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ABSTRACT

ADVANCED CLASSIFICATION OF OFDM AND MIMO SIGNALS WITH
ENHANCED SECOND ORDER CYCLOSTATIONARITY DETECTION

by
Miao Shi

With the emergence of cognitive radio and the introduction of new modulation techniques
such as OFDM and MIMO, the problem of Modulation Classification (MC) becomes more
challenging and complicated. In the first part of the thesis, we explore the automatic
modulation classification to blindly distinguish OFDM from single carrier signals. We
use the fourth order cumulants; an approach which in the past has been also applied to
classify single carrier signals. A blind OFDM parameter estimation scheme was then
followed, which includes the estimation of number of subcarriers, CP length, timing and
frequency offset and the oversampling factor for the OFDM signal. For the second part
of the thesis, we improve the statistical signal processing techniques that were used in
the first part. Particularly, the second order cyclostationarity based methods have been
examined and improved. Based on the fact that most of the cyclostationary communication
signals has a real cyclostationary part and a complex non-cyclostaionary part, we suggest an
approach that enhance the second order cyclostationarity and hence increase its probability
of detection. Using such improved second-order cyclostationarity, we present an improved
synchronization method based on second order cyclostationarity. With the proposed approa-
ch, it is shown that the timing estimator, is independent of the frequency offset estimator,
and therefore performs better than the previously proposed class of blind synchronization
methods. To negate the dependence of the blind synchronization scheme on the prior
knowledge of the raised cosine pulse shaping filters, we proposed a blind roll-off factor
estimator based on the second order cyclostationarity. Last, we address the MIMO classifica-
tion problem, wherein we estimate the number of transmitting antennas. Here the second

order cyclostationarity test has been applied in distinguishing STC from BLAST modulation.
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Part1

OFDM MODULATION CLASSIFICATION AND BLIND ESTIMATION




CHAPTER 1

INTRODUCTION

Through years, automatic modulation classification (AMC) has been applied in many milit-
ary applications. A lot of work has been done on AMC in literatures and in practice. With
the introduction of cognitive radio concept, software defined radios, AMC became not only
limited to military applications, as more civilian applications demanded blind modulation
identification as a first step. Furthermore, with the need of high spectral efficiency and
better performance in dispersive environment, Orthogonal Frequency Division Multiplexing
(OFDM) systems and Multiple Input Multiple Output (MIMO) space systems were introdu-
ced and applied in various areas. Thus the task of AMC has become more complicated
with the emergence of these new modulation techniques. New scenario introduce many
new challenges for the design of AMC algorithms.

In our research, we concentrate on OFDM modulation classification and blind OFDM
system parameters estimation methods. The goal of the OFDM classification and estimation
includes distinguishing OFDM modulation from single carrier modulation and OFDM
system parameters extraction, such as the number of subcarriers, the CP length as well
as the timing and frequency offset in OFDM systems.

Several methods have been proposed for the OFDM signal modulation classification.
One class of methods are based on the feature of the cyclic prefix (CP) of OFDM signal.
Due to the introduction of CP, OFDM signal becomes cyclostationary [1]. A simple
correlation test can find a correlation peak by which one can distinguish OFDM signal from
single carrier signal [2]- [3]. Punchihewa, et al. [2] distinguished OFDM from the single
carrier modulation signals by considering CP as a feature of the OFDM signal, which can
introduce cyclostationarity. However, this method will fail when the single carrier is block
coded (SC-BC) since the later also contains a CP and will depict cyclostationarity the same

as the OFDM signal. Yiicek and el. [3] proposed a likelihood based methods that also
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uses CP as a feature of the OFDM signal. This will also fail in case of SC-BC signal.
Furthermore, since most of the commercial signals has inherent cyclostationarity due to
the training sequence, then in case of noisy environments, this cyclostationarity may be
mistaken for the CP-induced cyclostationarity in OFDM signal.

Another class of methods are based on the asymptotic Gaussianity of the OFDM
signal. In [4], [5], Li H,, et al. suggest to compare the EDF (Empirical Distribution
Function) of the received signal to Gaussian distribution. The received signal is declared
to be OFDM signal if its EDF is close enough to the Gaussian distribution within a given
threshold. Due to the weakly convergence of EDF of OFDM signal to Gaussian distribution,
this method proved to have poor performance in high SNR scenarios. Akmouche [6]
proposed to use the fourth order cumulants to recognize OFDM signal. However, in
approximating the OFDM signal as Gaussian, the method also face the same problem as
Li H’s method in high SNR scenarios. Furthermore, this method is very complicated
compared other methods (require O(M®) computation, where M is the observed number
of data sample).

We also had explored the CP feature based method using a simple correlation test.
Then, a fourth order cumulants method was proposed. Although we use the same feature
as Akmouche’s paper, our work is inspired by Swami’s approach [7] for single carrier
classification, is more simple than [6] (with only O(M) computation). Instead of setting
threshold based on the asymptotic Gaussian property of the OFDM signal, we set the
threshold simply as the center of the cumulants average of the OFDM and single carrier
signals. It is also proved that the difference between OFDM signal and Gaussian signal is
not large enough to deteriorate the performance in high SNR scenarios.

Standard notation is used throughout the thesis. F [-] denotes expectation. Re (-) and
Im (-} are the real and imaginary operator. Superscripts (), (T'), and (H) represents the
complex conjugate of a scalar, the transpose and the Hermitian of a matrix, respectively.

|-] denotes the nearest integer function. arg denotes the unwrapped phase. arg denotes

the unwrapped phase. Column vectors are denoted using bold characters. Matrices are




denoted using upper case bold characters. I, and Z represents the set of integers and
complex numbers respectively. 0 represents the zero matrix.

The organization of the thesis is as follows:

The first part "OFDM modulation classification and blind estimation” includes four
chapters.

Chapter 1 briefly introduces the OFDM modulation classification problem.

Chapter 2 presents the OFDM modulation classification method by using the CP
feature.

Chapter 3 introduces the OFDM modulation classification method based on the fourth
order cumulants.

Chapter 4 proposes the first version of the blind estimation scheme for OFDM system
parameters.

The second part ”Second order Cyclostationarity analysis and applications” has three
chapters.

Chapter 5 presents the simple method to enhance the detection of the second order
cyclostationarity.

In Chapter 6, after revisiting the previous proposed joint timing and frequency offset
estimation based on the second order cyclostationarity, we propose a new scheme where
the timing estimator is independent of the frequency estimator.

Chapter 7 presents a new method to estimate the raised cosine pulse shaping by using
the second order cyclostationarity. Specifically, the roll-off factor of the raised cosine pulse
shaping filter is estimated using the delay ”0” second order cyclostationarity.

Last part "MIMO classification” has one chapter.

Chapter 8 presents a scheme for distinguishing the STC signal from BLAST signal.



CHAPTER 2

CP BASED OFDM SIGNAL CLASSIFICATION METHODS

2.1 Frame structure (preamble based and CP based)

Conventionally in practice, there are two kinds of frame structure. One frame structure is
called preamble based frame structure, wherein a known preambles are appended at the
front of each unknown data block (or in the middle, termed, midamble). These preambles
are usually correlated with each other (or most likely (in practice), they are the same.). Such
preambles, that use repeated patterns can generate multiple periodic correlation peaks.

Another frame structure uses CP as in OFDM or in single carrier block coded (SC-
BC) system. The correlation introduced here is only over the CP length. It is limited to one
OFDM symbol or single carrier block coded signal. Therefore, in this case, the correlation
test will give rise to one peak whose index corresponds to the number of sub-carriers (in
OFDM) or the length of the data part (in SC-BC), multiplied by the over-sampling factor.

Frequently in commercial systems, both frame structure are used. For example, in
IEEE 802.11a [8], 802.16g [9], and ETSI system [10], there are preambles for each large
OFDM frame, and, a CP for each OFDM symbol.

2.2 Conventional single carrier system and CP based block modulation
In the second and third generation wireless systems, GSM and CDMA systems have been
used. Both are single carrier systems. The frame is that of preamble based structure. For
example, in GSM systems, a TDMA frame of 4.615 ms contains 8 time slots, each includes
around 16% training bits. For TD-CDMA system, each frame of 10ms contains 10 time
slots and each slot includes around 17% training bits in the middle.

In the OFDM systems and the SC-BC systems, both CP and preambles have been
applied. For example, in IEEE 802.16, each OFDM frame (burst) has two OFDM symbols

at the front of the frame (burst) used as preambles. Besides, each OFDM symbol has a CP
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appended at the front to combat ISI. The length of CP can be from 1/32 to 1/4 of the data
part of the OFDM symbol. In the single carrier block systems (3GPP LTE uplink) [11], the

similar frame structure as OFDM is used.

2.3 Scheme for using CP to distinguish between CP based block modulation from
regular single carrier system
We propose to use CP as a feature to distinguish CP based block modulation, which
includes both OFDM and SC-BC system from the regular single carrier system. According
to a paper by the authors [12] on OFDM blind estimation, the correlation test can serve
well for the detection [12].

A flowchart of the scheme is shown as in Fig. 2.1.

