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Abstract. The Digital Terrestrial Multimedia Broadcast (DTMB) sys-
tem utilizes three modes of Pseudo-noise (PN) sequences as Frame
Header (FH) that can be exploited for spectrum sensing on TV White
Space (TVWS). As a consequence, multi-mode signal detection is
required at the receiver. In this paper, Neyman-Person (NP) lemma
based, Multi-mode Local Sequence (MLS) detectors are proposed for
multi-mode signal detection. The theoretical and quantitative perfor-
mance analysis of MLS detectors are mainly concentrated and fully
studied by utilizing the addition and auto-correlation properties of PN
sequence. In addition, the single-mode detector for the DTMB system
is presented as the optimal detector and taken as a benchmark for MLS
detectors. Both theoretical analyses and simulation results show that
MLS detectors are capable of multi-mode signal detection and satisfy
the predefined sensing requirements.
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1 Introduction

TV White Space (TVWS) refers to the frequency band where the radio spec-
trum is not used by primary users [4]. It can be potentially accessed by secondary
users via Cognitive Radio (CR) [7], which results in increased overall spectrum
efficiency and innovative new services. The requirement for TVWS spectrum
sensing allows the coexistence of secondary users without harmful interference
to primary users. For instance, the sensing requirements for the Advanced Tele-
vision Systems Committee (ATSC) system [8] defined by IEEE 802.22 [2] are
as low as —21 dB within 20 ms sensing time when the false-alarm probability
(Pra) is below 10% and the detection probability (Pp) is above 90%.

Digital Terrestrial Multimedia Broadcast (DTMB) is a Chinese digital terres-
trial television standard [1,9]. Applying spectrum sensing for the DTMB system
can extend the application of TVWS. Although specific requirements for the
DTMB spectrum sensing are not available so far, the same requirements of the
ATSC system are also adequate for the DTMB system.
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The DTMB system specifies three major modes of Pseudo-noise (PN)
sequences padding with PN420/595/945 as Frame Header (FH) which is shown in
Figure 1. They can be utilized for signal synchronization and channel estimation
at the receiver. Several detectors have been derived, which exploited properties
of PN sequence, for example the auto-correlation detector is proposed in [3], and
in [10] the cross-correlation property is employed. The detector proposed in [6]
is an extension of an auto-correlation detector. It takes advantage of max-mean-
ratio as test statistic that is a true constant false-alarm rate (CFAR) detector
owing to its “self-normalizing” feature, which removes the dependence on the
noise power. All the aforementioned algorithms are designated for single-mode
signal. They are not capable of detecting multi-mode signals. Therefore a low
time complexity and implementation-friendly detector for multi-mode signals is
necessary for the DTMB system, which is the main focus of this manuscript.

In this paper, we focus on the spectrum sensing algorithm for DTMB multi-
mode signals. By exploiting addition and auto-correlation properties of PN
sequence, two Multi-mode Local Sequence (MLS) combination schemes are pro-
posed and analyzed quantitatively in detail. Theoretical analysis and simulation
results show that MLS detectors can achieve multi-mode signal detection with
a tolerable loss of sensing performance.

Therest of this paper is organized as what follows. The single-mode signal detec-
tor for DTMB system is introduced in Section 2. MLS based multi-mode signal
detection methodologies are analyzed in detail in Section 3. The simulation results
are demonstrated in Section 4. Finally Section 5 concludes the manuscript.

2 Single-Mode Signal Detector

In what follows, the optimal detector of single-mode signal is derived from first
principles. Regarding a known deterministic signal for Additive White Gaussian
Noise (AWGN) scenario, the optimal detector is Neyman-Person (NP) test,
known as matched filter [5].

Frame header:

420 symbols Frame body: 3870 symbols

a) Signal frame structure with frame header mode 1

Frame header:

595 symbols Frame body: 3870 symbols

b) Signal frame structure with frame header mode 2

Frame header:

945 symbols Frame body: 3870 symbols

c) Signal frame structure with frame header mode 3

Fig. 1. Frame structure of DTMB system
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Let Hy be the null hypothesis, i.e., a primary user is absent, and H; be
the alternate hypothesis, i.e., DTMB signals presence. Therefore, the hypothesis
testing problem can be written as

:}{1:£Z‘:Qi+ﬂi7 Z':()ala"'aNf]-a (1)
Ho:r, =mn, 1=0,1,...,N —1, (2)

where ¢ denotes one of original three modes PN sequences. N is the number
of received signal frames. r, denotes the received signal vector. n, denotes the
AWGN vector and it is a complex circularly symmetric Gaussian random variable
with distribution CN(0, o21).

The NP detector is in favors of H; if the Likelihood Ratio Test (LRT) exceeds
a threshold, like
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where ¢ is the energy of e¢. T(r) is the test statistic of optimal detector of single-
mode signal.
Thus, under both hypotheses, the distribution of T'(r) is given by

N (0,NoZe/2) under Hy
T(r) ~
N (Ne,NoZe/2) under H;.

