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Abstract—Transform domain communication system (TDCS) is
a multi-carrier cognitive radio (CR) technique which uses cyclic
code shift keying (CCSK) for overlay opportunistic spectrum
access. Specifically, at any given time, a TDCS system cyclically
shifts a fundamental modulation waveform (i.e., a CR sequence
satisfying a dynamic spectrum hole constraint) according to spe-
cific input data symbol. In practical TDCS system, an interesting
research problem is how to design CR sequence with inter-carrier
interference (ICI) resilience, where ICI is caused by carrier
frequency offset (CFO) or Doppler spread. In this paper, we
present a novel family of CR sequences which are able to achieve
ICI self-cancellation in TDCS. Analysis and simulations validate
that our proposed CR sequence is effective for ICI suppression
in TDCS. A future work of this research is to optimize the peak-
to-mean power ratio of such CR sequences.

Index Terms—Cognitive Radio Systems, Spectrum Hole Con-
straint, Carrier Frequency Offset, Inter-Carrier Interference,
Cognitive Radio Sequences, Reliable Communications.

I. INTRODUCTION

It is widely believed that we are running out of the precious
spectrum resource. Against such a background, cognitive radio
(CR) emerges as a promising paradigm to solve the scarcity
of available spectrum bands by using or sharing the spectrum
in an opportunistic manner, where the spectrum opportunity is
defined as spectrum holes that are not being used by primary
user(s) at a particular time and location [1]—[3].

As an overlay CR technique, transform domain communica-
tion system (TDCS) has received increasing research attention
in recent years. A TDCS assumes that both the transmitter and
the receiver see the identical available spectrum bands. This
allows a TDCS transmitter to dynamically generate a smart
fundamental modulation waveform (FMW) to avoid interfer-
ence at the transmitter rather than mitigating interference at
the receiver [4], [5]. Using cyclic code shift keying (CCSK),
a TDCS transmitter sends out a specific cyclic shift of FMW
according to the input data symbols at any given time. Corre-
spondingly, the data symbols are recovered in the receiver by
detecting the position of the maximum periodic autocorrelation
magnitude of the FMW, i.e., noncoherent detection. In short,
TDCS is able to provide reliable communication with low
probability of interception even certain available spectral bands
are invaded by jammers.

A number of research works have been concerned with
efficient and robust development of TDCS. In particular, the
acquisition and synchronization of TDCS were studied in [6].
An efficient implementation of TDCS was presented in [7]
to enhance bit error rate (BER) performance. In addition,
there have been cluster-based TDCS [8] and multidimensional
TDCS modulation scheme [9] for higher spectral efficiency.

To support multiuser communications, multiple access TD-
CS (MA-TDCS) has been proposed by assigning each user
a unique m-sequence from a distinct primitive polynomial
[10]. From sequence design point of view, [11] first studied
multiuser interference (MUI) avoidance in MA-TDCS, to our
best knowledge. Specifically, MUI avoidance is achieved by
constructing almost perfect CR sequences based on a time-
frequency synthesis. Very recently, Hu and Liu et al developed
CR sequences with zero cross-correlation zone property and
with low peak-to-average power ratios [12]. It has been shown
that such CR sequences are capable of supporting interference-
free CR-CDMA communications.

It is noted that TDCS will suffer from inter-carrier inter-
ference (ICI) when CFO and/or Doppler spread are/is present.
This is because TDCS, as a special type of multicarrier system,
requires precise frequency synchronization; otherwise, the
orthogonality among TDCS subcarriers will be lost, resulting
in ICI. Up to date, however, ICI-resilient TDCS is still open.
The major objective of this paper is to present a novel family
of CR sequences to enable ICI-resilient TDCS.

For traditional multicarrier systems such as orthogonal
frequency-division multiplexing (OFDM) systems, there have
been three different approaches for ICI suppression: (1)
frequency-domain equalization [13]; (2) time-domain window-
ing [14]; (3) ICI self-cancellation [15]. For the ICI self-
cancellation scheme, each data symbol is modulated onto a
group of adjacent subcarriers. Although such group mapping
results in rate reduction of an OFDM system, it admits
a natural match with TDCS with no rate loss, owing to
CCSK modulation property. Motivated by this observation,
we propose a novel design of CR sequence for ICI-resilient
TDCS based on the ICI self-cancellation scheme in [15].
Our proposed CR sequence can be also used for other CR
applications, such as training sequences for channel estimation



and synchronization in the presence of CFO and/or Doppler
spread.

This paper is organized as follows. In Section II, we give an
overview of TDCS. In Section III, we analyze the ICI problem
in TDCS and present ICI-resilient CR sequences, followed
by simulation results in Section IV. In this end, this paper is
summarized in Section V.