2.4 Threshold set up
As shown in the flowchart of the scheme, we need to set up the threshold to decide whether
correlation peaks indicate that the signal contains CP. When the threshold is sufficiently low
and the preambles are in a large percent of the data block, then a regular single carrier signal
will also generate multiple peaks above the threshold. That is why we need another step
to check whether the peaks we got is in multiples. For the CP based modulation schemes,
there is only one CP generated peak in the correlation test.
Consider the correlation test as given by

R(r) = Re {-A1—4 S s () +w ()] [s(n—7) +w (n - T)]*} @1

n=0

s(n) is the transmitted signal with variance o2 and w(n) is the noise at the receiver with
variance 2. M is the length of the observed data samples. Re[.] represents the real part
operator. The above equation becomes power of the signal when 7 = 0.

When 7 # 0, when there are no correlation peaks, the correlation R(7) is a Gaussian

distributed random signal with zero mean, because in such case, s(n) and s(n — 7) is not







correlated with each other.( £ [s(n)s*(n — 7)] = 0, while the expectation of the cross term

of signal and noise,

E[s(n)w*(n—71)]=Ewn)s*(n—7)] =0

The expectation of the noise correlation term,

E [w(n)w*(n — 7)] = 0 whent # 0.)

On the other hand, at the correlation peaks, when 7 equals to the length of the data
part of the OFDM or SC-BC modulated signal, s(n) and s(n — 7) is the copy of each other
due to the adding of the CP.

For another case, when 7 is equal to the length of the time slot, when n corresponds
to the times where the training symbols located, s(n) and s(n — 7) is equal to each other.
Hence, E [s(n)s*(n — 7)] # 0. The correlation R(7) is a Gaussian distributed signal with
nonzero mean.

This is a simple detection problem. Denote Hypothesis 1 as R(7) has a peak generated
by the CP; Hypothesis 0 as R(7) does not have a correlation peak. To set up the threshold,
we need to find out the mean value of the magnitude of R(7) when 7 corresponds to the
length of the data part (of the OFDM or SC-BC signal). Also, we need to find out the

variance of different hypotheses.

2.4.1 Mean value

The following equations give the mean values of R(7) = E [R(7)] with different delay 7.
Let Ty represents the length of the data part of the OFDM or SC-BC signal (which equals
Ng, where N is the number of subcarriers, g is the oversampling factor). G is the length

of CP. T, represents the length of the time slot ' (which equals Lg). L is the length of

A frame contains many time slots. Generally, each time slot contains data part, training symbols
part, and the synchronization part.



the burst or time slot. Denote « as a fractional number which depends on the portion of
the preambles in the data time slot. For example, in IEEE 802.16 [9], theré are 2 OFDM
symbols appended as preambles in front of each OFDM burst . Hence, o depends on
the number of OFDM data symbols in each burst. For the regular single carrier signal, o
depends on the portion of the training bits in each time slot. Note that we do not have the

prior knowledge of N, G, and «.

R(r) = E[R(0)] = (o2 +07) 2.2)

{nmod|(N+G)q]}=G—1

{n mod[(N+G)q]}=0

{nmod Lg}=aLg-1
R(T,)=ERT)=E|— >  |sn)| ~ao 2.4)

8
{nmod L}=0
As shown above the mean value depends on many parameters. To eliminate the effect

of the signal power o2, we normalize the mean value by the correlation at delay 0, R(0).

Thus the mean value of the normalized correlation peak R(7) will become

G 03 G SNR
E[Rnor(TN)]— N+GO’§+0'121, B N+G14+5NR

2.5)

where E [Rpo-(T)] is the normalized mean value of R(T). SNR is the signal to noise
ratio.

It can be seen from equation (2.5), that the normalized mean value E [R,0r(Tn)]
depends on SNR, the length of CP and the number of subcarriers. At high SNR scenarios,
the second term at the RHS of equation (2.5) can be approximated by 1. Here, to simplify

G

the detection process, we can instead take 57 as 1/33 due to the fact that in most of the

current OFDM systems, the CP length is 1/32 to 1/4 of the length of data part [8]- [10].

2Each OFDM frame may contain one or a few OFDM bursts, while each burst contains one or many
OFDM symbols.
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Figure 2.2 Pdfs for the detection problem.

2.4.2 Variance

The variance of R(7) under the two hypotheses are given by

1 N
Var [R(Ty)] ~ i (N n Gaﬁ + 20202 + oﬁ,)

1
Var [R(t # Ty)| = Wi (03 + 20*303, + Jﬁ)) 2.7

According to the above equations, the variances of R(7) under the two hypotheses
are different from each other. (Note that we ignore the case when 7 = T}, for simplicity.)
The variance of R(Ty) is less than that of R(7 # Tw). The difference is very little when

the CP length is small which result in NLW close to 1.

2.4.3 Threshold

Based on the above derivation, we set up the threshold + at the intersection of the two
pdf for the Gaussian distribution of the two hypothesis according to their means value and
variances. Using 0} = Var [R(t # Ty)), 05 = Var [R(Ty)] and m = E [R(Ty)] (The
mean value E [R{r # Ty )] = 0). We have (see Fig. 2.2)

1 04 1 v
—exp|—== | =—exp| —=5
o1 P 203 op} P 202



which leads to:

(0'% — ag) v — 207my + (U%m2 + 0703 1n Z—j) =0

From the above equation, one can find that the threshold according to the above mean

value and variances is given by

2 4,2 2 _ 2 202 2.2 2%
alm—!—\/alm (62 —d?) (alm 010211102)

’7/:
i - 03

2.8)

Apparently, the above threshold is complicated and contains a lot of parameters
which is hard to get for our detection problem. Therefore, in practice, we may set the
threshold as v = . As shown from Fig. 2.2, the less the CP length, the closer the two
variances, and the two pdf will be alike to each other and the threshold +' is approaching
the true threshold ~.

Alternatively, we can also set the threshold according to a given false alarm probability

of the pdf of hypothesis 0 using the cdf table of the Gaussian distributed pdf.

2.5 Example of possible correlation from different systems
In this section, we list some examples of the possible correlation pattern from different
systems. The observed time duration is 0.12 ms. *
According to IEEE 802.11a, we set the OFDM symbol duration as 4us. The CP is
1/4 of the length of the data part of the OFDM symbol. Each frame contains 10 bursts and
each burst contains a preamble of 2 OFDM symbols. SNR=0dB. We average 100 runs to

get the correlation pattern. The normalized timing correlation is given below.

3Note here, different from Hong Li’s simulation set up [5], we use the same observed time duration
instead of the same number of symbols for the detection. This is more reasonable because in
practical detection process, we collect certain time duration of the sampled data. That means, for
the regular single carrier signals, which tend to have larger time frame than the OFDM signals, we
actually collect less data symbols than for OFDM signal. While on the other hand, for the OFDM
signal, for example in IEEE 802.11 [8], its symbol time duration is only 4, we may collect much
more OFDM symbols. Therefore, it is not appropriate to use the same number of symbols for the
detection problem.












2.7 Effect of timing offset and frequency offset

The timing offset does not affect our correlation test because we are summing over all the
samples in the observed window.

The frequency offset will affect the previous method due to the fact that the mean

of R (T) becomes complex instead of real number. The previous correlation test in (2.1)

only takes the real part and thus frequency offset will result in performance loss. Therefore,

we suggest to change the correlation test as follows:

= {7\13 i [s (n) +w (n)] [s(n—¢>+w<n—7>l*}

2

(2.9)

With the frequency offset, the correlation at zero delays becomes

2

E[R(0)] {M Z n)exp (—j2men) +w (n)] [s(n)exp (—j2men) + w (n)] }
2.10)
:af—I-Gﬁ,—{— 2M+10 aﬁ~a§+aﬁ,+20?ai
and at Tly;
2
1 M-1 .
y =) o |1s(n)exp(—j2men) + w(t
ER(Ty)] = E 3 2o [5(n) exp(—j2men) + w(t)] o1
[s(n —Tn)exp[—jg2me (n — Tn)] + w (n — Tn)|"
o G : ot
T A\N+G) *
The normalized mean value E [Ror (Tiv)] can be approximated as
(55)" ot ¢ ([ SNR \?
E [Ruor (Tn)] = NG/ ¢ = .
[Reer (T)] ot +04+20202 (N +G)° <1+5’NR> 212)

The pdf of the two hypothesis are chi-squared distributed instead of Gaussian because

R (7) is the modular square of two Gaussian distributed signal. It is more complicated than

E [’Rnar (TN)]
2

the previous case. To simplify the problem, we still set the threshold as ( The

mean value F |R. [ nor (TN)] is given in equation (2.12)).















CHAPTER 3

FOURTH ORDER CUMULANTS BASED OFDM SIGNAL CLASSIFICATION

In this Chapter, we propose to use the fourth order cumulants to distinguish OFDM from
single carrier signals.

We first show analytically that the value of Cyo(N) and Cya(N) as a function of
the number of subcarriers "N of the OFDM signal and its SNR. We use these values
as estimates of these functions, together with the estimates of the cumulants for different
single carrier modulated signals as they were given in the literature [7] including SC-BC or
by experiments we performed, as for others.