Therefore, Pra and Pp can be derived from (8), and shown below,

Pra =Pr{T >3} = Q (@) (9)
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VNo2e/2

where Q is the right-tail probability function of the standard normal distribution.
The new threshold is derived by

o = N2 (). ()

Substituting (11) to (10), we have
2N
Py =Q (Q—l (Pra) — 025) _ (12)

It is known that Ne/o2 is Energy Noise Ratio (ENR) [5]. It presents the ratio
between the whole energy from received signal and the noise power spectrum
density.

3 Multi-mode Signal Detector

In this section, multi-mode detectors are derived from the NP test for AWGN
scenario. The key observations for deducing the multi-mode detector are the
addition and auto-correlation properties of PN sequence. In the DTMB system,
PN255 and PN511 sequences are cyclically extended to sequences of length 420
and 945 for Mode 1 and Mode 3 frames, respectively. Due to reduction of the
analysis and time complexity, only PN255, PN511 and PN595 are utilized for
MLS design.

3.1 Multi-mode Local Sequence Design

PN sequences are quasi-orthogonal, which means

(13)

<i(p)ei(@) 1 p=qandi=
M 0 others,

where M is the length of ¢, ¢;(p), ¢;(q) are different PN sequences from different
modes and with different phases. Based on this observation, three different multi-
mode local sequences with serial, parallel, and mixed structures are introduced
for the DTMB system [11] below.

The structure of Serial Multi-Mode Local Sequence (SMLS) is shown in

Figure 2 and its vector form is represented as

<
Cs = |C2| - (14)
C3
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PN255 PN511 PN595

Fig. 2. Structure of serial multi-mode local Sequence
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Fig. 3. Structure of mix multi-mode local sequence

For ease of notation and calculation, the MLS is divided into different parts.
The structure of Mix Multi-mode Local Sequence (MMLS) is shown in Figure 3,
and its vector form is represented as

€|+ Coq
C = |C31 T Coa - (15)
c3,+0

Similarly, the Parallel Multi-mode Local Sequence (PMLS) is also divided
into parts and shown in Figure 4 and its vector form is represented as

c + Ca1 + C31
Cp = | €9 + C3 o +0], (16)
@3+0

where ¢; and ¢, must be padded with O until the same length as c;.

Since the mount of calculation is proportional to the length of sequence, the
SMLS has the same time complexity as parallel single-mode detectors, which is
not satisfied with the requirement of time complexity and therefore analysis and
simulation of the SMLS detector is left out.

&
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Fig. 4. Structure of parallel multi-mode local sequence
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; 1s still Gaussian variable and T(r) satisfies the
requirement of NP test, which can be utilized for multi-mode signal detection.

Under either hypothesis, r;

3.2 Mix Multi-mode Local Sequence Detector

Under Hy, received signal contains only noise. According to (7), inner product
of MMLS and received signal vector is defined as

Cc “!‘22’1
<£*7§M> = EH C31+Coof - (17)
%2+0

Substituting (17) to (7), test statistic is given as,

N-—1
Tu(n) =Y R(nf'ey)

i=0
1 25191 + ﬂf,llgz,l (18)
= Z e + ﬂ?,zgm +@?,222,2
=0 + ﬂz‘},l323,2 + 2530
Under Hy, we have
E (T (n);3o) =0 (19)
Var (Ty (n) ; Ho) = 1491No2. (20)

The Ty (n) consists of both auto-correlation of single mode PN sequence
and its cross-correlation of other overlapping sequences. In addition, for the
given MMLS, and referencing to (11), the threshold is fixed for different modes
of signal.

Under H;, taking Mode 2 signals as the primary signal, each received signal
consists of noise, a Mode 2 PN sequence and some data from frame body. The
structure of MMLS and received Mode 2 signal is shown in Figure 5. Similarly,
inner product of MMLS and received signal is defined as

H
Cyq T 1y € +6Cy

(r,em) = |Co0+ 1o C31 T Coal - (21)
d—+ ns C39 +0

From (21), test statistic Ty (r) for Mode 2 signal can be derived and defined as

N-—-1
Tu(r) =) R(ri'eu)
=0

1 [92,1 +ﬂ1]H [21 +QQ’1] (22)

R + [92,2 + H2]H [9?,1 "‘92,2]

=0 + [d + QQ]H [2372 + 0]
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Therefore, we have
E (Ty (1) ; H1) = 660N. (23)

The mean value of Ty (r) consists of the real part of auto-correlation of
PN595 and its correlation value with PN255 and part of PN511. By the similar
deviation, we have

Var (Ty () ; Ho) = 1491N 02 + 353550N. (24)

Note that multi-mode detectors work in a very low Signal Noise Ratio (SNR)
scenario, where energy of signal is much lower than o2, which means that the
variance of test statistic under H; can be estimate by its variance under H.

Finally, distributions of test statistic T (r) for two hypotheses are shown
below.

N (0,1491No2e under H
T r) ~ { ( ) : 29

N (660N, 1491No2e) under H;.

