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ABSTRACT Cognitive radio (CR) is a novel technology for improving the utilization of radio electromag-
netic spectrum. Recently, a newmodel called cognitive radio networkswith cloud (CRNC) has been proposed
to eliminate the constraints (pertinent to traditional CR) on power, memory space, and computational
capacity. To enable multiple access of CRNC system, orthogonal frequency division multiplexing-interleave
division multiple access (OFDM-IDMA) has been investigated. Traditional OFDM-IDMA may not be
applied to CRNC in a straightforward manner. This is because the spectral nulling in CR and the subsequent
spectral sensing mismatch (between CR transmitter and receiver) could lead to unacceptable data error
performance. This paper presents a new multiple access communication system, called transform domain
communication system IDMA communication system, to deal with spectral nulling problems. Two improved
schemes based on BPSK and cyclic code shift keying modulations are proposed. The proposed system
structure integrates the advantages of both OFDM-IDMA and CRNC, which can make full use of other
users’ information while satisfying CR constraints. Simulation results demonstrate that the two proposed
system architectures can achieve significant improvement on BER performance, multiple access capability,
and anti-interference ability with spectral nulling.

INDEX TERMS Cognitive radio, cloud computing, interleave division multiple access, transform domain
communication system, spectral nulling.

I. INTRODUCTION
With increasing demand of wireless radio spectrum, fixed
spectrum assignment policy leads to spectrum scarcity world-
wide. However, most portion of spectrum is inefficiently
used, which urges the development of dynamic spectrum
access techniques [1]. The concept of cognitive radio (CR)
is proposed as a possible solution to solve the spectral con-
gestion problem. It provides the capability to utilize spectrum
bands more efficiently in an opportunistic manner without
much interruptions to primary users [2]–[4]. In the cognitive
radio networks (CRNs), sensors are used to detect the pres-
ence of licensed users and find spectrum holes for dynamic
spectrum access. Traditional spectrum sensing is usually
carried out by CR nodes. This procedure requires complex
computation and sufficient storage space to download soft-
ware packages.

Recently, cloud computing technology has been developed
rapidly. The term ‘‘cloud computing’’ is defined as using
computing logistical resources, as well as software level,
through services transported over the Internet. It is considered
as a potential solution to CRNs problems [5], [6]. Once
the CRNs testbed is connected to the cloud, the data are
stored and processed in shared environments and sensors are
required to report real-time information to cloud providers.
In the meantime, cloud computing provides computing ser-
vices through the Internet [7], [8].

The convergence of CRNs and cloud computing helps to
eliminate current problems in transmission of information.
Various multiple access technologies have been developed to
enhance multiple access capability in CR scenarios [9], [10].
As an excellent multiple access technology with low
complexity, interleave division multiple access (IDMA)
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outperforms traditional code division multiple access in
terms of power and bandwidth efficiency [11]. By combining
with orthogonal frequency division multiplexing (OFDM) to
provide immunity to multipath fading and impulse noise,
OFDM-IDMA system can effectively mitigate the inter-
symbol interference (ISI) and suppress the multiple access
interference (MAI) simultaneously [12], [13].

Due to the special structure, OFDM-IDMA system has
been applied in different fields and attracted wide research
interests. As a multicarrier communication system, efficient
and novel algorithms for subcarrier and power allocation
based on OFDM-IDMA system are investigated [14]–[16].
When compared with traditional alternative algorithms,
such as equal power allocation and water filling power
allocation, the proposed allocation algorithm in [17] is
proved to be superior in terms of communication perfor-
mance and robustness. Furthermore, a comparison given
in [18] between OFDM-IDMA and OFDM-CDMA system
shows that OFDM-IDMA has better error probability than
OFDM-CDMA.On the other hand, several papers have inves-
tigated the application of OFDM-IDMA system in femtocell
networks and the performance can be enhanced by grouping
the users into femto user and macro user with the random
interleaver [19], [20].

Till now, the application of OFDM-IDMA to CR system
has not been investigated as traditional OFDM-IDMA cannot
maintain robustness in the presence of spectral nulling [21].
For the purpose of providing high data rates and avoid-
ing interference to primary users simultaneously, a special
OFDM, known as non-contiguous OFDM system, was pro-
posed to achieve good performance by aggregating non-
contiguous blocks of subcarriers [22], [23].

Being one of the CR transceiver technologies, transform
domain communication system (TDCS) designs communica-
tion signal in frequency domain. It can actively avoid jammed
frequencies by environmental sampling, spectral estimation
and spectral nulling [24]–[26]. In this paper, TDCS-IDMA
for CRNs with cloud (CRNC) is investigated, which can
achieve dynamic multiple access of CRNC and improve the
robustness of OFDM-IDMA system with spectral nulling.
We specifically investigate the spectrum sensing and inter-
leaver design of TDCS-IDMA, and propose the transceiver
structure to eliminate the effect of spectral nulling. Based
on spectrum sensing and specific interleaver design module,
TDCS-IDMA is able to share and access dynamic spectrum
with low complexity.

IDMA system mostly uses BPSK modulation or QPSK
modulation. Thus, the user capacity and multiple iterations
are the main drawbacks of the system. Since IDMA is a
spread spectrum communication system essentially, its com-
munication performance degrades rapidly when the num-
ber of users is larger than the length of spread sequence.
Furthermore, it takes several iterations to eliminate inter-
ference. To deal with these problems, an improved system
framework based on Cyclic Code Shift Keying (CCSK) is
further proposed in this paper, i.e., TDCS-IDMA system with

CCSK modulation. Users and subcarriers are divided into
groups and each group’s data are only transmitted on specific
subcarriers. CCSK modulation and user grouping are applied
to IDMA system to increase user capacity. Simulations are
performed to verify the performance of TDCS-IDMA under
interference environments. It is observed that the proposed
system can enhance multiple access capability, reduce the
complexity of receiver and improve anti-interference ability
simultaneously.