From all set of values we create thresholds detectors that compare the estimates of
different groups using either one cumulant or both depending on the assumed environments
which include timing offset, phase rotation, frequency offset of the received signals, and
pulse shaping. To show robustness we use the variance of these cumulants.

Finally, in the Chapter, we use Monte Carlo simulations under different scenarios to

examine the probability of distinguishing OFDM from different single carrier signals.

3.1 Signal Model and fourth order cumulants

The fourth-order cumulants can be defined as

Cyo = cum (r (m),r (m),r (m),r(m)) (3.1)
Ca1 = cumn (r (m),r (m),r (m),r* (m)) (3.2)
Cyo = cum (r (m),r (m),r* (m),r* (m)) (3.3)

20
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where r (m) is the received sample sequence. For the zero-mean modulated signal, cum

can be written as

cum (wzyz) = E (wzyz) — E (wz) E (yz) (3.4)

— E(wy) E (zz) — (wz) E (zy)

The cumulants can be estimated from the sample estimates which are given by [7]

A 1 M-1 R
Cio =7 Z r* (m) — 3Ca, (3.5)
m=0
1 M-1 o
C41 = ]—w— 7"3 (m) ’/’* (m) - 3620021 (36)
m=0
) 1 M-1 . 2 s
Ca= 37 X I (m)l - [Cao) — 23, 37

1 M-1
5 2
S 8
Cor M 2 |7 (m)| (3.8)
1 M-1
5 - -2
Czo = M mzo’l" (m) (39)

Apparently, Cy1 measure the average power of the received signal. In practice, we

estimate the normalized cumulants [7]

Cax = Cur/CE, (3.10)

In the case of noisy data, 621 must be replaced by CAQl — C}Lw, where C}Lw is an

estimate of the variance of the additive noise w (m).
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In the following, we will use (f40 and é42 for the detection problem. In Table 3.1,
the theoretical values are obtained by computing the expectation of the signal in noise-free

scenarios, under the constraint of unit energy [7].

Table 3.1 The theoretical cumulant statistics Cyq and Cyy for various constellation types.

constellation | Cyp | Cha

BPSK 2 | 2
QPSK 1 -1
8PSK 0 | -1

QAMI16 | -0.68 | -0.68

QAM64 -0.62 | -0.62

CIRC16 -1.36 | -0.30

OFDM 0 0

We start by comparing cumulants of OFDM with that of Gaussian distributed signal.
Using simulation with 50 OFDM symbols, 64 subcarriers, and 16 CP length, we have
6’40 = —0.009 — 50.005 and CA’42 = (.018. When the number of subcarriers changed
to 256, CP length is 16, Cyp = —0.004 — 50.002 and Cyy = 0.005. With complex
Gaussian distributed signal generated by MATLAB, for the same length of the observed
sequence, Cyg = —0.002 + 50.001 and Cyy = 0.002. This shows that, the difference
between cumulants of OFDM signal and the Gaussian distributed signal is small compared

to the difference in cumulants among OFDM and other SC signals.

3.2 Cases with timing, frequency offset, phase rotation and pulse shaping filtering
3.2.1 Effect of timing offset, phase rotation, and frequency offset
The timing offset does not affect the cumulants based detection scheme because we are

summing over all the samples in the observed window.
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From its definition, é42 is a combination of the absolute values of different terms,
hence it is real. Also one can show [7] that Cyyy will have a complex multiplier exp (j4¢),
where ¢ is a phase rotation of the signal. Therefore phase rotation will not affect lC}OI and
Cas.

The effect of the frequency offset has not been thoroughly discussed in [7] !. In this
report, we consider the case when the frequency offset which is caused by the mismatch of
the oscillator at receiver and the transmitter is considerably large. For example, when the
frequency offset is € = 0.3 x 27 per sample (radial frequency), we have Cyo and Cyo given

in Table 3.2. This value is the same for any frequency offset except 7 or 7.

Table 3.2 The theoretical cumulant statistics Cyg and Cyp for various constellation types
with frequency offset 0.3 x 2.

constellation | Cyg | Cho

BPSK 0 -1

QPSK 0| -1

8PSK 0 | -1

QAMI6 | 0 |-0.68

QAMO64 0 |-0.62

CIRC16 0 |-0.30

OFDM 0 0

With frequency offset, we notice from Table 3.2 that in comparison to Table 3.1,
Cl4o becomes zeros for all constellation, while Cy; stays the same except for BPSK. That
is, frequency offset eliminates the difference in Cyg between different constellation, and
hence it can not be used to distinguish different SC signals. Instead here we can use Cy t0
distinguish OFDM from other SC constellations. Note however that the difference in Cy

between OFDM and Circ16 is the smallest.

'Swami conducted simulations to test the effect of a very small frequency offset.
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On the other hand without frequency offset (Table 3.1), we may use Cly to distinguish
MPSK(M > 4) signals or OFDM from other signal and then use Cj, to distinguish between
OFDM and MPSK(M > 4) signals.

3.2.2 Effect of pulse shaping
In practice, pulse shaping filters specifically, raised cosine are applied. This will result in
change in the phase and magnitudes of the signal samples, and thus change the values of
the cumulants.

For the case where no phase rotation but frequency offset are present, we present in
Table 3.3 the simulated cumulant statistics with different roll-off factors. Due to using the
simulated cumulant statistics, instead of theoretical values, the value of the cumulants for

different roll-off factors are different for Table 3.1 and Table 3.2.

Table 3.3 The simulated cumulant statistics C'40 and C‘42 for various constellation types
with various roll-off factors with no rotation or frequency offset (number of samples=4000).

roll-off =0 roll off = 0.5 rolloff =1

constellation C’40 6'42 6’40 6’42 040 CA'42

BPSK —1.38 | —1.38 | —1.69 | —1.69 | —1.74 | —1.74
QPSK —-0.69 | —0.69 | —0.93 | —0.82 | —1.18 | —=0.77
8PSK 0 —0.69 0 —0.82 0 -0.77

QAM64 —0.43 | —0.43 | —0.57 | —0.47 | —=0.73 | —0.32

CIRC16 —-094 | -020 | -1.26 | —=0.17 | —-1.60 | 0.06

OFDM 0 —0.01 0 0.08 0 0.39

QAM16 —0.47 | =047 | —0.63 | —0.52 | —=0.80 | —0.39
A simple way to distinguish OFDM signal from the other signals is to employ the

sum of 6'40 and 0’42. Without prior information of the roll-off factor, one use to define
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the threshold, the sum, (:*40 + (3’42, of that constellation and that roll-off factor, which is
closest to that of OFDM at all roll-off (lower bound). From Table 3.3 this corresponds
to 8PSK signal with roll-off factor 0, which equals to —0.69. Other single carrier signal
has values even less than -0.69. For that roll-off, the value of 6’40 4+ C’42 for the OFDM
signal with roll-off 0 is —0.01. Therefore, according to the detection theory, we should set
the threshold as a half of the distance between C’4o + 042 of 8PSK and OFDM ?, which is
(—0.69 + 0.01) /2 = —0.34. Therefore, when Cuo + Crp > —0.34, we declare the signal
is OFDM. Otherwise, it is SC.

If frequency offset exist, we notice from Table 3.2 that only the value of 6’42 is non-
zero which can be used for our detection. Without prior knowledge of the roll-off factors,
we notice from Table 3.4 that when the roll-off factor is 1, Circ16 signals have Cys equals
to 0.06, which is already larger than that of OFDM signal with roll-off 0 (—0.01). Hence, it
is impossible to distinguish between Circ16 and OFDM signals for such case by using Cya.

Restricting the roll-off factor to no larger than 0.5 (which is almost true for most
of the practical system), then according to Table 3.4, and using Cys alone, the closest
case happens for distinguishing between Circ16 signal with roll-off factor 0.5 and OFDM
signals with roll-off 0.

Therefore, for this case to distinguish OFDM signal from Circ16 signal, we can set
the threshold as (—0.17 + 0.01)/2 = —0.08. "—0.17” corresponds to the sum of Cy and
Cy, for Circl16 signal with roll-off 0.5. 3 While ”—0.01” is the value of Cyy + Cyy for
OFDM signal with roll-off 0. Hence, when Cyo + Cyp > (—0.17 4-0.01) /2 = —0.08, we
declare the signal is OFDM. Otherwise, it is SC, including Circ16.

2This is the asymptotic threshold since we assume the sample variance for different signal
constellations are the same [7].

3Similar to the case without frequency offset, Cio + Cya is used. Actually, only Cyo is non-zero.
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Table 3.4 The simulated cumulant statistics 6'40 and 6’42 for various constellation types
with various roll-off factors with frequency offset € = 0.3 x 27 (number of samples=4000).

rolloff =0 | rolloff =0.5 | rolloff =1

constellation 040 CA'42 CA'40 042 é40 042

BPSK 0 |-038; 0 |07 0 |~-0.74

QPSK 0 |—-069| 0 | -082| 0 | -0.77

8PSK 0 |-069| 0 | -082] 0 | =077

QAM16 0 |-047 0 | =052 | 0 | —0.39

QAMO64 0 |-043| 0 | -047| 0 | —-0.32

CIRC16 0 {-020| 0 | -017] O 0.06

OFDM 0 |-001| O 0.08 0 0.39

3.3 The mean and variance analysis
For the evaluation of the mean and variance of 040 and 6’42 we start by calculating the real

value of Cyg and Cjyy for an OFDM symbol which given by

N-1
7"(77'):—\/1?2)%67_2? ,0<n<N-1 3.11)
k=0

where N is the number of subcarriers. X, are the data symbols drawing from some

constellation. in the following analysis we restrict X}, to be BPSK symbols.

