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Abstract
Cognitive radio (CR) as a promising way to solve the spectrum scarcity allows exploitation of the shared frequency
bands while guaranteeing acceptable interference to incumbent users in satellite communication systems. An
improved spread slotted ALOHA (SSA) based on multi-user, multi-channel CR model applying to the satellite
communications is proposed in this paper. To make full use of the detection information of satellite earth stations, a
novel joint collaborative sensing method is used in the sensing phase. Moreover, a better throughput is achieved by
using the improved SSA strategy in the transmission phase comparing with the traditional slotted ALOHA (SA).
Theoretical analysis shows that the system performs better when SSA is adopted. Theoretical analysis and simulation
results indicate that the sensing method used in this model outperforms the traditional “hard combining” strategy in
the whole sensing process.
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1 Introduction
The demand for high-bandwidth application of mobile
devices increases sharply with the boom in wireless
communication, which needs the relevant technology to
deal with the potential spectrum scarcity by enhancing
the spectrum efficiency. One of the promising ways to
improve spectrum efficiency is the cognitive radio (CR)
proposed in [1]. The CR achieves the goal by allowing
the secondary users (SUs) to access the unused licensed
channels dynamically with a reliable energy detection per-
formed by the SUs; therefore, the SUs will not disturb
primary users (PUs).
The coexistence of PUs and SUs can be achieved by

either a centralized way or a decentralized way. In the
centralized strategy, a center cooperator and a control
channel are necessary to sense the licensed channels col-
laboratively and to allocate the idle channels, respectively.
Ref [2] studied a media access control (MAC) protocol,
SCA-MAC, based on CSMA which made decisions on
channels accessing with the statistics characteristic of
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spectrum usage. Ganesan et al. in [3] proposed a sensing
scheme which exploited the spatial diversity to improve
the ability to sense in CR network. The throughput max-
imization and tradeoff in a centralized CR network are
discussed in [4] and [5], respectively. The decision that
the center cooperator makes on whether a licensed chan-
nel is idle can be carried out by hard combining or soft
combining through the collaborative sensing. Hard com-
bining, such as Ref [6], acts as the following process. To
begin with, the SUs will determine whether a channel is
idle through the energy detection and then send the result
to a center cooperator. The cooperator will then make the
final decision on the channel state based on all the SUs’
results. In soft combining, e.g., Ref [7], each SU will send a
full observation of signal energy on one channel to a coop-
erator and the cooperator will determine the channel state
through these observations.
In the decentralized scheme (or distribute scheme),

no cooperator or control channel exists. The SUs will
privately perform channel sensing at some random or
consecutive channels and utilize the channel which is
detected to be idle to transmit data. Apparently, the reli-
able channel sensing is vital in the whole decentralized
CR network. Refs [8–11] show a way, respectively, to
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permit the SUs to sense and access channel indepen-
dently without central cooperators or control channels.
The ALOHA-based CR network is discussed in [12, 13].
In recent years, the CR technology applied to satellite

communications has been studied by researchers. Three
application scenarios of CR technique in satellite commu-
nications were studied in [14], and the key challenges and
enabling technologies for each scenario are also analyzed.
A satellite-based multi-resolution compressive spectrum
detection algorithm is proposed to achieve the coexis-
tence of a mobile satellite system and an infrastructure
wireless terrestrial network in [15]. Icolari in [16] pro-
posed an energy detector based on radio environment
mapping for the spectrum awareness functionality of a
hybrid terrestrial/satellite scenario. An adaptive modula-
tion scheme is proposed in [17] to mitigate the effect of
rain on cognitive radio-based geostationary earth orbit
(GEO) satellites which operate in the Ka-band.
An ALOHA based on CRmodel in the scenario of satel-

lite communication which adopts the multi-user, multi-
channel CR model in [13] is proposed in this paper. And
two major innovation points are as follows: (i) In the sens-
ing phase, we adopt a novel collaborative sensing method
proposed in [7] rather than a distributed method. By
using this method, GEO satellite can make more reliable
decisions and interfere with the PUs less. (ii) In the trans-
mission phase, we bring spread slotted ALOHA (SSA)
[18] in our work expecting better system performance.
Besides, the collaborative sensing strategy in [6] is also
introduced to make a contrast on which sensing scheme
can perform better.
The rest of this paper is arranged as follows. The pro-

posed model is described in Section 2. In Section 3, the
throughput of the proposed model is analyzed, and the
analytical expression of the throughput is also given. The
simulation and analysis result as well as the contrast of the
performance using different collaborative sensing meth-
ods are shown in Section 4. Finally, the conclusion is
drawn in Section 5.