II. OVERVIEW OF TDCS

In a CR scenario, a spectrum opportunity is defined as
the spectral bands which are not being used by the des-
ignated primary users at a particular time and location. In
this paper, we assume that the entire spectrum is divid-
ed into N subcarriers, and a “subcarrier marking vector”
M = [mg,myq,--- ,mN_l]T gives the availability status of
all subcarriers. For example, the value of my is set to 1 if
the kth subcarrier is available; otherwise, mj; = 0. Moreover,
denote by (2 the set of all unavailable subcarrier positions, i.e.,
Q = {k | my, = 0}. In this paper,  is also referred to as a
“spectrum hole constraint”.

For the TDCS transmitter shown in Fig. 1, let

B =[By, B, -, By, ,BN_l}T,

be a length-N pesudorandom complex-valued frequency-
domain sequences, which satisfies the spectrum hole constrain-
t, i.e.,

By, =0 for k € Q. (1)

Throughout this paper, deﬁne wy = exp (vV—127/N). De-
note by Fnx = [fu.]Yo. = !, the (scaled) discrete fast Fourier
transform (FFT) matrix of order N, i.e.,

1 —pv

fu,u = ﬁwN ,
Note that F is a unitary matrix, i.e., ]-"Nf}f, =7y and F =

}';[1. Consequently, the time-domain fundamental modulation
waveform of B can be expressed as

0<pv<N-1 @)

b = [b()ablv"' bna"'vbN—l}T:/\filB’
by = A Z my Brwk (3)
= W > Brwil, )
kg
where \ = N%IQ\ is a normalization factor to ensure

transmitted signal having the normalized energy. In this paper,
a sequence which satisfies the spectrum hole constraint in a
CR system is called a CR sequence, to distinguish it from the
traditional sequences with no spectrum hole constraint. When
M-ary CCSK is adopted, the transmitted signal x is obtained

by cyclically shifting b to the right by 7p € {0,1,--- ,N — 1}
positions according to the input data symbol D [16],
x = [z0, 21, ,an_1]
&)

= [be'rDabe'rpqtlv T 7bN7'rD71} .

Input data symbols
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Fig. 1. Block diagram of TDCS transceiver

To recover the transmitted data symbols, the received signal
r = [ro,r1, - ,rN_l]T is periodically correlated with the
local reference CR sequence by detecting the position of the
maximum periodic auto-correlation function (PACF) magni-
tude [7]. By Wiener-Khinchin Theorem, we note that the pow-
er spectrum, denoted by B = [|Bo|?,|B1l% -+ ,|By-1/*]",
and the PACF form a Fourier transform pair. Therefore, the
PACF (denoted by y) can be calculated using DFT for low
computational complexity [16], i.e

T —1 *

syn—1] =Fy -R-B, (6)

y = [y07y1a"' yYry

where R is the received signal in frequency-domain, i.e.,

R = [R()lev"' 7RN71]T :fer

—k
R, = BkwN 7D + Nk,

)

where nj denotes the noise component at the kth subcarrier.
For ease of presentation, denote by B%, the first term of Ry,
the equivalent transmitted data at the kth subcarrier by taking
into account of the CCSK modulation, i.e.,

Bk = Bko.)]:[kTD. (8)
Also, we define PACF peak-to-sidelobe ratio (PSR) as follows.

pSR max {|y-|} o)
B Z ‘y‘r| - mgX{|yT|}.

T

Finally, the transmitted data symbol (i.e., D) is recovered by

{yl}-

D = arg (10)

max
re{0,1,- ,N—1}
Clearly, a higher PSR will lead to better detection performance
of D. It is also interesting to note that TDCS signals have a
low probability of interception for unauthorized listeners. This
is because every data symbol D is hidden in the background
noise by spreading over all available subcarriers. The inter-

ested reader is referred to [5] and [11] for more details of
TDCS.
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Fig. 2. Amplitude and phase of S;_j, for N = 256 and [ = 0.

III. DESIGN OF CR SEQUENCES WITH ICI RESILIENCE
A. Analysis of ICI in TDCS

In this subsection, we analyze ICI in TDCS typically caused
by CFO. Since TDCS is a special multicarrier system under a
spectral hole constraint, the effect of CFO can be modeled as
that in traditional multicarrier systems. Denote by f; and f;
the CFO and the subcarrier spacing, respectively. Furthermore,
denote by ¢ the normalized CFO, i.e., ¢ = f;/ fs. Consequent-
ly, the received signal on the kth available subcarrier Ry in
(7) can be rewritten as [17]

N-1
Ry =BiSo+ Y BiSip+in, LEk¢Q,
1=0,1k

Y

ICI

where 7, the corresponding noise component, and S;_j, the
ICI coefficient between [th and kth subcarriers which can be
expressed as

Si—k

_ sin(r(l+e—k)) . jr(N = 1)(l+e—k)

C Nsin(&(l+e—k )ep< N )
(12)

Substituting (11) into (6) and by (10), the transmitted
symbol D is detected by the following equation.