3.3.1 Calculated values of C,; and C,, of OFDM signal

Value of Cyo(N) According to (3.4) we can write Cyo(n, N) as

Cw(n,N) = E{r*(n)} — 3E{r*(n)}* (3.12)
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It can easily shown that

E{r*(n)} = (3.13)
0 ,ow
while
.
3-2 n=07%
4 —
E{r*(n)} = -2 p=430 (3.14)

. 0 , 0.W

“h -0y
Cyo(n,N) = (3.15)
0 ,ow
Averaging over the OFDM symbol (0 <n < N — 1) we get
4 2 8
== () === 3.16
Cao(NV) N ( N) N (3.16)

Value of Cy3(N) Following the same steps for Cyz(n, N) it can be shown that

Car(n,N) = E{[r(n)|*} — |E{r*(n)}|" = 2E{|r(n)]*}* = (3.17)

Zjo

Thus, after averaging we get

Cyu(N) = — (3.18)

2
N
3.3.2 Mean and Variance of 040 and C’42 of OFDM signals
By its definition (given by (3.5) and (3.7)) Cyo and Cyy are sample estimates. Sample

estimate is known to be an unbiased estimator hence the mean values of Cyy and Cy, are
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given by (3.16) and (3.18) respectively. In [7] the variances of Cyo and Cyy were derived

for general signals and are given by

M -var[Cy) = mes — |maol?, (3.19)

and for Cyy in (3.7) calculate estimated Cs; term complicates the variance calculation which

is approximated by

M . U&T[C’Q] ~ [m84 — miz] + 4m21[3m42m21 — 2m63 + ngl] (320)
where M is the number of samples and my,,, = E[y* ™ (y)*"] is the mean of Cy ,,,. An
asymptotical approach is used to ease the derivation of this term. By assuming that the

number of subcarriers N is large we omitted all terms that are O(1/N¢?) for d > 0, i.e.

consider only terms that are O(1). Using combinatorics reasoning it is easy to show that

mgs = 24 (3.21)

and following the same steps it can be shown that

Mes = 6 (3.22)
Similarly, we have
Mgy =~ 0
Myy =~ 2 (3.23)
Moy = 1

Putting it all together we conclude that

var[Cyo) = 24/M
- (3.24)
var[Cyl =~ 4/M
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We can conclude that the mean values of Cyy and Cys, are indeed goes to zero for large
N as expected from an OFDM symbol which is approximated as Gaussian. The variance

is shown not to vary substantially with V.

3.4 Simulation
Monte Carlo simulations were conducted to test the performance of the above scheme under
different scenarios. The length of the observed symbols was 4000 for single carrier signals.
For OFDM signals, there were 50 OFDM symbols, each with 64 subcarriers and CP length
16, resulting in 4000 observed data samples for detection. For SC-BC signals, there were
50 SC-BC symbols, each with data block length 64 and CP length 16, also resulting in 4000
observed data samples for detection.

First, we assume that neither frequency offset nor pulse shaping is used (referring to
Table 3.1). We first use Clyg to successfully distinguish the other modulation types from
OFDM or8PSK signal (since only OFDM and 8PSK signal have a zero CA’40). then we use
Cys to distinguish OFDM from 8PSK signal. According to Table 3.1, we set the threshold
as —0.5. When 6’42 > —0.5, we declare the signal is OFDM. Otherwise, it is 8PSK
signal. OFDM and 8PSK, 8PSK SC-BC signal are transmitted respectively, each of which
implementing Monte Carlo simulation experiments of 1000 runs resulting in Probability of
detection as in Fig.3.1.

Second, assuming that a frequency offset of 0.3 x 27 (per sample, normalized to the
sampling frequency at the receiver) is used. Then from Table 3.2, we can only use the
nonzero Cys, and a threshold of (—0.3 —0)/2 = —0.15. When Cu > —0.15, we declare
the signal is OFDM. Otherwise, it is SC signal. With a Monte Carlo of 1000 runs, the
probability of detection is given in Fig.3.2. As it is shown, the detection of the SC-BC
signals has the similar performance as SC signals.

Third, assuming that a frequency offset of 0.3 x 27 (per sample) and raised cosine

pulse shaping with roll-off factor of 0.25 is used. Without prior knowledge of the roll-
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equal to 7 or 7, the constellation of the signals form several circle which corresponds to
the constellation of several MPSK(M > 4) signals with different magnitudes (as shown in

Fig. 3.5), and hence, the cumulant Cj is zero.

3.6 Proof that C);, of SC constellations with frequency offset stays the same
From its definition, 642 is a combination of the absolute values of different terms, hence it
is real. According to Swami’s paper, Cyy = —1 for MPSK(M > 2). In such cases, when
the frequency offset is present, since the signal sample’s absolute value does not change,
the cumulant Cy, stays the same, i.e, Cyp = —1.

For BPSK signals, when the normalized frequency offset equals to 7, the constellation
will not change, i.e, Cyo = —2 as in Table 3.1. For other frequency offset, the constellation
of the BPSK signals changes to that of MPSK(M > 2) signals, for which Cy; = —1 (see
Table 3.2 for BPSK).

For other signal constellations (QAM or Circ), we can regard the signals as MPSK(M >
2) with multi-level magnitude, therefore, the constellation of the signals with frequency
offset will form several circle which corresponds to the constellation of several MPSK(M >
4) signals with different magnitudes. Hence, the cumulant Cy, stays the same as in Table

3.1

3.7 Summation and discussion
It is shown from above sections, the fourth cumulant based AMC we proposed for OFDM
system has several limitations.

First, the threshold is subject to the pool of AMC candidates. For example, when
Circ16 signal is not present, in the worst case (Table 3.4), the threshold can be set —0.32 +
0.01/2 = —0.155 instead of —0.08. Actually, this problem is inherent in the AMC of
OFDM signals. Generally, in the case of modulation classification of a particular signal

from a bunch of signal candidates, we may apply the Neyman-Pearson theorem where
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the probability density function (pdf) of that particular signal is known. While exact pdf
expression for OFDM signal is extraordinary complicated, the approximation of the pdf of
OFDM signal as Gaussian seems promising. However, previous Gaussianity based OFDM
AMC methods fail in high SNR scenarios due to the fact of assuming OFDM signal is
Gaussian distributed.

Second, the pulse shaping filtering will introduce correlation between the cumulants
and thus deteriorate the performance. As we discussed in section 3.2, without restricting
the roll-off factor, it is impossible to distinguish OFDM with Circ16 signal. A possible way
to solve this problem is to whiten the fourth order cumulants using the Giannakis-Tsatsanis
normality-test [13]. This is the same as proposed by Akmouche in [6] and as we discussed
in Chapter 1, are very complicated. The impact of the fading channel is similar to that of
pulse shaping due to the correlation introduced between samples and also between fourth

order cumulants.



CHAPTER 4

BLIND OFDM SIGNALS PARAMETERS ESTIMATION

4.1 Introduction

After identifying the OFDM signals, blind OFDM parameters as well as the synchronization
parameter estimation process is conducted thereafter needed for blind demodulation.

Blind estimation of OFDM signals has been widely explored in [1], [15], [16], [17],
[18]. Most of which ( [1], [15]) focused on the synchronization parameters or on one or
two other parameters [16], [17]. According to our knowledge, to date a more complete
OFDM signal parameters extraction has only been discussed in [14] and [18]. Both papers
employed the correlation method to explore the system parameters of OFDM systems at
the assumption of a known sampling frequency. Although it is not clearly emphasized, the
method proposed in [18] can not perform well when the symbol timing is not synchronized.

In this chapter, we propose a blind estimation process that consider the complete
system parameters and synchronization parameters for OFDM demodulation. The proposed

blind estimation process is divided into three steps !

: sampling frequency estimation,
number of subcarriers estimation, joint estimation of CP length and timing/frequency estimation.
First, using the cyclostationarity introduced by the oversampling, we employ the cyclostationarity
test algorithm proposed by Dandawaté and Giannakis for the sampling frequency estimation

[19]. In the second step, a simple correlation method is used to extract the number of

subcarriers. Last, the length of the cyclic prefix (CP) as well as the timing and frequency

offset are jointly estimated by using the cyclostationarity test [19], [1], [15].