2 Systemmodel description
The CR model proposed in this paper will be discussed in
the satellite communication scenario in [19]. As shown in
Fig. 1, the GEO satellite and its satellite earth stations can
be seen as the SUs and the fixed service stations are the
PUs. Satellite earth stations communicate with the GEO
satellite through cognitive links, i.e., the licensed channels.
Satellite earth stations utilize the licensed channels only
when they detect one channel as idle (i.e., no PU transmis-
sion in the channel), and the spectrum must be vacant if a
PU accesses the licensed channel. It is clear to see in Fig. 1
that satellite earth stations may disturb the PUs because of
imperfect channel sensing, so it is vital for satellite earth
stations to perform continual spectrum sensing.

The cognitive satellite communication model is shown
in Fig. 1. In this model, we consider a spectrum with
N licensed channels and the channels are distinguished
by frequency. An example of channel state description is
given in Fig. 2, where shaded areas represent the presence
of the PU. The channel states will not change within one
frame in this paper. Further, assume that the secondary
users consist of K satellite earth stations and one GEO
satellite. Besides, the time axis in this model is divided into
duration-fixed frame with the duration TF. Each frame
consists three parts which are sensing timeTS, report time
TR, and transmission time TT. The concrete meaning of
these three time types will be explained in the follow-
ing part. The operating principle of this model can be
described as two phases, which are the sensing phase and
the transmission phase. The satellite earth stations will
first detect the licensed channels in the sensing phase and
then transmit data in the transmission phase through idle
channels with spread slotted ALOHA algorithm. The two
phases will be described then in order to reveal this model
better.

2.1 Sensing phase
Each satellite earth station conducts channel sensing pro-
cedure during the sensing phase. As depicted in Fig. 3,
NS are sensing slots in which time lengths are TSm group
sensing time, i.e., NS = TS / TSm. In this model, each
satellite earth station senses one licensed channel within
a sensing slot and senses all licensed channels during the
whole sensing time, which means NS = N . The chan-
nel detection can be achieved through energy detection
which can improve the satellite earth stations’ detection
performance. Each satellite earth station obtains its full
observation through energy detection and stores the sig-
nal samples of all licensed channels into its buffer after
sensing time. Satellite earth stations will then send them to
a GEO satellite. The GEO satellite will acquire the energy
statistic of every licensed channel by summing the sample
values received from all satellite earth stations with corre-
sponding weights and finally reach a decision on states of
all licensed channels. Then the GEO satellite will imme-
diately broadcast the states of all the licensed channels to
all satellite earth stations. Satellite earth stations transmit
packets on idle channels with the result given by GEO
satellites. However, if the GEO satellite wrongly declares
a busy channel as an idle one, satellite earth stations may
transmit packets on busy channels. As a result, satellite
earth stations not only fail to transmit packets but also
interfere with PUs. So, it is vital for GEO satellites to con-
duct accurate channel sensing. In the sensing phase of
cognitive radio, the reliability of the decisions that GEO
satellites make is subject to Pd and Pf. Pd represents the
probability of correct detection with the presence of PU,
and Pf represents the probability of falsely declaring
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Fig. 1 Cognitive satellite communication model

one vacant channel as busy. The whole sensing phase is
illustrated in Fig. 4.
Other sensing methods can also help the GEO satellite

make channel state decisions except the above scheme. A
“hard combining” method is studied in [6], which is intro-
duced to make a contrast with the sensing algorithm in
this paper. The method can be stated as follows. Satel-
lite earth stations will dependently reach a decision on
the channel state and then send the results to GEO satel-
lites. If all satellite earth stations claim idle on one channel,
the satellite will announce the channel state vacant to all
stations or the channel will be declared as a busy one.