The paper is organized as follows. Section II proposes the
transmitter and receiver structures of TDCS-IDMA system
with BPSK modulation, and introduces its spectrum sensing
module, low-cost chip-by-chip iterative multiuser detection
algorithm and multiple access capability in detail. Section III
presents the system architecture of TDCS-IDMA framework
with CCSK modulation, and proposes the transceiver struc-
ture. In Section IV, comprehensive simulation results are
illustrated, and the effects of number of interleaves, users and
different interference signal on communication performances
are discussed. Finally, conclusions are made in Section V.

II. TDCS-IDMA SYSTEM WITH BPSK MODULATION
Under the framework of CRNC, cloud database can pro-
cess and store the information of CR nodes. The transmitter
receives surrounding electromagnetic information from cloud
database to determine the availability of spectrum based on
certain criteria [27], [28]. Assuming the entire spectrum band
is divided into N subcarriers. A spectrum marking vector,
A = [A0,A1, · · · ,An, · · · ,AN−1] is used to indicate the
status of subcarriers. For example, if the spectrum sensing
result for the n-th subcarrier is smaller (or larger) than a given
threshold, the value of An is set to 1 (or 0) [26], as shown in
Fig. 1.

A. TRANSMITTER STRUCTURE OF TDCS-IDMA SYSTEM
WITH BPSK MODULATION
Fig. 2 shows the transmitter of TDCS-IDMA system with
BPSK modulation for K simultaneous users. From the struc-
ture, the transmitter mainly consists of three modules: for-
ward error correction (FEC) encoder, frequency spreader and
interleaver. IDMA relies on interleaving as the exclusive

FIGURE 1. Spectrum sensing result. (a) Spectrum scanning. (b) Spectrum
decision.
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FIGURE 2. Block diagram of transmitter for TDCS-IDMA system with BPSK
modulation.

method to distinguish signals from other different users [11].
Assuming all the users are in the same electromagnetic envi-
ronment, the same FEC encoder and spreading code can be
used for all users. The interleavers for different users are
randomly generated according to the avaliability of spec-
trum to disperse the coded sequences so that adjacent chips
are approximately uncorrelated, which facilitates the simple
chip-by-chip detection scheme discussed below [22].

At the transmitter of the k-th user, the information bits dk
are first encoded to get coded bits bk . Then the coded bits
are spread by a spreading sequence s = [s0, s1, · · · , ss−1],
where S is the length of spreading sequence and the bits
after spreading are denoted as ck [29]. For the k-th user, the
spectrum status is considered when mapping the spreading
bits with spectrum bins. The n-th spectrum bin is skipped if
the corresponding spectrum marking value An = 0.

The chips are interleaved by a random interleaver πk (A)
to produce the transmit signal for the k-th user xk =
[x0, x1, · · · , xN−1], where N is the chip length. The inter-
leavers, noted as π (A), are generated based on the spectrum
marking vector to scramble the order in available spectrum
bins. Afterwards, the time-domain signal for the k-th user
is obtained by performing an N point inverse fast Fourier
transform (IFFT):

yk (m) =
1
N

N−1∑
n=0

Anxk (n) e
j2πmn
N , m = 0, 1, · · · ,N − 1.

(1)

where xk (n) is the n-th symbol of k-th user.
Finally, the transmitting signal is ready for transmission

after adding cyclic prefix. The multiuser TDCS-IDMA sys-
tem structure processes data in frequency domain and has
two special features. The first one is that data should not be
transmitted in those subcarriers with An = 0. The second
one is the design of interleaver should take spectrummarking
vector into consideration. Since the data sent in occupied
spectrum bins are invalid under CR constraints while data sent
in unoccupied spectrum bins should be still available after
interleave.

B. RECEIVER STRUCTURE OF TDCS-IDMA SYSTEM WITH
BPSK MODULATION
The receiving structure is shown in Fig. 3, which con-
sists of an elementary signal estimator (ESE) and K
single-user a posteriori probability decoders (DECs). The

FIGURE 3. Block diagram of receiver for TDCS-IDMA system with BPSK
modulation.

receiver acquires surrounding electromagnetic information
from cloud database and gets a spectrum marking vector,
B = [B0,B1, · · · ,Bk , · · · ,BN−1], after determining avail-
able spectrum. Here, we assume the transmitter and receiver
spectrum sensing results A and B are identical. Essentially,
the receiver iteratively and alternatively removes MAI for
each user by the ESE module and updates the soft estimation
of the information bits by the decoder [4], [29]. The received
signal performs fast Fourier transform (FFT) operation after
removing cyclic prefix to obtain the signal in the frequency
domain. Then the multiuser iterative detection algorithm is
performed.

The received signals in time domain are represented as

r (m) =
K∑
k=1

hk (m)⊗ yk (m)+ w (m) , (2)

where ⊗ represents convolution operation and hk (m) is the
time domain impulse response for the k-th user at the m-th
time instant, w (n) represents sample of an AWGN process
with variance σ 2

= N0/2 . We assume the channel coeffi-
cients hk are perfectly known at the receiver [30]. After FFT
operation, the received signal in the frequency domain is

R (n) =
N−1∑
m=0

r (m) e−j2πnm/N

=

K∑
k=1

AnHk (n)xk (n)+W (n) , (3)

where Hk (n) represents the frequency domain impulse
response for the n-th symbol of the k-th user.W (n) represents
AWGN in frequency domain. In order to detect the signal of
the k-th user, (3) can be rewritten as

R (n) = AnHk (n) xk (n)+
∑
k ′ 6=k

AnHk ′ (n)xk ′ (n)+W (n)

= AnHk (n) xk (n)+ ζk (n) , (4)

where ζk represents the interference from channel and other
K − 1 users.