I'This is the first version of the work on OFDM blind estimation, which has been published in [12].
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4.2 Cyclostationarity in the received OFDM signals

Asignal z (¢) is called second-order cyclostationary if its time-varying correlation function

2

R, 7)=E[z () z"(t+ )] 4.1)

is periodic in ¢ for a given delay 7. Denote M as the length of the data. The cyclic-
correlation at cycle frequency «, C («, 7), is the Fourier series of R (¢, 7) with respect to

time ¢ [19], given by (note that t here is integer)

C(a,7) = lim —ZR(t 7) exp (—jot) (4.2)

M—oo M

Let z () be the received OFDM signal, which can be given by

z(t) = Z s(m)h(t —mTy) +w(t) 4.3)

m

where s (m) is the transmitted OFDM signal with CP. T, is the received signal duration of
one sample in time domain. A (¢) results from the transmitting and receiving filters and the
fading channel. w () is additive white Gaussian noise (AWGN) with variance o2

To simplify the derivation, we assume that the transmitted signal have a rectangular
pulse shape and the channel is AWGN. We assume that ¢ = T3/7) , the over-sampling
factor, is large enough. The oversampled sequence z (n) is obtained by oversampling the

received signal with sampling frequency 1/77; i.e.

z(n) = Z s(m)g(n—mq) +w(n) (4.4)

2In literature, E[z(t)z(t + 7)], ie. without conjugation is also considered.
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where we used T} = 1. g ({) is the rectangular pulse given by

1, 0<i<q
g(l) = (4.5)

0, otherwise

Suppose g > 2, the discrete time-varying correlation function R (n, 7) at 7 = 13 will
be periodic with period equals g (when ¢ is an integer number) or almost-periodic (when ¢

is a fractional number) with period ¢, that is

R(n+lq,1)=R(n,1) (4.6)

where [ is any integer larger than 1. Note that since the received signal is now change to
discrete sequence, we will use the discrete number to indicate the time delay 7 without
specific mention.

For example, when g is an integer, and since the OFDM signal s (m) is independent

of the noise, the signal power is a2, R (n, 7) will be a rectangular pulse train given by

02, 0<nmod g<qg-—1

R(n,1) = 4.7
0, nmod g=¢q—1
Obviously, the above function is a periodic function with period ¢q. Therefore, when we
choose the delay ¢ > 7 = 1, the discrete time-varying correlation function R (n, 7) will be
a periodic function with period q.
Actually, due to the introduction of CP, the OFDM signal itself is cyclostationary
[1]. The time-varying correlation function of the OFDM signal s (m) is periodic having
rectangular pulse shape of a period Ty = T, + T, where Tp,, = G'T3, the duration of the
CP part. T; = NT, is the useful OFDM symbol duration. N is the number of subcarriers.
G is the length of the CP.

37 is a integer here after sampling in the receiver.
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4.3 Blind estimation of system parameters
4.3.1 Sampling frequency estimation
The first step of the blind estimation process is to extract the sampling frequency or the
oversampling factor g. We employ the existing cyclic spectrum analysis method proposed
by Dandawaté and Giannakis [19].
If the signal is cyclostationary with cyclic-frequency o (or oversampling frequency
when ¢ > 1) for delay 7, the estimator gives by

a = arg max [é (o, 7)Y e (a, T)TJ (4.3)

(27
where ¢ (o, 7) is given by

é(a, )= [ Re (C’ (04,7)) Im (C’ (a,7)) } ’ (4.9)

~

C (a,T) is the estimate of C' («, ), the cyclic-correlation at cycle frequency «, which is

given by

z(t)z* (t+ 7)exp (—jot) (4.10)

/(3>
R
ay

!
|-
WE

and Y is the asymptotic covariance matrix of the estimator C (at, T), which can be computed

by using the equations given in [19],

(*) —_qoW
Re{%} Im{Qi‘,%}

~

V=] 4.11)

(*) (%)
Im{ Q2c';Q20 } Re{ ch;Q% }

where Q.. and ng) are given by

R omi i
: T
Q2c = S(20€,O€)—m E W(Z)C(a——,l)O(O{—f——M,l) (412)

i=—(b—1)/2

1 Rl 2mi 2ms
() _ —a) = N O .2 -
s = S(0,—a) Mbi:_(gb_lww (i) C <a + R 1) C (a +7 ,1>(4.13)

M




W (%) is a spectral window of length b.

Note that we used 7 = 1. From the previous section, the oversampled received signal
will be cyclostationary when 7 < g. It is shown that 7 = 1 is enough for cyclostationarity
test [32].

Subsequently, the oversampling factor ¢ will be given by

[Nl

T

== (4.14)
a

where & is the estimated cyclic frequency in radian with oversampling ¢q. Using FFT for

the cyclic spectrum analysis, the above equation can be rewritten as

(4.15)

=] N

E]\ =
where P is the FFT size, K is the index of the peak value.

4.3.2 Estimation of the number of subcarriers
The target of this sub-section is to estimate the data part duration of an OFDM symbol,
T;. Combined with the sampling frequency we estimated in the last section, we can get the
number of subcarriers given by N = |T;/T;].

Due to the correlation introduced by the CP in OFDM signal, a simpler estimator for
the data part duration 7 can then be given by

(Zx (k) z* (k + l))

k=0

T (4.16)

>0

YA“S = arg max [

4.3.3 Joint estimation of CP length, frequency and timing offset

The joint estimation of CP length and the timing/frequency offset is presented in this sub-
section. Since the OFDM signal itself is a cyclostationary signal at a delay 7 = T}, when
Ty was estimated from the previous sub-section, we can employ (4.8) with 7 = T} for
estimating the corresponding cyclo-frequency or symbol duration Ty, and find the T, =

Tall - Ts~
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Also from [1] and [15], the frequency and timing offset can be obtained by using
the cyclostationary statistics. The frequency estimator we will use here are different from
theirs, though the performance are approximately the same as these two. We assume the
signal at this step is already downsampled and as the above, is rectangular pulse shaping
under AWGN channels. Considering the timing offset v and the frequency offset ¢, the

signal can be given by

z (k) =s(k—v)exp(—j2nek/N) + w (k) (4.17)

Note that we may consider the correlation term in (4.16) as the cyclic-correlation at
cycle frequency 0. Due to the introduction of the CP, when the delay 7 = N, the correlation

term can be rewritten as

n

> a(k)a* (k+ N)=exp(—j2me) > |s(k—v)|>+Z (") (4.18)

k=0 k—vel

where [ is the set of £ which are inside the CPor, ] = {k|0 < (k —v) mod N + G < G},

and

Z()= Y z(k)z" (k+N) 4.19)
E—vel
+ > w* (k+N)s(k— v)exp (—j2nek/N)
+ > w(k)s' (k— v+ N)exp[j2r (ek/N +¢)]

With the assumption that the noise is independent from the signal and the signal
outside of CP is independent, Z (-) can be approximated due to the central limit theorem
as Gaussian noise. When the number of OFDM symbols for the estimation is large, the

frequency offset € can be given by

£=

—5— arg € (0, Kf) (4.20)
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where C <0, N > is the estimate of the cyclic-correlation at cycle frequency 0 and delay N.
Note (o, ]\7) can also be given by (4.18).
After obtaining the frequency offset as in (18), we use eqn.(21) of [1] to obtain the

timing offset 7, i.e.

—

Tall

V= I‘~27r

arg {C’ (a, J/\7> exp (—j27ra]] 4.21)

where fa\u was estimated earlier.

According to the standards [8], [9], the maximum CP length is 1/4 of the useful
symbol duration. For example, when N = 64, G = 16, and the FFT size for the cyclic
spectrum analysis is 1024, the peak will appear around the index [1024/ (N + G)] ~ 13.
Since at this step, we already know the number of subcarriers IV, the peak we expected will
be smaller than [1024/N]. Using such prior information of the CP length, the performance
of the estimator can be drastically improved. Also, to improve the resolution of the cyclo-
period estimation, larger FFT size for the cyclic spectrum can also be employed.

As shown in the Fig. 4.1, Cyclostationarity test was conducted when N = 64, G =
16, timing offset v = 36, normalized frequency offset ¢ = 0.3, SINR = 25dB, and the FFT
size for the cyclic spectrum analysis is 4096. The received signal duration used was around
100 OFDM symbols. Using the estimator given in (4.8), (4.20) and (4.21), we get the
estimated cyclo-period Tt = |4096/51] = 80, the estimated frequency offset £ = 0.30,
the estimated timing offset = 36. Note from Fig. 4.1, there are three peaks clustered
together, corresponding to the cyclic-frequency and its multiple. Without prior information
about the CP length, the performance of the estimator will deteriorate due to the existence

of such multiple peaks in the cyclic correlation spectrum.

4.4 Simulation
Monte Carlo simulations are conducted to test the performance of the above estimators

under different scenarios. First, the performance of the each of the estimators is tested
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SECOND ORDER CYCLOSTATIONARITY AND APPLICATIONS
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CHAPTER §

A SIMPLE METHOD TO ENHANCE THE DETECTION OF SECOND ORDER
CYCLOSTATIONARITY

5.1 Introduction
Cyclostationarity is an important feature of wireless communication signals and many other
man made processes. Exploration of cyclostationarity started in the 1950s, when Bennett
applied it in synchronization algorithms for communications systems [26]. The detection
of cyclostationarity of communication signals has been studied by Gardner [27], [28].
Giannakis and Dandawaté proposed statistical tests to show the existence of cyclostationarity
[19].

