability between the SU and PU is the condition probability in which
a PU is present in the subchannel which has been occupied by an SU.

First, we formulate the access probability of a SU. SUs may access a subchannel in two cases. One is the case when a
PU is present but has not been detected; another is the case when a PU is absent and has not been detected in practice.
Then, the access probability of a SU is given by

Pa = Ap(1— Pa) + (1= Ap)(1 = Pra) (B17)
where Py is the probability of detection and Py, is the probability of false alarm.

Now, we reckon the access probability of a PU. Note that the access slots of PUs in SSAOS CR networks are very
different from those in the conventional ones, as showed in Figure B3.
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Figure B3 Access slots of PUs in CR networks.

In the conventional CR networks, PU may access a subchannel in both the sensing slots and access slots of SUs. In the
sensing slots, the access probability of a PU is given by

Ts 1
P = / Ap(1 — Pg)—dro = Ap(1 — Py) (B18)
0 Ts
In the access slots, the access probability of a PU is given by
Te
Py =(1—-Xp)(1— Pfa)/ e MsTldry = (1= Ap)(1 — Ppo)(1 — e HsTe) (B19)
0

where T, is the access period of SUs.
Therefore, the transmission collision probability between the SU and PU can be expressed as follows

PP M= P+ (1= ) (1= Pr)(1— et T (520)

Pe="%, Mo (L— Pa) + (1 Ap)(1— Pr)
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In the SSAOS cognitive network proposed, SUs sense the spectrum continuously. All slots are taken as sensing slots. So,
the access probability of a PU can be obtained by

Ty 1
P3; = / Ap(1 — Pg)—dr3 = A\p(1 — Py) (B21)
0 Ts
Then, the transmission collision probability can be given by
P Ap(1— P,
P, = i P( d) (B22)
Po Ap(1 = Pg) + (1= Ap)(1 — Pra)

From (B20) and (B22), it can be seen that the collision probability in the cognitive network proposed will be smaller
than that in the conventional network.
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