C. ITERATIVE DETECTION ALGORITHM OF
TDCS-IDMA SYSTEM
The main function of ESE is to estimate the soft informa-
tion of all users by considering the MAI between different
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users regardless of encoding constraints. Define the priori
logarithm likelihood ratio (priori LLR) of

{
xk (n) ,∀k, n

}
as

Lpriori
(
xk (n)

)
= ln

(
Pr
(
xk (n) = +1

)
Pr
(
xk (n) = −1

)). (5)

Then, the extrinsic log-likelihood ratios (LLRs) of ESE esti-
mator are defined as [11]

eESE
(
xk (n)

)
= ln

(
p
(
r (n)| xk (n) = +1

)
p
(
r (n)| xk (n) = −1

)). (6)

From the equation above, in order to calculate the extrinsic
information, ESE needs to calculate the conditional proba-
bility density function. For the k-th user, the time domain
received signal can be rewritten as

r (n) = hkxk (n)+
∑
k ′ 6=k

hk ′xk ′ (n)+ w (n)

= hkxk (n)+ ζk (n) , (7)

where ζk (n) is the distortion for the k-th user in time domain,
including interference from others and noise.

Assume xk (n) is independent identically distributed ran-
dom variables. According to the central-limit theorem, the
second term ζk (n) can be approximated as a Gaussian vari-
able, with a mean function E

(
ζk (n)

)
and variance function

Var
(
ζk (n)

)
, respectively. Therefore, the output of ESE for

the k-th user is [11], [29]

eESE
(
xk (n)

)
= 2hk

r (n)− E
(
ζk (n)

)
Var

(
ζk (n)

) . (8)

In order to calculate E (ζk (n)) and Var (ζk (n)), the mean
and variance functions of xk (n) are considered. The mean
function is

E
(
xk (n)

)
=

∑
xk (n)∈{+1,−1}

xk (n)Pr
(
xk (n)

)
= Pr

(
xk (n) = +1

)
− Pr

(
xk (n) = −1

)
. (9)

According to (5), we have
Pr
(
xk (n) = +1

)
=

exp
(
Lpriori

(
xk (n)

))
exp

(
Lpriori

(
xk (n)

))
+ 1

Pr
(
xk (n) = −1

)
=

1

exp
(
Lpriori

(
xk (n)

))
+ 1

.

(10)

By putting (10) into (9), the mean function is rewritten as

E
(
xk (n)

)
= tanh

(
Lpriori

(
xk (n)

)
2

)
. (11)

The variance function can be calculated by the mean func-
tion. Therefore, the mean and variance functions of interfer-
ence term ζk (j) are expressed as

E (ζk (n)) = E (r (n))− hkE (xk (n)),

Var (ζk (n)) = Var (r (n))− |hk |2Var (xk (n)). (12)

FIGURE 4. The DEC structure of TDCS-IDMA with BPSK modulation.

where E (r (n)) and Var (r (n)) are the mean and variance
functions of the received signal, respectively.

Therefore, the ESE detection algorithm based on the the-
oretic analysis is given below under the assumption that the
priori statisticsE (xk (n)) andVar (xk (n)) are initialized [29]:

(1) Estimate the mean and variance functions of all users

E
(
xk (n)

)
= tanh

(
Lpriori

(
xk (n)

)
/2
)
,

Var
(
xk (n)

)
= 1−

(
E
(
xk (n)

))2
. (13)

(2) Calculate the mean and variance functions of the
received signal

E (r (n)) =
K∑
k=1

hkE (xk (n)),

Var (r (n)) =
K∑
k=1

|hk |2Var (xk (n))+ σ 2. (14)

(3) Estimate the mean and variance functions of interfer-
ence signal

E (ζk (n)) = E (r (n))− hkE (xk (n)),

Var (ζk (n)) = Var (r (n))− |hk |2Var (xk (n)). (15)

(4) Calculate the LLR outputs of ESE for the k-th user

eESE
(
xk (n)

)
= 2hk

r (n)− E
(
ζk (n)

)
Var

(
ζk (n)

) . (16)

The DEC of the receiver carries out a posterior prob-
ability (APP) decoding by using the output of ESE as
input. It includes de-spreader, FEC decoder and spreader.
DEC de-interleaves the extrinsic information output by ESE
module to obtain prior information of DEC. Decoder then
generates the corresponding external information, which is
interleaved back to the ESE as prior information to update
the mean and variance of the noise. The receiver gets the
spectrum sensing results from cloud database and determines
spectrum marking vector B, so the interleave and spread
procedures need to skip invalid subcarriers. Since every user
uses exactly the same encoder and spreader, we can just
consider the DEC for the k-th user, as shown in Fig. 4.

For convenience, taking the decoding process of the first
encoded symbol bk (1) as an example, and the processes for
other encoded symbols are the same. The DEC carries out the
following operations:
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(1) Obtain the soft estimator of bk (1) based on the output
of ESE

Lpriori (bk (1)) =
S∑
n=1

s (n)Lpriori (ck (n)), (17)

where s is the spreading sequence.
(2) Perform standard APP decoding for FEC by using

Lpriori
(
bk
)

as input, and generate the posteriori LLR
LAPP

(
bk
)
for bk .

(3) Obtain the posterior soft information of ck

Lposteriori
(
ck (n)

)
= sk (n)LAPP (bk (1)) , n = 1, 2, . . . , S.

(18)

(4) Calculate the external information of DEC output

eDEC
(
ck (n)

)
= Lposteriori

(
ck (n)

)
− Lpriori

(
ck (n)

)
. (19)

In the process of iterative detection, the outputs of DEC
decoders for all users feedback to ESE. If the receiver
achieves a pre-set number of iterative detections, decoder
calculates the LLR of data (LAPP

(
dk
)
) and outputs estimated

data d̂k by hard-decision decoding.
This scheme is also applicable to other modulation

schemes such as QPSK and QAM, but the receiver need to
be slightly adjusted.