The detection of cyclostationarity has been explored and applied in many areas in
literature [27]- [38]. It can be used for symbol rate estimation in traditional modulation
classification [32]- [33]. In the recent development of modulation classification, it has
been used to estimate the OFDM system parameters as well as MIMO classification [12]-
[20]. With the development of cognitive radio, problems like spectrum sensing requires
a strong and reliable cyclostationarity detection scheme [35]- [37]. Cyclostationarity was
also applied for estimating frequency offset, timing recovery and channel equalization [30]-
[31]. More papers on the application about cyclostationarity have been listed by E. Serpedin
and el. [38]. Hence improving capability of detecting cyclostationarity will ease performing
these processes.

In this Chapter, we consider a scheme to enhance the performance of detecting
(probability of detections) the second order cyclostationarity of the received communication
signal. By noticing that the second order time varying auto-correlation of the received
communication signal contains a cyclostationary real part and a non-cyclostationary complex
part, we propose to combine the positive part and the negative part of the cyclo-spectrum.

(Note that we use the term “cyclo-spectrum” to denote the Fourier transform of the time
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varying correlation function. Different from this, it has been called cyclic autocorrelation
or cyclic covariance in [28] and [19] respectively. We use the term “cyclo-spectrum” to
emphasize its feature in frequency domain.) We note that the DFT at the positive and the
negative cyclic frequencies of the real cyclostationary part is conjugate to each other, while
the DFT of the non-cyclostationary part (noise part), which is complex, does not have such
feature. This property is similar to having cyclostationary part from two different bases.
Therefore, it presents extra degree of freedom that can enhance detection performance of

the second order cyclostationarity.

5.2 Signal Model and second order Cyclostationarity
The signal model and the definition of second order cyclostationarity have been discussed
in section 4.2 in Chapter 4.

Originally proposed for the detection of cyclostationarity in signals, Dandawaté and
Giannakis [19] proposed a generalized ML (maximum likelihood) method. This method
can also be used to estimate the cyclic frequency & [32].

Define C (, 7;) as the estimate of C (o, 73), the cyclo-spectrum at cyclic frequency

o with delay 7;, which is given by

M-
(o, 1) = M ; )a* (t+ 1) exp (—jat) (5.1
and ¢(«, T) by the vector of dimension 2p,

&(a, ) = [Re(é(a,?)) Im(é’(a,%’))] (5.2)
= [ Re(Clan) m(C@m) - Re(Clam) m(Cln) ]

where T is a vector of 7. Since the cyclo-spectrum for different 7 have the same cyclic

frequency & [19], the estimator (5.3) prewhitens the cyclo-spectrums C(a, 7;), 1 = 1, ..., p,
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before combining them together. The cyclic frequency estimator for delay 7 is given by

& = arg max[é(a, P)Y ~1é(a, 7)) (5.3)

where Y is of size 2p x 2p is the asymptotic covariance matrix of the estimator ¢ («, 7),
which can be computed by using the equations (16) and (17) given in [19] (37 of size 2 x 2
is given in equation (4.11) in Chapter 4).
As noticed from (5.3), the scheme proposed by Dandawaté and Giannakis [19] combines
the cyclo-spectrums at different delay 7 to enhance the detection probability of the cyclostationarity
test. In the following, we present a new method for enhancing the cyclostationarity of
the received signal by combining the information contained in the positive and negative

frequency part of the cyclo-spectrum.

5.3 New methods to enhance the second order cyclostationarity
5.3.1 direct combining schemes
To simplify the derivation, we assume first that no pulse shaping filtering is used in the

transmitter, hence the received signal z(¢) oversampled with ¢ > 1 is given by

z(n) = s(m)g(n—mag)+wn) (5.4)

where we normalize the sample duration at the receiver, 7} to 1. g () is the rectangular
pulse given by
1, 0< 1< g,lisaninteger
9() = (5.5)

0, otherwise

The discrete time-varying correlation function R(n,7) at 7 = 1 ! will be periodic

with period ¢ (when ¢ is an integer) or almost-periodic ? (when g is a fractional number)

L7 is taken as integer after sampling in the receiver.
2To simplify the derivation, we only consider the periodic case.
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[19].That is,
R(n+1q,1) = R(n, 1) (5.6)

when [ is any integer. Hence the choice of 7 = 1 does not restrict generality. Note that since
the received signal is now changed to discrete sequence, we will use the discrete number to
indicate the time delay without specific mentioning.

For example, when ¢ is an integer, and since the signal s (m) is independent of the

noise, R(n, 1) will be a rectangular pulse train given by

2, 0< [(n— d -1
Rim1) =] % < [(n—v) mod g] <¢q 57

0, [(n—v)modg=¢—1

where v is the timing offset, v = 0,---,q — 1, though we will assume v = 0 in our
derivation Obviously, the above function is a periodic function with period q.

In practice, the estimate of the time-varying correlation function, R(n, 1) is given by

R(n,1) = z(n)z*(n + 1) (5.8)
= [z(n) —w®)]{z(n+1) — —w(n+ 1)

+w(n)w*(n+1) + [z(n) —w ()] w(n + 1) + w(n) z(n +1) —w (n + )]

where n = 0,--- M — 1, with M is the length of the observed data samples. Note that
the estimate of the time-varying correlation function contains four terms. The first results
from the signal, which we denote as R(n,1). We split R,(n, 1) into two complementary
sequences: Rys(n,1) and R,,.(n,1). The first shown to be cyclostationary sequence,

which we call the cyclostationary signal part, is defined as

R,s(n,1) 5.9

[z(n) —w®n)] - [z(n+1)—wn+1)]", 0<[(n—v) modg] <q—1

0, [(n—v)modgl=q—1
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Clearly, when the received signal is oversampled, the expectation of the }A%ps (n, 1) is periodic
and is given by (5.7).
The other part of R, (n, 1) is non-cyclostationary, which we call the non-cyclostationary

signal part, is defined as

Ryps(n, 1) (5.10)
0, 0<[(n—v)modg] <qg—1

z(n) —w®)] [zn+1)—wr+1)]", [(n—v)modg =q-1

The expectation of R,,,(n, 1) is zero for all n due to the fact that the signal s (m) and s (1),
m # [, are independent from each other.

To conduct cyclostationarity test, we use at the front end of the receivers a wide
band filter, causing the noise samples be independent and thus contributes to the non-
cyclostationary part of ]A%(n, 1). The non-cyclostationary sequence noise part (the other

three terms of (5.8)) is given by

Rppn(n, 1) = w(n)w*(n+ 1) + [z(n) — w (n)]w*(n + 1) (5.11)

+wn)zn+1) —w(n+1)]"

The expectation of Rn,m(n, 1) is zero for all n.

As an example of the sequence of (12), (13) and (14), for OFDM systems, when the
oversampling factor ¢ = 3, timing synchronized (v = 0), the sequence of the oversampled
signal is given by [s (0),s(0),s(0),s(1),s(1),..], then the received signal z (n), n =
0,..., 1s given by

$(0) +w(0),s(0)+w(1),s(0)+w(2),

z(n) = (5.12)
s()+w(3),s(1)+w(4),..
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The cyclostationary signal part of the time-varying correlation, Rps (n,1),n=0,...,
is given by

Rpe(n, 1) = [|s (0)*, |5 (0)%,0,]s (1), s (L), -] (5.13)

while the sequence of the non-cyclostationary signal part ]f%nps(n, 1), n = 0,..., is given
by
Rops(n,1) = [0,0,5(0) s* (1),0,0, ...] (5.14)

The non-cyclostationary noise part ]%npn(n, 1), n =0,...,is given by

w (0) w* (1) + s (0) w* (1) + s* (0)w (0),
Ropn(n, 1) = | w (1) w* (2) + 5 (0) w* (2) + s* (0) w (1), (5.15)
w2)w 3)+s0)w* 3)+s (DHw(2),..

We note from (5.13) that the cyclostationary sequence, Rps(n, 1) is real while from
(17) and (18) the non-cyclostationary part, Rnps (n,1)and }?inpn (n, 1) are complex. According
to the property of DFT, the Fourier transform of a real periodic sequence has symmetric
feature, that is, F'(—a) = F*(a), where F'(a) denotes the DFT at frequency «.. Hence, the
DFT of Rps (n,1) will have the aforementioned symmetry; while the non-cyclostationary
parts, Rpps(n,1) and Ry, (n, 1) are complex and aperiodic which does not have the above
symmetries. Note that these conclusions can also be applied to the case where delay 7 > 1.

Straightforwardly going to frequency domain, the detection of cyclostationarity will
be enhanced by combining the positive frequency part with the negative frequency part of
the cyclo-spectrum. This is a simple method which we call the direct combining scheme.

In fact, with this approach, the cyclic frequency estimator is given by

] o 2
& = argmaxk; (o, 7) = argmax[|C (o, 7) + C*(—a, )| ] (5.16)
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where C' (e, 7) is half of the cyclo-spectrum of (8.17) with « positive, and C'(—q, 7) is the
other half corresponds to « negative, o € [0, 7]. %1 () is the cost function for this scheme.