2.2 Transmission phase
The SUs have to wait for the TR (i.e., the report time),
which includes propagation delay and processing delay, to

receive the results of channel states after sensing phase,
where TR = η2TSm. After obtaining the channel states,
satellite earth stations will transmit packets using the SSA
strategy in the transmission phase. In SSA, all transmis-
sion terminals are provided with a set of orthogonal codes,
different terminals own the same code set, and the total
number of the codes is represented by NC. Considering
the complexity of receivers, both the number of the codes
and the spread factor (i.e., the length of a code) should be
low. Besides, code words can be time-shifted versions of
a single spreading-dispreading sequence [18]. The detail
transmission processing can be described as follows. If
one packet is generated, it will be first spread by a random
spread code among the code set. Then a satellite earth
station accesses an idle channel announced by a GEO
satellite randomly at the beginning of a transmission slot

Fig. 2 Channel state in one frame
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Fig. 3 Frame structure

TTm and sends a spread packet with a specific probabil-
ity of Ptra, where TTm = η1TSm. We can see from Fig. 3
that the transmission slot is the basic unit of transmis-
sion time and denotes that transmission time consists of
NT transmission slots, i.e., NT = TT / TTm. Besides, sup-
pose that the time length of a spread packet is equal to
TTm. It is obvious that more than one satellite earth station
will transmit a packet with the same idle licensed channel,
which means two or more packets may be overlapped in
the same channel.
According to [18], we assume that the receiver of GEO

satellite can only recover one packet on one channel. If
the number of packets on one channel that arrived in
a slot is more than one, only one of them can be pro-
cessed and the rest of them will be seen as “interfering
packets.” The receiver can tolerate the interfering packets
at a specific level; note that NIL is the maximum num-
ber of interfering packets that the receiver can tolerate
and once the receiver receives more than NIL interfer-
ing packets, all the packets cannot be processed correctly.
Further, the interfering packets will be declared as dis-
carded. It is worth noting that the overlap is not equal
to irreversible collision in SSA. The packet chosen by
the receiver can be dispread and decoded correctly only
if its spreading code is different from those used by all
the other interfering packets. Figure 5 depicts the above
workflow.
Based on the description of the transmission phase,

if one packet is received successfully, except that it is
sent to an idle channel, one of the following conditions

should be satisfied: (1) No other satellite earth station
sends packets on the same idle channel in the current slot;
(2) Two or more satellite earth stations access the same
idle channel and sends packets in the current transmis-
sion slot. Under this condition, if the number of packet
interfered is no more than NIL, one random packet will
be processed by the receiver correctly only if the code
word the packet uses is not the same with those the
interfering packets use. The GEO satellite will broadcast
the result on which packet is processed successfully. The
satellite earth station will retransmit the packet if the
packet is declared as a fail transmission. For analysis sim-
plicity, the channel environment between satellite earth
stations and the GEO satellite is set to be idle, which
means the channel noise, channel gain, or near-far effect
are not considered. Based on this, the packet is dispread
and decoded with zero-error if the above conditions are
satisfied.

3 Numerical analysis
In this section, the system throughput is formulated.
Throughput is defined as the number of packets suc-
cessfully transmitted in one sensing slot and will be the
evaluation criterion of the model performance. The sim-
ple condition, which is that the satellite can give a perfect
decision on the channel states and the number of the idle
channels is fixed, is first considered. Then, we discuss how
the throughput changes under the imperfect detection
and the fixed idle channel. Finally, a more universal con-
dition where every channel becomes busy with a specific

Fig. 4 Sensing phase
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Fig. 5 Receiver’s workflow in the transmission phase

probability in one frame is considered. In addition, it is
assumed that there will be always at least one packet
in the buffer of satellite earth station for simplicity as
Ref [9].
For simplicity, we first suppose that there are always