III. TDCS-IDMA SYSTEM WITH CCSK MODULATION
TDCS-IDMA system with BPSK modulation can avoid
occupied spectral bins and make full use of the interference
generated by other users. However, traditional IDMA and
TDCS-IDMA with BPSK modulation have similar disadvan-
tages. Their performance degrades rapidly when the number
of users is increased to be two times of the length of spreading
code and significantly more iterations are needed to suppress
MAI. To solve this problem, a new system framework based
on CCSK is proposed in this paper. Users and subcarriers are
divided into groups and each group’s data are only transmitted
on some subcarriers. CCSK modulation is applied to IDMA
system to increase user capacity. In what follows, transmitter
and receiver models are introduced and iterative detection
algorithm is deduced.

A. TRANSMITTER STRUCTURE OF TDCS-IDMA SYSTEM
WITH CCSK MODULATION
The transmitter structure of uplink TDCS-IDMA systemwith
CCSK modulation is given in Fig. 5, which consists of four
modules: CCSK modulator, spreader, interleaver and OFDM
modulator.

CCSK is a form of M -ary signaling over a communica-
tion channel. In its simplest form, a fundamental modulation
waveform (FMW) is chosen, and a cyclically (circularly)
shifted version of the fundamental waveform is used to mod-
ulate a carrier [31], [32]. When M -ary CCSK is adopted,
a sequence with a good cycle autocorrelation property S0 is
chosen as the fundamental waveform. Then the data informa-
tion can be expressed as S0 and its cyclic shift sequences are

FIGURE 5. Block diagram of transmitter for TDCS-IDMA system with CCSK
modulation.

[S1,S2, · · · ,Sk , · · · ,SM−1]. In most cases, the fundamen-
tal waveform we consider here is a binary sequence S0 =
[b0, b1, · · · , bM−1] , where bm = ±1. Then its cyclic shift
sequences can be written as

SM−1 = [bM−1, b0, · · · , bM−2] , (20)

The function set [b0, b1, · · · , bM−1] contains M elements
to represent up to log2 (M) bits of data.

The first step at the transmitter is to get spectrum sensing
results from cloud database. The number of available spec-
trum bins is N , and they are divided into G sub-channels,
each of which contains N/G subcarriers. Therefore, each
sub-channel is shared by kg = K/G users, and each user only
occupies one sub-channel. For the k-th user, transmitting data
bk is modulated by CCSK modulation firstly, where the m
sequence is chosen as the fundamental waveform of CCSK,
and ‘‘−1’’ is used in the sequence instead of ‘‘0’’. After the
CCSK modulation, other operations in the transmitter are
the same as TDCS-IDMA with BPSK modulation. Specially,
interleaver of each user in the same sub-channels must be
different, so the correlation of sequence can be reduced to
improve communication performance. However, kg groups of
users for different sub-channel can adopt the same indepen-
dent random interleaver. Finally, OFDM transmissionmethod
is used for the resistance to frequency selective fading and ISI.

B. RECEIVER STRUCTURE OF TDCS-IDMA SYSTEM
WITH CCSK MODULATION
The receiver structure of TDCS-IDMA system with CCSK
modulation is given in Fig. 6. Except for the CCSK
demodulation, other parts of receiver are consistent with
TDCS-IDMA system with BPSK modulation. Because the
signal of k-th user only exists in the corresponding sub-
channel, signals from different groups could be separated
by different sub-channels. Therefore, after getting spectrum
information from cloud database, removing CP and FFT
operation in the receiver, the k-th user only captures the infor-
mation in the specific sub-channel. Furthermore, the compu-
tational complexity of multiuser IDMA system has a linear
relationship with the number of users. The number of users
for each sub-channel reduces as 1/G times of total number
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FIGURE 6. Block diagram of receiver for TDCS-IDMA system with CCSK
modulation.

of users after grouping process. As a result, in terms of the
number of users, the complexity of multiuser detection of
each sub-channel for TDCS-IDMA with CCSK modulation
is only 1/G times of original IDMA system.

For the purpose of simplifying hardware implementation,
the current CCSK demodulation module mainly adopts a
frequency domain method. Defining the received signal of
n-th pulse shape is r (t) = Sm (t), local reference sequence
is S0 (t), where m is the cyclic shift value. Thus the output
signal of correlator is expressed as

y (t) =

∣∣∣∣∫ ∞
−∞

r (τ )S0 (τ − t) dτ
∣∣∣∣ . (21)

According to Wiener-Khinchin theorem, the Fourier trans-
form has the following expression

Y (ω) =
∣∣R (ω) · S∗0 (ω)∣∣ . (22)

In practical hardware processing, IFFT/FFT operation is
commonly used to realize Fourier transform

y =
∣∣IFFT {FFT (r) · FFT ∗ {S0}}∣∣ . (23)

Based on the operation, the correction calculation in time
domain is transformed to multiplication operation in fre-
quency domain, which greatly reduces the complexity in
hardware implementation. After that, the output vector is y =
[y0, y1, · · · , yM−1] and the estimated cyclic shift value of n-th
pulse shape can be obtained by finding max (y) = ym. Then
the transmitting data is estimated through the hexadecimal
conversion.

Assume the fundamental sequence is anm-sequence awith
a length of 64, themodulated sequence b is generated by shift-
ing a cyclically to the left by 16 places. Fig. 7 shows the auto
and cross correlation results for different sequences. It is seen
that the auto correlation function, i.e., the dotted curve, of the
fundamental sequence has a peak magnitude in the figure,
which means sequence a has good auto correlation property.
The curve of solid line indicates the cross correlation function
between fundamental sequence a and modulated sequence b.
Compared with the auto correlation function of a, the position
of correlation peakmoves 16 places, and the distance between
two peaks is the cyclic shift value of CCSK modulation.

FIGURE 7. Correlation result of different sequences.

The position of correlation peak can be calculated by the
following operations

e1 =
∣∣IFFT {FFT (b) · FFT ∗ {a}}∣∣ , p1 = max

i
, e1 (i) ,

e2 =
∣∣IFFT {FFT (a) · FFT ∗ {a}}∣∣ , p2 = max

j
, e2 (j) .

(24)

The estimated transmitting data is |p1 − p2|.