Note that & is a function of 7.

5.3.2 prewhiten combining scheme

In [19], Dandawaté and Giannakis proposed a generalized maximum likelihood scheme
to estimate the cyclic frequency by combining the cyclo-spectrums for p different delay
(5.3), which can be regarded as prewhiten before combining. In the following, we apply this
approach to combine the corresponding negative frequency part and the positive frequency
part of the cyclo-spectrum together i.e with p = 1. Note that the asymptotic covariance
matrix ¥ in (5.3) is estimated by using the cyclo-spectrum vector & (o) 3. We propose two
ways to obtain the covariance matrix Y . First, we present a method which uses the exact
covariance matrix of the cyclo-spectrum C' (). Then we use the asymptotic estimates of
Y similar to the method proposed by Dandawaté and Giannakis. To distinguish these two
methods from the mefhod proposed in previous, we call in the following two methods as
prewhitening combining methods.

Assuming that the FFT which generates the cyclo-spectrum has size M, which is the
same as the length of the observed sequence, when (M mod ¢) = 0 or the period ¢ fits the
measurement M, the cyclo-spectrum of f%ps (n, 1) has peaks only at indices & = {M/q and
zeros elsewhere. [ is an integer. This is because the Fourier transform of a periodic signal
is an impulse train in the frequency domain with the impulse values proportional to the
discrete Fourier series. To simplify the derivation, we can approximate the cyclo-spectrum
of Rys(n,1) will generate peaks only at indices o = 2 /q and zeros elsewhere when the
observed sequence is long enough (more periods of data is taken in the measurement. )

The cyclo-spectrum of Rps (n,1) can be expressed by using the Fourier transform of one

3Note that we dropped the dependence of T as we took it to equal to one.
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period of the cyclostationary sequence, which is given by

i 2l
Cps (@) =D _ 76 (a —~ —f) (5.17)
=0 i

where 6 (-) is a delta function. Z;, | = 0,-- ,¢q — 1, is the /th sample of the DFT of one

qg—v—1 v
. .
7 N

period of the periodic sequence |o?,---,0%,0,02,-++ ,0

g1 yUgryYyUgy

> o o
< |- To simplify the derivation,

in the following, we assume the signal is timing synchronized, or v = 0. When v # 0, the
above sequence will be rotated accordingly, and thus change the value of Z;.

The noise in the cyclo-spectrum is due to the non-cyclostationary part which is the
overall result of Rnps (n,1) and ﬁnm (n, 1). Since the signal is independent of the noise, it is
possible to find directly the cyclo-spectrum noise introduced by Ryps(n, 1) and Ry, (n, 1)

separately. When v = 0, from (5.10), the DFT of Rnps(n, 1) is given by

[M/q)-1
- 1
Cnps (@) = i Z s(k)s* (k+1)-exp(—jgak)exp|—ja{qg—1)) (5.18)
k=0

Note that when v s# 0, according the property of the DFT, C’nps () will have an
additional exponential term on the right corresponding to the non-zero timing offset v.

Since both Cpp (@) and C* _ (—a) are complex, and Re[C* (—a)] = Re[Cpps (—a)),

nps nps

Im[é;ps (—a)] = — Im[Cys ()], the covariance matrix of C,,, (c) and C’;ps (—at), COURps

is given by

~ 2 A A A A A A
(Gry)” Cralro Cryliy Crylio
Grglre (6,2)* Gty Grotie
COUpps(a) = \ (5.19)
Criiv CrCiy (G4)° EiaCi

~ ~ ~ ~ ~ ~ ~ 2
Cr4Ci— Cr_Cj—  Cit Gy (Ci—)
where

éry = Re[Crps ()] (5.20)

1 \M/aj=1 | (k) cos [gok + o (g — 1)]
M = +2 (k) sin [gok + a (¢ — 1))
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IN

6. = Re[Clups (—0)] (5.21)

1 M= 2 (k) cos [gok + a (g — 1)]
—2z; (k) sin [gok + a (g — 1)]

éip = Im[Chps ()] (5.22)

| M/ { —2 (k) sin[gak + a (g — 1)] }

+2; (k) cos [gak + a (¢ — 1)]

i = —Im[Cpps (—)] (5.23)

1 [M/q]-1 —2zr (k) sin[qok + a (g — 1)]
LE]

k=0 —z; (k) cos [qok + o (g — 1)]

Note that z, (k) = Re[s (k) s* (k+ 1)] and z; (k) = Im[s (k) s* (k + 1)]. E[2, (1) 2, (m)] =
E [z (1) 2 (m)] = 0,1 # m, since the signal s (k) is iid. B[22 (k)] = B[22(k)] = %
and E [z, (k) z; (k)] = O since the real and imaginary part of the signal s (k) is also i.i.d.

Through mathematical manipulation, we have

E [(4)?] (5.24)
p WMa- (k) cos [gak + a (g — 1)] 2
=EJ(Re |—
{ {M kZ:% { — 2 (k) sin [qak + & (g — 1)]
1 [M/q]-1
=5 ,;0 E [22 (k)] cos® [gak + o (g — 1)]
+E [27 (k)] sin? [qak + a (g — 1))
B 2]\2(]

Similarly, we can get

E[(&4)"] =E[@-)"] =B [(&)*] =E[(&)] = 532 (5.25)




E [ér+6i+] =E [CT_Ci_] =0

E [ér_;_ér_] = —E [él_{_ézw]
4 [M/q)—1

Og .
= 3Mg k}:; cos [2gak + 2a (g — 1)]

and

E [ér+é7j_] - E [é/,-_éi+]
4 LM/ql-1

= sin [2¢ka+2(¢—1)
g 2 Skt 2(g=Dal

Note that except at the cyclic frequency [7/q, where [ is an integer, all the non-diagonal
entries of the covariance matrix covn,s(a) given by (5.19) are approximately zeros, that is,
the cyclo-spectrum noise generated by the signal is almost white.

Similarly from (14), we can get C’npn (ax), the DFT of Rnpn(n, 1), and the covariance

matrix of C,, () and CA’:LP (—0), covnpn. Except the frequency at 0, &7, covym () is
given by

4
w

= mh + COUppnz() (5.29)

COVppn ()

where 1 is the unit matrix of size 4, and covppna () is the covariance matrix generated by

the cross term of the signal and noise, which is a 4 x 4 matrix given by

[ 1(0) (@) as(@) cule) |
COUnpna(0r) = a2(e) o2(@) @) sule) (5.30)
qsla) cs(a) () a(a)
| (@) (@) (@) <) i




where

C11 (Oé) = §22(01)

o202 [M/q]—-1 q—2
= ;4; q+ ; zz:(;cos [(2¢ + 1) o + 2qka]
Ga3(c) = ua(a) (5.32)
o202 |M/q]-1 g—2
= _;4—; qg— kz:% ;cos [(2¢ + 1) ¢ + 2qgkal]
2 .2

G12() = Gaala) = —";j; cos (5.33)

0_20_2 LM/a)—1 q—2
G3(a) = eu(a) = _;4_; ; ;sin [(2i + 1) a + 2gka] (5.34)

and

1a(a) = Sp3() =0 (5.35)

In summary, the first term on the RHS of (5.29) is diagonal, which means that the
cyclo-spectrum noise from the additive noise w(n) is white (except the frequency at 0, +1)
4. However, the second term on the RHS of (5.29) is not diagonal, meaning that the cross
term of the signal and noise will bring correlated cyclo-spectrum noise. Similar to (5.3, the

cyclic frequency estimator using prewhiten combining scheme is given by

& = arg maxss (@) (5.36)

= arg mgx[é'(a) [C0URps () + COUppn ()] 7F & ()] (5.37)

“The oversampling factor ¢ # 2 will insure that cyclic frequency is not equal to .



where as in (5.2)

{la) = Re (C" (a)) Re (é’ (—a))
< ) —Im (C" (—-a))

except C' () is only half of the cyclo-spectrum. (The prime identifies this fact). 5.

In the above prewhiten scheme, the covariance matrix is derived theoretically. According
to (5.19) and (5.29), to calculate the covariance matrix, we need the prior knowledge of
oversampling factor g, timing offset v, signal power o and noise power 2. Dandawaté and
Giannakis avoid this difficulty by evaluating the covariance matrix experimentally without
resorting to the particular information of other parameters except the cyclo-spectrum itself.
Following their approach, we will present a modified and more practical prewhiten combining
scheme next.

We directly apply Dandawaté and Giannakis’s scheme to get the covariance matrix
for the negative and positive half of the cyclo-spectrum. Note that z(n)z*(n + 7) and
z(n + 7)z*(n) are conjugate to each other. If the positive part of the Fourier transform of
z(n)z*(n + 7) is €' (a), then according to the properties of Fourier transform, the positive
part of the Fourier transform of z(n + 7)z*(n) will be C"*(—a). Therefore, by calculating
the covariance matrix of the cyclo-spectrums of z(n)z*(n + 7) and z(n + 7)z*(n), we
can get the covariance matrix of C'(«) and C'*(—a) without exact calculation using the
prior knowledge of ¢, v, 02 and o2. Later in simulation, to distinguish from the previous
proposed prewhiten combining scheme, we will call this scheme as the experimental prewhiten
combining scheme, while the previously proposed one as theoretical prewhiten combining

scheme.