D= argmax So - Fn' - B+Tict + Tnoise (13)
7€{0,1,--- ,N=1} | |N—~———
desired part

where
B

T

= 1Bol* Wy, B w2, [ By wy YT
(14)

denotes the power spectrum of b modulated by a phase
rotation vector caused by the cyclic shift of 7p and Zjc; =
[Io, I1,- - ,IN,l]T denotes the ICI vector with

I, Z Z BlBkSl kwk:‘r—lTD

kgmgsz 1k

15)

and Z,4ise denotes the corresponding noise vector.

B. Proposed ICI-resilient CR sequences

In this part, we present a design of ICI-resilient CR se-
quences for TDCS system. Specifically, we wish to design CR
sequence B such that the desired part in (13) is less sensitive to
nonzero CFO while the ICI part (i.e., Zic) can be suppressed.

From Section II.B, it is clear that if ¢ = 0, we have Sy = 1
and S;_r = 0 (I # k), and hence zero-ICI; Nevertheless,
as ¢ becomes larger, the magnitude of S, decreases and
Si—x (I # k) increases, resulting in nonzero-ICI and thus a
degradation of the effective signal-to-noise ratio (SNR) for
TDCS demodulation. To gain a simple insight of the ICI effect,
two examples of S;_j, for € € {0.2,0.4} are shown in Fig. 2.
We have the following two observations.

e |S1| and |S3| have comparable values with |Sy|. For
example, |S1| = 0.2 and |Sz| = 0.1 for ¢ = 0.2, while
|S1| = 0.5 and |S2| = 0.2 for e = 0.4. In addition, other
ICI coefficients have relative small values which can be
negligible, i.e., |Si| = 0,k > 4;

o The adjacent ICI coefficients of Sy have negative phases.
Specifically, £Sy = —0.2 (rad) and £S; ~ £S; =
—0.3 (rad) for € = 0.2, while £S5y = —0.1 (rad) and
£S5 = /Sy = —0.4 (rad) for e = 0.4.

Motivated by the above observations, we consider the
ICI-cancellation scheme in [15] by transmitting pairs of
(Bak, Bag+1) with identical magnitude but opposite signs, i.e.,

=By, - 7BN/2—1a_BN/2—1]T'

(16)
Intuitively, ICl-cancellation is possible because S;_j and
Si—k+1 have small difference for a majority of [ — k which
leads to smaller ICI by the proposed CR sequence in (16). A
comparison of the proposed CR sequence and the traditional
one is shown shown in Fig. 3.

As a result, I, in (15) can be rewritten as

B= [BOu_B07"' 7Bka

I,

\/7 Z |Bk| S kT (k+1)7‘D+IneW

k&) even

1
Siwy™ Y (IBrPwyt™) whr + 1
kfﬂeven

SIWX/ 2 —k k
— B TD) . T Inew7
1+(.¢JT TD N ];2( k| wN WN + T

the 7th element of .7:1;1 ﬁ
a7
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Fig. 3. Examples of the proposed ICI-resilient CR sequence and a traditional
one in frequency-domain, where /N is an even number.

where

new __
e =

1 kT—(k+1)7
— Y BunBiSwy i
VN

1 Yy . rir (18)
+ — BlBkSl—kw]kv ! b,
\ NkeQ 120
Ik k41

Remark 1: One can see that the CR sequence in (16) allows
us to create another desired term which contains F X,l ,@ from
the ICI part in (15) to back up the “desired part” in (13), while
enjoying 7" with less ICL

Let Iy be the identity matrix of order V. Further, let Q,, =
Diag(x,,) be a diagonal matrix with

T 1 1
- 1_|_w0—TD’1_|_w1—TD’ ’1+wN—1—TD

Xrp
(19)
being the diagonal vector. In addition, define

new

T
_ new rnew new
ICI — [IO 711 s aIN—l} .

Thus, the detection function (13) will further reduce to (20).

Example 1: Let N = 64 and M = [114,04, 150,05, 116]"
be the subcarrier marking vector. Thus,

Q={14,15,--- ,19} U {40,41,--- ,47}.
For any given normalized CFO ¢, we construct By, (a
proposed CR sequence) and By,g (a traditional one), both of
which satisfying the spectrum hole constraint 2.