IV. SIMULATION RESULTS
In CRNC, dynamic spectrum access technology can be used
to avoid interference from authorized users and improve the
capacity of system. In a distributed multiuser CR-OFDM
system, users occupy disjoint spectrum resources dynam-
ically, constituting a kind of dynamic frequency division
multiple access system. Although the advantages of non-
contiguous OFDM technology have been addressed in [22]
and [23], a full consideration has not been given to adjacent
interference among users and the channel fading factor. The
transceiver structure based on IDMA is proposed in this
paper. It has the ability to avoid occupied spectrum bins
actively to make full use of the interference generated by
other users. Thus better communication performance is to be
achieved by iterative process.

A. THE NUMBER OF ITERATIONS FOR TDCS-IDMA WITH
BPSK MODULATION
We mainly consider the effects of different number of itera-
tions and users on multiple access TDCS-IDMA with BPSK
modulation. Two cases of interference environment such
as multi-tone interference and narrowband interference are
taken into consideration. For further simplification, FEC
coding is not considered in the simulation process. Specific
simulation parameters are shown in Table. 1.

From the theoretical analysis above, the performance of
multiuser TDCS-IDMA is closely related to the number of
iterations. Generally, the higher the number of iterations is,
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TABLE 1. Simulation parameters.

the heavier computational load and better communication
performance are achieved. Therefore, the choice of the num-
ber of iterations should be compromised between the bit-
error-rate (BER) performance and computational complexity.
Let NIte be the number of iterations. Fig. 8 demonstrates
the effects of the number of iterations on BER performance
with 4 users in AWGN channel. Assume the spectrum mark-
ing vectors identified by spectrum sensing results from the
transmitter and receiver are perfectly matched. It is easy
to observe that the BER performance of proposed commu-
nication system can be improved with the increase of the
number of iterations, and the curves for 4, 5, 6 iterations
are almost overlapped. Considering the compromise between
computational load and performance, let us choose 5 as the
number of iterations for the subsequent simulations.

FIGURE 8. BER performance with different number of iterations of
TDCS-IDMA with BPSK modulation.

B. DIFFERENT INTERFERENCE ENVIRONMENT FOR
TDCS-IDMA WITH BPSK MODULATION
The spectrum sensing result in the case of multi-tone inter-
ference environment is provided in Fig. 9. It is observed
that the element of spectrum marking vector is zero if
the corresponding spectrum bin is occupied. Therefore, the
proposed system framework can actively avoid interference
spectrum bins. Fig. 10 shows simulation results of two sys-
tems in AWGN channel with different number of users in
the case of multi-tone interference environment. Compared
with TDCS-IDMA system with BPSK modulation, tradi-
tional OFDM-IDMA loses its robustness under multi-tone

FIGURE 9. Spectrum sensing result in the case of multi-tone interference.

FIGURE 10. BER performance of TDCS-IDMA with BPSK modulation in the
case of multi-tone interference.

interference, and the performance degrades rapidly when the
number of users is larger than 8. Since the transmitting signal
of each user avoids interference subcarriers actively in the
proposed TDCS-IDMA system with BPSK modulation, the
BER performances are quite close for different number of
users, which confirms the viability of the proposed scheme.
With lower signal-to-noise ratio (SNR), the performances for
more users are slightly worse. This is because the superposi-
tion of noise increases so that the estimation of the interfer-
ence from other users becomes inaccurate. It is seen that the
performance of BER = 10−2 at Eb/N0 ≈ 1dB for K = 4,
which corresponds to 2.5dB for K = 16. The curves for
different number of users are consistent when SNR is high
enough.

Fig. 11 and Fig. 12 illustrate the spectrum sensing results
and BER performance with different number of users in the
environment of two narrowband interference signals, respec-
tively. As shown in Fig. 11, the spectrum marking vector
is A =

[
1N/4, 0N/8, 1N/4, 0N/8, 1N/4

]
, which means 25%

spectrum bins are occupied. Other parameters are chosen
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FIGURE 11. Spectrum sensing result with 25% subcarrier occupancy.

FIGURE 12. BER performance of TDCS-IDMA with BPSK modulation with
25% subcarrier occupancy.

as previously stated. Compared with Fig. 10, the multiuser
communication performances of TDCS-IDMA with BPSK
modulation in Fig. 12 have similar tendency, but curves
are slightly worse. This is because occupied spectrum bins
appear in the block. For example, the curves reach 10−5

at Eb/N0 ≈ 6.5dB when multi-tone interference exists,
while the numerical value is greater than that of Fig. 12. The
results of OFDM-IDMA are worse because of the expansion
of interference spectrum bins, especially in the case of 8 and
16 users. Therefore, the proposed framework can work better
than traditional OFDM-IDMA with spectral nulling.

Fig. 13 shows the BER performance of the proposed sys-
temwhen the number of users larger than the length of spread-
ing code. It is observed that the communication performance
degrades rapidly when the number of users is larger than the
length of spread sequence and the system can hardly work
when the number of users is twice the length of spreading
code.

C. THE NUMBER OF ITERATIONS FOR TDCS-IDMA
WITH CCSK MODULATION
In this section, simulations are performed to assess the
communication performance of proposed TDCS-IDMA

FIGURE 13. BER performance of different users for TDCS-IDMA with BPSK
modulation.

FIGURE 14. BER performance with different number of iterations of
TDCS-IDMA with CCSK modulation.

framework with CCSK modulation. Simulation parameters
are: EVA channel and 64-ary CCSK modulation. Two groups
are adopted to test and other parameters are the same as that
of previous section. We also assume the state information
of channel is perfectly known at the receiver, and localized
subcarrier allocation (LSA) is used as the allocation algo-
rithm of subcarrier, which has been widely applied in LTE
standard [34].