3.3 Parallel Multi-mode Local Sequence Detector

Under Hy, each received signal contains only noise. According to (7), inner
product of PMLS and received signal vector is defined as

- c C31 Co1

(r*,cp) =n [01} +|C32| T [C22] |- (26)
0 Co3

By the similar deviation, we have

E(Tp (n);3o) =0 (27)
Var (Tp (n) ; Hy) = 1440No?2. (28)
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Fig. 5. Mix multi-mode local sequence and received DTMB Mode 2 signal, where each
received signal consists of three parts, PN595, data frame and noise, which is divide
into three vectors.
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Likewise, the variance of Tp (n) consists of both auto-correlation of PN595
and its cross-correlation of overlapping sequences from PN255 and PN511. In
addition, the threshold for PMLS is also unique, which leads to a fix threshold
for different modes of signal.

Under hypothesis H;, taking Mode 2 signal as primary signal. Similarly, inner
product of PMLS and received signal is defined as

H
Cy T 1y c €31 Co1
* _ =1
(r*,cp) = |Cop+ 1y + |c32| + |C22] |- (29)
Co3 + ng 0 Co3

Substituting (29) to (7), test statistic Tp (r) for Mode 2 signal is shown as

N-—-1
Tp (r) = > R (ri'cp)
1=0

N_1 [22,1 + ﬂl} " [91 +Cyq + 93,1] (30)

H
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By the similar derivation, we have

E (Tp (ﬂ) ;g‘f1) = 630N (31)
Var (Tp (r) ; H1) = 1440N o2 + 350150N. (32)

Finally, with the same estimation of variance above under H, the distribu-
tions of test statistic Tp () for two hypotheses are shown below.
N (0,1440No2e under H
Tp (r) ~ ( ) ) 0 (33)
N (630N, 1440No2e) under H;.

4 Simulation Results

To show the overall performance of previously introduced algorithms, signal
sensitivity comparisons between multi-mode detectors and single-mode detectors
are given via Monte Carlo simulations. Simulation parameters are showed in
Table 1.

The Receiver Operating Characteristic (ROC) curve for DTMB Mode 1 sig-
nal is shown in Figure 6, which indicates that the signal sensitivity of both
MMLS and PMLS detectors is close but still worse that of signal-mode detector.
The reason of such degradations could owing to the quasi-orthogonal property
of the PN sequence with finite length. It will results in the decrease of ENR.

The signal sensitivity in terms of probability of detection over SNR is depicted
in Figure 7 and Figure 8. For DTMB Mode 2 signals, taking 20 signal frames,
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Table 1. Simulation parameters

Parameter Value

Signal mode PN255, PN511, PN595
Number of received frames 20

Target probability of false-alarm 10%

Propagation channel AWGN

the single-mode detector can achieve the signal sensitivity in term of SNR as
low as —35.43 dB and Pyp = 10%. In the same situation, MMLS and PMLS
detectors are capable of —32.67 dB and —31.81 dB, respectively. For DTMB
Mode 1 signals, taking the same number of received frames, a sensitivity of
—32.09 dB, —22.09 dB and —19.09 dB can be reached by single-mode detector,
MMLS and PMLS detectors, respectively when Pyp = 10%. The sensing time
of 20 frames takes approximately 11 ms, which is much less than the predefined
20 ms. Therefore the sensing performance of both multi-mode detectors can
satisfy the predefined sensitivity requirements of the DTMB system.

All the figures show that the MMLS detector has slight better sensing per-
formance than PMLS detector. The reason is that the MMLS has larger ENR
under H;. According to the discussion in Section 2, the ENR is proportional to
the ratio of mean value and variance of test statistic. For Mode 2 signal, from
distributions given in (25) and (33), we can find that the ratio of MMLS is 0.442
that is larger than 0.4375 of PMLS.
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Fig. 6. ROC curves of single-mode detector, MMLS detector and PMLS detector for
DTMB Mode 1 signal when SNR = —34 dB.
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Fig. 7. Sensing performance of DTMB Mode 2 Signal when N = 20, Pra = 10%.

Comparing with other modes of primary signals, MLS detectors suffer more
performance degradation from receiving Mode 1 signal. The reason is that with
the same number of received frames, the ENR of PN255 is lower than that of
PN595 and PN511. Therefore Mode 1 signal is easier susceptible to the quasi-
orthogonality of PN sequence.

Probability of Miss Detection, PMD
S

—H&— Parallel Multi-mode Sequence
—&— Mix Multi-mode Sequence
—&— Single-mode Detector

-4 i i i

-60 -50 -40 30 -20 -10
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Fig. 8. Sensing performance of DTMB Mode 1 Signal when N = 20, Pra = 10%.
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5 Conclusion

In this paper, we have proposed two MLS detectors and their theoretical models
for the DTMB multi-mode signal detection. The single-mode detector, which
is derived from NP test, for the DTMB system was presented and thoroughly
studied. The sensing performance of single-mode detector is the upper bound,
which can be the benchmark for other detectors. The MLS multi-mode signal
detectors, which are also based on Neyman-Pearson test, were fully investigated
by quantitative analyses. The sensing performance was obtained through Monte
Carlo simulations. Both simulation and theoretical analyses showed that MMLS
and PMLS detectors can achieve the multi-mode signal detection. Due to the
quasi-orthogonality of PN sequence, a tolerable performance loss of multi-mode
detectors is not unavoidable.
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