. N . N N . T
Bprop: BOa_B07"' 7Bk‘7_Bk7"' 7B317_B31:| )

B = [Bo, +B1, -+, Bog, +Bogt1, -+ -, Bs2, +Be3

In addition, provided that a specific entry of By, corresponds

to an available subcarrier position, such entry will be assigned
N

m. The

same can be said for By,q. To evaluate the ICI resilience of

both CR sequences, we assume the channel is noise-free and
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?
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Fig. 4. PACF PSR versus normalized CFO e for CR sequences Byprop
(proposed) and By,g (traditional).

TABLE I
SIMULATION SETTINGS

[ Parameters [[ Traditional TDCS | Proposed TDCS ]

CR sequences Zadoff-Chu sequences | ICl-resilient sequences

Sequence of length 256 256

Modulation 64-ary CCSK 64-ary CCSK
Entire bandwidth 10MHz
Unavailable bands 2.5~3.75 MHz and 6.25~7.5 MHz

Channel A AWGN+CFO

Channel B COST207RAx6+Doppler Spread [18]

Receiver MMSE-FDE [ MMSE-FDE

consider the PACF PSR as defined in (9). Then, we plot PSR
versus normalized CFO ¢, as shown in Fig. 4. One can see
that as ¢ ranges from [—0.5,0.5], our proposed CR sequence
is more ICl-resilient because its PACF PSR drops slower than
that of the traditional one.

IV. SIMULATION RESULTS

In this section, we compare BER performances of TD-
CS systems using two different types of CR sequences,
namely, Zadoff-Chu based CR sequences and our proposed
ICI-resilient CR sequences. To validate the ICI resilience,
both AWGN and multipath fading channels are considered.
When passing through a multipath fading channel, a cyclic
prefix (CP) should be inserted in the transmitter to prevent
inter-symbol interference (ISI), while an equalizer should be
placed after the FFT block in the receiver to compensate
the frequency-selectivity. In particular, we considered AWGN
channel with CFO and multipath fading channel with Doppler
spreading. The system configuration of TDCS is shown in
Table. L.

Fig. 5 shows BER performances of uncoded TDCS with
different CR sequences. When Zadoff-Chu based CR sequence
is employed, it is clear that the BER performance becomes
unacceptable when CFO is increased from ¢ = 0.2 to 0.4.
When ¢ = 0.4, the traditional TDCS has a high error floor
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Fig. 6. BER performance of coded TDCS with different CR sequences in
multipath fading channel with Doppler spread (Channel B)

because of large ICI. In comparison, when our proposed
CR sequence is adopted, TDCS achieves more robust BER
performance than the traditional one. When ¢ changes from
0.2 to 0.4, there is only 1dB BER performance loss, indicating
that TDCS with the proposed CR sequence is an effective
scheme against CFO in AWGN channel.

Let us discuss BER performances of coded TDCS
with different CR sequences in multipath fading channel
(COST207RAX6 channel in [18]). A convolutional code with
code rate of 1/2 is used. To combat with ISI, a CP which has
width 1/4 of the total symbol duration and a minimal mean
square error (MMSE) equalizer are adopted. The maximum
Doppler spread f; € {0.2,0.4} is considered. It is clear

desired part

that, even in multipath fading channels, TDCS employing
the proposed CR sequence is capable of achieving better
BER performance than traditional TDCS. For example, when
€ = 0.2, our proposed TDCS scheme has a 1.1dB performance
gain at BER=1073.

V. CONCLUSIONS

In this paper, we have designed a class of ICI-resilient
CR sequences for TDCS transmission. Such a design requires
transmitting pairs of adjacent subcarriers with identical mag-
nitude and opposite signs, leading to ICI self-cancellation.
Analysis and simulations show that our proposed ICI-resilient
CR sequences are robust to CFO and/or Doppler spread in
TDCS systems. In addition, our proposed CR sequences may
have applications in Doppler-resilient channel estimation or
synchronization in various spectrally constrained systems.

For the practicality of TDCS, a future work of this research
is to further optimize the peak-to-average power ratio (PAPR)
of CR sequences. It is interesting to note that the idea of
ICI self-cancellation, which first appeared in [15] and further
exploited in this paper, is somewhat similar to that of Golay
complementary pair [19], a pair of sequences whose out-of-
phase aperiodic auto-correlations sum to zero. The interested
reader may refer to [20]—[26] for perfect-/quasi- complemen-
tary sequences. Since each Golay complementary sequences
has a PAPR of at most 2, it may be interesting to investigate
how complementary sequences can further benefit the ICI-
resilient CR sequence design for TDCS transmission.
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