Similarly, we first study the effect of number of iterations
for TDCS-IDMA with CCSK modulation in EVA channel.
The number of users is 4 and multi-tone interference envi-
ronment (as Fig. 9 shown) is simulated. As shown in Fig. 14,
the BER performance is improved with the increase of the
number of iterations, and difference between different num-
ber of iterations is smaller compared with TDCS-IDMAwith
BPSKmodulation. Compared with Fig. 8, CCSKmodulation
has worse performance than BPSK modulation since this
simulation is performed under poorer channel conditions.
It shows TDCS-IDMAwith CCSK modulation can eliminate
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FIGURE 15. BER performance of TDCS-IDMA with CCSK modulation in the
case of multi-tone interference.

FIGURE 16. BER performance of TDCS-IDMA with CCSK modulation with
25% subcarrier occupancy.

interference with smaller number of iterations, which can
greatly decrease the decoding complexity of the system. For
the purpose of fair comparison, 5 iterations are chosen for the
subsequent simulations.

D. PERFORMANCE UNDER DIFFERENT INTERFERENCE
ENVIRONMENT FOR TDCS-IDMA WITH
CCSK MODULATION
Fig. 15 and Fig. 16 show the simulation results in the case
of multi-tone interference and two narrowband interference
environment. The spectrum states are given in the subsection
B. From these two figures, different number of users are
tested. It is easily noticed that the proposed TDCS-IDMA
with CCSK modulation has better BER performance with
a larger number of users, which results from user grouping
operation and CCSK modulation. In particular, when the
number of users reaches two times of the length of spreading
code, TDCS-IDMAwith BPSKmodulation can hardly work,
while TDCS-IDMA with CCSK modulation still has certain

advantages. This is because when the number of users is
small, the additive noise is the main interference source, and
its influence gradually reduces with the increase of SNR.
When a large number of users are communicating simulta-
neously, the main interference source changes into multiple
access interference, which is invariable with the change of
SNR. Each sub-channel contains a smaller number of users to
minimize the interference between users through the group-
ing operation. At the same time, CCSKmodulation can obtain
soft spread spectrum gain and enhance the user capacity of the
system. Furthermore, the performances in the case of multi-
tone interference and 25% subcarrier occupancy environment
are basically consistent, which verifies the anti-interference
ability of the proposed system. Therefore, better performance
and larger user capacity are achieved by the improved system.

V. CONCLUSION
In this paper, we have presented a multiple access method for
dynamic spectrum access in CRNC. The proposed method
uses IDMA to make full use of all users’ information, rather
than simply treating them as interference. We have proposed
two modulation types, BPSK and CCSK for TDCS-IDMA
system. TDCS-IDMA with BPSK modulation can avoid
the occupied spectrum bins, and obtain better performance
compared with traditional OFDM-IDMA system. To fur-
ther enhance user capacity and reduce decoding complexity,
TDCS-IDMA with CCSK modulation was proposed. Simu-
lation results are provided to demonstrate the feasibility and
performance improvement of scheme proposed in the paper.
Comparedwith traditional OFDM-IDMA system, a large per-
formance improvement is obtained for the proposed systems
under different cases of spectral nulling.

REFERENCES
[1] J. Mitola and G. Q. Maguire, Jr., ‘‘Cognitive radio: Making software radios

more personal,’’ IEEE Pers. Commun., vol. 6, no. 4, pp. 13–18, Apr. 1999.
[2] S. Haykin, ‘‘Cognitive radio: Brain-empowered wireless communica-

tions,’’ IEEE J. Sel. Areas Commun., vol. 23, no. 2, pp. 201–220, Feb. 2005.
[3] X. Li, N. Zhao, Y. Sun, and F. R. Yu, ‘‘Interference alignment based

on antenna selection with imperfect channel state information in cog-
nitive radio networks,’’ IEEE Trans. Veh. Technol., vol. 65, no. 7,
pp. 5497–5511, Jul. 2016.

[4] R. Zhang, F. Gao, and Y.-C. Liang, ‘‘Cognitive beamforming made prac-
tical: Effective interference channel and learning-throughput tradeoff,’’
IEEE Trans. Commun., vol. 58, no. 2, pp. 706–718, Feb. 2010.

[5] I. Foster, Y. Zhao, I. Raicu, and S. Lu, ‘‘Cloud computing and grid com-
puting 360-degree compared,’’ in Proc. Grid Comput. Environ. Workshop,
Nov. 2008, pp. 1–10.

[6] D. B. Rawat, S. Shetty, and K. Raza, ‘‘Game theoretic dynamic spectrum
access in cloud-based cognitive radio networks,’’ in Proc. IEEE IC2E, Mar.
2014, pp. 586–591.

[7] S. Wu et al., ‘‘A cloud model and concept prototype for cognitive radio
networks,’’ IEEE Wireless Commun., vol. 19, no. 4, pp. 49–58, Aug. 2012.

[8] W. Y. Lee and I. F. Akyildiz, ‘‘Optimal spectrum sensing framework for
cognitive radio networks,’’ IEEE Trans. Wireless Commun., vol. 7, no. 10,
pp. 3845–3857, Oct. 2008.

[9] Y. Liu, Z. Ding, M. Elkashlan, and J. Yuan, ‘‘Nonorthogonal multiple
access in large-scale underlay cognitive radio networks,’’ IEEE Trans. Veh.
Technol., vol. 65, no. 12, pp. 10152–10157, Dec. 2016.

[10] Q. Li and D. Xu, ‘‘Joint power and time allocation for wireless powered
cognitive radio multiple access networks with or without SIC,’’ in Proc.
IEEE ICCS, Dec. 2017, pp. 1–6.

20528 VOLUME 6, 2018



S. Hu et al.: TDCS-IDMA System for CRNC

[11] L. Ping, L. Liu, and W. K. Leung, ‘‘A simple approach to near-optimal
multiuser detection: Interleave-division multiple-access,’’ in Proc. IEEE
Wireless Commun. Netw. (WCNC), vol. 1. New Orleans, LA, USA, 2003,
pp. 391–396.

[12] T. Peng, Y. Xiao, X. He, and S. Li, ‘‘Improved detection of uplink OFDM-
IDMA signals with carrier frequency offsets,’’ IEEE Commun. Lett., vol.
16, no. 5, pp. 646–649, May 2012.