M random idle channels among the entire licensed chan-
nels. Also, the GEO satellite can make the perfect deci-
sion on the channel states with the sampling values
that the satellite earth stations send. In the transmission
phase, the probability that the kth satellite earth sta-
tion chooses one of the M channels and sends a spread
packet within a slot is Pkaccess = Ptra / M. Note that
Pkaccess (k = 1, 2 · · ·K) is i.i.d, i.e., P1access = P2access =
· · · = PKaccess = Paccess. It is obvious that, on the
rth channel, the probability that m packets are over-
lapped within one transmission slot follows a binomial

distribution. We denote the probability is represented by

Prrec (m) and Prrec (m) =
(
K
m

)
Pmaccess

(
1 − Paccess

)K−m. As

referred before, the receiver of GEO satellite can only
endure a fixed number of interfering packets, and we
assume the number is NIL in this paper. We can formu-
late the probability that one packet can be successfully
dispread and decoded among overlapped packets under
the condition that interfering packets is less than NIL,
i.e., Psur (m|m ≤ NIL + 1) = (1 − 1 / NC)m−1. Further,
we can draw the conclusion that, on the rth chan-
nel, the probability that m( m ≤ NIL + 1) packets over-
lapped and one of them is processed successfully is
Prsuc (m|m ≤ NIL + 1) = Prrec (m)Psur (m). On the other
hand, if the number of interfering packets is larger
than NIL, the receiver will not dispread and decode
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any one of these packets correctly because of the over-
load interference. So, The average number of successful
transmission on channel r within one transmission slot,

which is denoted as Srave =
NIL+1∑
i=1

Prsuc ( i| i ≤ NIL + 1).

Further, we can formulate the average number of suc-
cessful transmission packets on the entire M channels
within one transmission slot, which can be expressed as

S∗
tot (Ptra,M) =

M∑
r=1

Srave = MSrave

= M
NIL+1∑
j=1

(
K
j

)(
Ptra
M

)j(
1 − Ptra

M

)k−j(
1 − 1

NC

)j−1 .

(1)

It is worth noting that the definition of throughput in
this paper is the number of packets transmitted success-
fully in one sensing slot. Finally, we obtain the through-
put of this simple scenario, which is represented by
S∗
sys (Ptra,M)

S∗
sys(Ptra,M) = TT

TS+TT+TR
S∗
tot(Ptra,M)

= NTη1
NS+NTη1+η2

S∗
tot(Ptra,M)

. (2)

Now we consider that the channel state decisions made
by the GEO satellite is not perfect, which means Pd �= 1
and Pf �= 0. If a channel is idle, GEO satellite will detect
this channel as idle with the probability of 1 − Pf . On
the other hand, GEO satellite will claim a busy channel
as idle with the probability of 1 − Pd. Any channel state
decision made by GEO satellite is independent. Under
the condition of fixed M random idle channels, the aver-
age number of vacant channel that satellite broadcasts to

satellite earth stations is Nidle (M) =
(
N
M

)
(1 − Pf) +(

N
N − M

)
(1 − Pd). So, The system throughput with the

imperfect detection is obtained as

Ssys (Ptra,M) =

(
N
M

)
(1 − Pf)

Nidle (M)
S∗
sys (Ptra,M) . (3)

The dynamic channel states are taken into account in
this part. For analysis simplicity, we assume that chan-
nel state changes slowly so that the channel state will not
change in one frame. We also assume that every chan-
nel will become vacant with the probability of q in every
frame. So, the probability that M channels that are idle
in one frame obeys binomial distribution. We denote the
probability as Pidle (M) and it can be expressed as follows.

Pidle (M, q) =
(
N
M

)
(1 − q)N−MqM (4)

Therefore, we can obtain the system throughput with
imperfect detection and dynamic channel states as fol-
lows.

Ssys (Ptra, q) = E
[
Ssys (M,Ptra)

]
(5)

=
N∑

m=1
Ssys (Ptra,m)Pidle (m, q)

4 Simulation results
The simulation and analysis results are depicted in this
section. The simulation is performed via Monte-Carlo
simulation. In our simulation, the parameters are assigned
as follows. The number of licensed channels N = 10, the
number of satellite earth stations K = 8, the duration of
sensing time slot TSm = 2 ms, η1 = 10, η2 = 120, and
the number of transmission slot NT = 100. We suppose
that the sample frequency in sensing phase is 6 MHz, i.e.,
fs = 6 MHz. We obtain the relationship between Pf and
Pd from [7], which can be expressed as follows.