[13] P. Wang, J. Xiao, and L. Ping, ‘‘Comparison of orthogonal and non-
orthogonal approaches to future wireless cellular systems,’’ IEEE Veh.
Technol. Mag., vol. 1, no. 3, pp. 4–11, Sep. 2006.

[14] S. Hu, Y. L. Guan, G. Bi, and S. Li, ‘‘Cluster-based transform domain
communication systems for high spectrum efficiency,’’ IET Commun., vol.
6, no. 16, pp. 2734–2739, Nov. 2012.

[15] S. He, Y. Huang, L. Yang, and B. Ottersten, ‘‘Coordinated multicell mul-
tiuser precoding for maximizing weighted sum energy efficiency,’’ IEEE
Trans. Signal Process., vol. 62, no. 3, pp. 741–751, Feb. 2014.

[16] J. Zhu, J. Wang, Y. Huang, S. He, X. You, and L. Yang, ‘‘On optimal power
allocation for downlink non-orthogonal multiple access systems,’’ IEEE J.
Sel. Areas Commun., vol. 35, no. 12, pp. 2744–2757, Dec. 2017.

[17] Y. Shi, J. Dang, Z. Zhang, L. Wu, Y. Wei, and C. Sun, ‘‘Subcarrier-wise
power allocation for OFDM-IDMA systems,’’ in Proc. CHINACOM, Aug.
2015, pp. 137–141.

[18] W. Belaoura, K. Ghanem, and M. Djeddou, ‘‘Performance of OFDM-
IDMA and OFDM-CDMA architectures over frequency selective
MISO channels,’’ in Proc. IEEE AP-S/USNC-URSI Symp., Jul. 2015,
pp. 139–140.

[19] S. Revathi and A. M. Juliet, ‘‘Performance of OFDM IDMA system for
Femtocell network,’’ in Proc. IEEE ICIIECS, Mar. 2015, pp. 1–4.

[20] J. Dang, W. Zhang, L. Yang, and Z. Zhang, ‘‘OFDM-IDMA with
user grouping,’’ IEEE Trans. Commun., vol. 61, no. 5, pp. 1947–1955,
May 2013.

[21] S. Hu, Z. Liu, Y. L. Guan, W. Xiong, G. Bi, and S. Li, ‘‘Sequence design
for cognitive CDMA communications under arbitrary spectrum hole con-
straint,’’ IEEE J. Sel. Areas Commun., vol. 32, no. 11, pp. 1974–1986,
Nov. 2014.

[22] R. Rajbanshi, A.M.Wyglinski, and G. J. Minden, ‘‘An efficient implemen-
tation of NC-OFDM transceivers for cognitive radios,’’ in Proc. CROWN-
COM, Jun. 2007, pp. 1–5.

[23] J. D. Poston and W. D. Horne, ‘‘Discontiguous OFDM considerations for
dynamic spectrum access in idle TV channels,’’ in Proc. IEEE DySPAN,
Nov. 2005, pp. 607–610.

[24] C. Han, J. Wang, S. Gong, and S. Li, ‘‘Performance of the OFDM-based
transform domain communication system in cognitive radio contexts,’’ in
Proc. CROWNCOM, Jun. 2006, pp. 1–5.

[25] P. J. Swackhammer, M. A. Temple, and R. A. Raines, ‘‘Performance sim-
ulation of a transform domain communication system for multiple access
applications,’’ in Proc. IEEE MILCOM, Oct./Nov. 1999, pp. 1055–1059.

[26] S. Hu, G. Bi, Y. L. Guan, and S. Li, ‘‘TDCS-based cognitive radio networks
with multiuser interference avoidance,’’ IEEE Trans. Commun., vol. 61,
no. 12, pp. 4828–4835, Dec. 2013.

[27] H. Xie, B. Wang, F. Gao, and S. Jin, ‘‘A full-space spectrum-sharing
strategy for massive MIMO cognitive radio systems,’’ IEEE J. Sel. Areas
Commun., vol. 34, no. 10, pp. 2537–2549, Oct. 2016.

[28] N. Zhao, F. R. Yu, H. Sun, and M. Li, ‘‘Adaptive power allocation
schemes for spectrum sharing in interference-alignment-based cognitive
radio networks,’’ IEEE Trans. Veh. Technol., vol. 65, no. 5, pp. 3700–3714,
May 2016.

[29] L. Ping, ‘‘Interleave-division multiple access and chip-by-chip iterative
multi-user detection,’’ IEEE Commun. Mag., vol. 43, no. 6, pp. S19–S23,
Jun. 2005.

[30] J. Dang, F. Qu, Z. Zhang, and L. Yang, ‘‘OFDM-IDMA communications
over underwater acoustic channels,’’ in Proc. IEEE MILCOM, Nov. 2011,
pp. 418–423.

[31] S. Hu, G. Bi, Y. L. Guan, and S. Li, ‘‘Spectrally efficient transform domain
communication system with quadrature cyclic code shift keying,’’ IET
Commun., vol. 7, no. 4, pp. 382–390, Mar. 2013.

[32] G. M. Dillard, M. Reuter, J. Zeiddler, and B. Zeidler, ‘‘Cyclic code shift
keying: A low probability of intercept communication technique,’’ IEEE
Trans. Aerosp. Electron. Syst., vol. 39, no. 3, pp. 786–798, Jul. 2003.

[33] G. Zhang and S. Feng, ‘‘Subcarrier allocation algorithms based on graph-
coloring in cognitive radio NC-OFDM system,’’ in Proc. IEEE ICCSIT,
Jul. 2010, pp. 535–540.

[34] H. Nam, ‘‘Interpolation-based SC-FDMA transmitter with localized
resource allocation,’’ IEEE Commun. Lett., vol. 14, no. 10, pp. 948–950,
Oct. 2010.