Pf = Q
(√

2�ξ + 1Q−1 (Pd)
)

+ ξ

√
TSmfs
2

K∑
i=1

ωi|hi|2,

(6)

where ξ means the ratio of signal to noise at the PU node,
hi means the channel gains and obeys the Gaussian dis-
tribution with mean zeros and variance one , and ωi =
|hi|2 /

√
K∑
i=1

|hi|2. Finally, we assume NC = 5 referring to

Ref. [18]. The simulated and analytical results are shown
in the following part. Figure 6 shows the system through-
put with the change of Ptra under the perfect detection and
fixed number of idle channels. It can be seen that the sim-
ulated results are corresponding well with the analytical
results at different NIL.
Figure 7 gives the simulation on system throughput with

imperfect channel detection and fixed idle channel num-
ber, where the relevant parameters are defined as ξ =
−15 dB and Pd = 0.9. From Figs. 6 and 7, when NIL = 1,
the throughput tendency with Ptra increases first and then
decreases. The reason is that with the increase of Ptra,
the number of packets arriving in a slot increases and
the throughput increases consequently. However, it also
becomes more difficult for the receiver to dispread and
decode the packets due to the continual increasing num-
ber of the packets arriving in a slot on one channel. At
this point, the throughput decreases when Ptra exceeds a
specific level. In the scenario of NIL = 3, throughput is
improved as Ptra increases because the interference level
is always tolerated. In addition, we can see that, when
NIL = 0, the SSA transmission model is equal to tradi-
tional slotted ALOHA. It is apparent that the system will
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Fig. 6 Throughput with perfect detection

obtain more successful transmission when SSA strategy is
adopted.
Figure 8 shows the simulation with imperfect chan-

nel detection and dynamic channel states; the relevant
parameters are defined as q = 0.4, ξ = −15 dB, and

Pd = 0.9. We also bring the “hard combining” sens-
ing scheme, which is depicted in the preceding part in
this paper, in our model to see which sensing algorithm
performs better. We can see from Fig. 8 that the two sens-
ing schemes perform closely in this model when Ptra is
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Fig. 8 Throughput comparison versus different sensing schemes

in a low level, but when Ptra is large enough, the sensing
method in our model outperforms the “hard combining”
scheme.
Figure 9 compares the throughputs in different channel

occupancy adopting both sensingmethods with imperfect

detection. We assume that ξ = −15 dB, NIL = 1, and
Pd = 0.9. From Fig. 9, it can be seen that the sensing
strategy in this model outperforms the “hard combining”
method under any circumstances. In addition, when the
channel occupancy rate is high, q = 0.2 for example, the
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system performs best when Ptra is approximately 0.5, and
satellite earth stations can send the packet once it is gen-
erated when channels are not busy, e.g., q = 0.6. Because
all satellite earth stations will get the channel state infor-
mation at the beginning of transmission phase, it is not a
difficult problem for them to adjust Ptra adaptively based
on the information to maximize the system throughput.

5 Conclusions
In this paper, a spread slotted ALOHA based on multi-
user, multi-channel CR model in satellite communication
scenario is proposed. In the sensing phase, satellite earth
stations will store sampling values on all channels into
buffer and then send them to a central cooperator, i.e.,
a GEO satellite, and the satellite will make a final deci-
sion on channel states of all licensed channels. Satellite
earth stations will receive the results after the reporting
time. Then, satellite earth stations choose an idle channel
randomly based on the results and send one packet with
a specific probability within a transmission slot. Based
on the simulation and numerical analysis, we can draw
the following conclusions. First, by comparing the sens-
ing method used in this paper with the traditional “hard
combining” sensing scheme, we found that “hard com-
bining” sensing strategy is not as good as the sensing
method in this model at the system performance. Sec-
ond, system throughput improves a lot when SSA scheme
is adopted in our model rather than traditional SA strat-
egy. Third, the system will be improved greatly if receiver
on the GEO satellite can tolerate more interfering pack-
ets which means that the complexity can exchange better
performance in our model. Finally, the simulations in dif-
ferent channel occupancy show that the probability that
satellite earth stations send a packet can change adaptively
to maximize the system throughput; it is not difficult to
realize because the satellite will broadcast the channel
information at the beginning of transmission phase.
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