SU HU received the M.S. and Ph.D. degrees from
the National Key Laboratory on Communications,
University of Electronic Science and Technology
of China (UESTC), in 2007 and 2010, respectively.
From 2011 to 2012, he was a Research Fellow
with the School of Electrical and Electronic Engi-
neering, Nanyang Technological University, Sin-
gapore. He is currently a Professor with UESTC.
His research interests include sequence design
with good correlation properties and physical layer

design for wireless communication system, such as filterbank multicarrier
systems and cognitive radio networks.

FAN LI received the bachelor’s degree from the
University of Electronic Science and Technology
of China, China, in 2016, where she is currently
pursuing the master’s degree with the National
Key Laboratory of Science and Technology on
Communication. Her main fields of research inter-
est include wireless communication (OFDM and
IDMA).

HUITING GUO received the bachelor’s and mas-
ter’s degrees from the University of Electronic
Science and Technology of China, China, in 2014
and 2017, respectively. Since 2017, she has been
a Research Associate with the School of Electri-
cal and Electronic Engineering, Nanyang Techno-
logical University, Singapore. Her main fields of
research interest include broadband wireless com-
munication (OFDM, TDCS, and so on), sequence
design, and automatic modulation classification.

PEI WANG received the B.S. degree from the
School of Communication and Information Engi-
neering, University of Electronic Science and
Technology of China (UESTC), where he is
currently pursuing the master’s degree with the
National Key Laboratory on Communications. His
research interests include wireless communication
systems, such as filterbank multicarrier system.

GUOAN BI received the B.S. degree in radio
communications from the Dalian University of
Technology, China, 1982, and the M.S. degree in
telecommunication systems and the Ph.D. degree
in electronics systems from Essex University,
U.K., in 1985 and 1988, respectively. Since 1991,
he has been with the School of Electrical and Elec-
tronic Engineering, Nanyang Technological Uni-
versity, Singapore. His current research interests
include digital signal processing algorithms for

various applications including sonar, radar, and communications.

VOLUME 6, 2018 20529



S. Hu et al.: TDCS-IDMA System for CRNC

YUAN GAO (M’16) received the B.S. degree from
PLA Information Engineering University, China,
in 2008, and the M.S. and Ph.D. degrees from the
Department of Electronic Engineering, Tsinghua
University, in 2011 and 2014, respectively. He is
currently an Assistant Professor with Tsinghua
University and also with the China Defense Sci-
ence and Technology Information Center, China.
He has authored over 40 academic papers in peer-
reviewed international journals and conferences.

His research interests are wireless communication system, satellite commu-
nication system, network control theory, and big data. He is a member of
ACM. He is an Associate Editor for several international journals, including
the IEEE ACCESS, EURASIP JWCN, and Sensors. He is also a Guest Editor of
several special issues. He also serves as a Guest Reviewer and a TPCmember
of several journals and international conferences, including the IEEE JSAC,
TRANSACTIONS ONWIRELESSCOMMUNICATION, TRANSACTIONS ONCOMMUNICATION,
the IEEE COMMUNICATION LETTER, ICC, WCNC, and so on.

ZILONG LIU was with the School of Electrical
and Electronic Engineering, Nanyang Technolog-
ical University, Singapore, as a Research Asso-
ciate, from 2008 to 2018, and has been a Research
Fellow since 2014. From 2009 to 2013, he was
a Ph.D. candidate (part-time) involved in Perfect-
and Quasi- Complementary Sequences with Prof.
Y. L. Guan. He was a Visiting Ph.D. Student with
the University of Melbourne from 2012 to 2013
[hosted by Prof. U. Parampalli] and also with the

Hong Kong University of Science and Technology from 2013 to 2013
(hosted by Prof. W. H. Mow). He is currently a Senior Research Fellow
with the Home of the 5G Innovation Centre, Institute for Communication
Systems, University of Surrey, U.K. He is generally interested in coding
and signal processing for various communication systems, with emphasis
on signal/waveform design and algebraic coding, error correction codes,
iterative receiver design, robust/efficient multiple access communications,
and physical layer implementation/prototyping of communications systems.

BIN YU received the master’s degree in
radio frequency communications from the
University of Southampton in 2006. He has
10 years’ experience in mobile communication
field and has been involved in various standards,
including TD-SCDMA, HSPA+, LTE, and LTE-A
since 2006. He is currently a Principle Engineer
and the Director of the Communication Research
Laboratory, Beijing Samsung Telecom R&D Cen-
ter, Samsung Electronics. His current focus is

the 5G R&D and standardization.

20530 VOLUME 6, 2018


	INTRODUCTION
	TDCS-IDMA SYSTEM WITH BPSK MODULATION
	TRANSMITTER STRUCTURE OF TDCS-IDMA SYSTEM WITH BPSK MODULATION
	RECEIVER STRUCTURE OF TDCS-IDMA SYSTEM WITH BPSK MODULATION
	ITERATIVE DETECTION ALGORITHM OF TDCS-IDMA SYSTEM

	TDCS-IDMA SYSTEM WITH CCSK MODULATION
	TRANSMITTER STRUCTURE OF TDCS-IDMA SYSTEM WITH CCSK MODULATION
	RECEIVER STRUCTURE OF TDCS-IDMA SYSTEM WITH CCSK MODULATION

	SIMULATION RESULTS
	THE NUMBER OF ITERATIONS FOR TDCS-IDMA WITH BPSK MODULATION
	DIFFERENT INTERFERENCE ENVIRONMENT FOR TDCS-IDMA WITH BPSK MODULATION
	THE NUMBER OF ITERATIONS FOR TDCS-IDMA WITH CCSK MODULATION
	PERFORMANCE UNDER DIFFERENT INTERFERENCE ENVIRONMENT FOR TDCS-IDMA WITH CCSK MODULATION

	CONCLUSION
	REFERENCES
	Biographies
	SU HU
	FAN LI
	HUITING GUO
	PEI WANG
	GUOAN BI
	YUAN GAO
	ZILONG LIU
	BIN YU