SWe only consider one cyclo-spectrum with negative and positive parts to combine, which
corresponds to p = 1 for (5.2) in [19]. When p > 1, for each cyclo-spectrum, it can be divided into
two parts, negative and positive, to combine as in (5.2).
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located around the cyclo-spectrum of the cases without frequency offset, as shown in
Fig.5.1.

Hence, the multiplication of C'(a, 7) and C"™*(—a) will correct the angle of the
cyclo-statistics introduced by the frequency offset. A modified scheme for the cases with
frequency offset is given by

, N ., 2
& = argmaxrg (o, 7) = argmax[|C (o, 7) - C*(—a, 7)| ] (5.40)

where 3 () is the cost function for this scheme.

5.5 Cases with pulse shaping
In practice, pulse shaping filtering is applied for spectral management. For the second order
cyclostationarity test, the pulse shaping filter will introduce correlations between successive
samples and thus degrade its performance.

To simplify the derivation, we assume the cyclostationarity test is conducted before
the pulse shaping match filtering in the receiver. Similar to the no pulse shaping filter case,
we can get the mean value and the covariance matrix of the cyclic spectrum noise due to
the periodic and aperiodic signal and noise. It was also found that for the pulse shaping
case, the theoretical derivation of the prewhiten scheme is very complicated. Therefore, in
simulation with pulse shaping, we only test the performance of the direct combining and the
experimental prewhiten combining scheme which use the estimated asymptotic covariance

matrix.

5.6 Simulation
Monte Carlo simulations are conducted to test the performance of the above methods(5000
trails for each point). In the first scenario, no pulse shaping is used in the fransmitter. The
received signal is oversampled with ¢ = 3 (In the half cyclo-spectrum, there will be only

one peak. When ¢ > 3, there will be multiple peaks in the cyclo-spectrum, and hence
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need an approximate range to detect the peak corresponding to the oversampling rate.)
The methods, direct combining (direct) and prewhiten combining schemes are applied
respectively. Note that we apply two methods for the prewhiten combining scheme; one
is the theoretical prewhiten combining scheme which uses the exact covariance we derived
(prewhiten 1) and the other is experimental combining scheme which uses the asymptotic
covariance matrix (prewhiten 2) [19]. We also applied the original algorithm in [19] (ori)
without using our schemes but for fairness, with the search range limited to half of the
cyclo-spectrum. QPSK and OFDM modulation are used. The number of the received
symbols for cyclostationarity test was 1000. The detection is considered successful when
the absolute cyclic frequency & is detected within 27 - (3/M) error. As it is shown in
Fig.5.2, for both OFDM and QPSK, all the schemes outperform the original scheme.
The direct combining scheme has almost similar detection performance as the theoretical
prewhiten (prewhiten 1) combining schemes. The performance of the theoretical prewhiten
combining scheme is also better than the experimental scheme. The reason is for the latter,
the covariance matrix is only an asymptotic estimation of the actual covariance matrix.

In the second set of simulation, raised cosine pulse shaping is added in the transmitter.
The oversampling rate is again ¢ = 3. The delay of the filter is 10 taps. Two methods, direct
combining (direct) and the second prewhiten combining schemes (prewhiten 2) are applied
respectively. All the parameters and test conditions are as in the case of no pulse shape. As
it is shown in Fig.5.3, for QPSK signals, the performance of the direct combining scheme
is better. For OFDM signals, the performance of the prewhiten combining scheme is better.
The reason is that for QPSK signals, the cyclostationary signal part of the cyclo-spectrum
Rps(n, 1) is already periodic sequence without statistical expectation. While for OFDM
signals, only the statistical expectation of Rps(n, 1) is periodic sequence. And thus, it
may result in additional cyclo-spectrum noise which degrades the detection performance,
especially for the direct combining scheme.

In the third set of simulation, frequency offset ¢ = 0.2 (the frequency offset per

sample will be €/¢) is introduced in the receiver. All the parameters and test conditions
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are as in the previous cases. Three methods, direct combining (direct) (equation (5.16)),
the second prewhiten combining scheme (prewhiten 2) and the modified scheme (equation
(5.40)) are applied respectively. As it is shown in Fig.5.4, both the direct scheme and the
second prewhiten scheme have a degraded performance due to the frequency offset. The
modified scheme will outperform the direct and the second prewhiten schemes for the case
of QPSK modulation. For the case of OFDM modulation, the second prewhiten combining
scheme will have a better performance when SNR is high. It is due to that the additional
cyclo-spectrum noise introduced in OFDM case may be correlated and thus degrade the
performance of the modified scheme.

Last, with the same frequency offset, raised cosine pulse shaping with rolloff factor
as 0.5 is added in the transmitter. The parameters and test conditions are as in the previous
cases. Three methods, direct combining (direct) (equation (5.16)), the second prewhiten
combining scheme (prewhiten 2) and the modified scheme (equation (5.40)) are applied
respectively. As it is shown in Fig.5.5, the performance is like the above simulation, where
both the direct scheme and the second prewhiten scheme have a degraded performance and
for the case of OFDM modulation, the second prewhiten combining scheme will have a

better performance in high SNR scenario.

5.7 Proof that cyclo-spectrum noise introduced by Ry.(n, 1) and R,,,,(n, 1) are

independent

To prove that the cyclo-spectrum noise introduced by Rnps (n,1)and Rnpn (n, 1) are independent,

that is,
M-1 M—1
B [ nps (@) Crpn (O‘)] =E { Z Rips(n, 1) exp (—jon) Z Rypn(m, 1) exp (—jam)}
n=0 m=0
(5.41)
M—-1M-1 )
=E Rops(n, 1) Rppn(m, 1) exp (—jan — jam) = 0
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The sufficient condition for the independence of C’nps (o) and C’npn (o) is that Rnps (n,1)

and f?,npn (n, 1) are independent of each other for any n, that is:

[Rnps(n 1) Ropn (1, 1)] = 0 for any n (5.42)

From (5.10) and (5.11), it can be shown straightforwardly that (5.42) is satisfied for
any n. Hence, it is proved that the cyclo-spectrum noise introduced by finps(n, 1) and

ﬁmm (n, 1) are independent from each other and can be analyzed separately.

5.8 Proof of approximating zeros for ZLM Yl os [2¢ka+2(qg—1)ca] and
SVl sin [2gka + 2 (g — 1) o when « # I7/q
First, when (M mod ¢) =0, @ = 2%, 1 = 0,..., M — 1, we have

|M/q)-1
Z cos2gka+2(g—1) q] (5.43)
k=0
[M/q]-1 . .
-y {—Jj[2qka+2(q—1) o]} +exp{j [2gka +2(¢ — 1) o]}
2
k=0
exp(—j2(g— 1)a]exp[ i(M—q)o] sin(Ma) | exp[j2(g—1)of expj(M —g)c] sin(Ma) —
_ sin(qa) + 2 sin(ga) * Q= l,/T/q
0, a#lr/q
;
] cos2(g-Da+ (M —g)a] T, a=in/q
0, a #lr/q
\
Similarly, we have
(M/q]-1
> sin[2gka +2(g — 1) o] (5.44)
k=0
[M/q)-1 . .
-y o {7 [2gka +2(g — 1) ol} — exp{~j[2qka +2(¢ — 1) of}
k=0 2]
exp(j2(q—1)a] explj (M —q)a] sin{Ma) exp[—52(g—1)a] exp|—j (M —q) o] sin(Ma) _
~ pi2(q L pli(M~—q e p[—52(q— azyep J(M—q sm(q;;, a=lr/q

0, a#lr/q




sin[2(¢— 1) a+ (M —q)o] M2 o = In/q

sin(qe)

0, a#lr/q

When (M mod q) # 0, M is large enough, the difference between o = %l and o =
2” is very small. Note M’ = | M/q| q. Hence, we have that 31"~ Y4 cos [2qka + 2 (g — 1) al

and ZLM Y4l sin [2¢ka + 2 (¢ — 1) o] are approximately zeros when « # I /q.

5.9 Derivation of covp, (o)

The DFT of }A%npn (n, 1) is given by

C’mm -]\17 jL:‘) f?,npn (n,1)exp (—jan) (5.45)
1 = (n+1)+[() w (n)] w*(n + 1)
— exp (—jan)
an:% W) e +1) —w(n+ 1))
= % 2 w(n)w*(n+ 1) exp (—jan)
+ _1]\/.7 - {lz(n) —w(n)]w'(n+1) + wn)[z(n+1) —w(n 4+ 1)]"}exp (—jan)

= Lnpnl (O‘) + C’npn2 (0‘)

The first term on the RHS is caused by the additive noise. The second term on
the RHS is due to the cross term of the signal and the additive noise. Since the signal
is independent of the noise, we can analyze the covariance matrix of these two terms

separately.




70

For the first term Cp,p,1 (), the covariance matrix of Cppn1 () and C’*m1 (—a) can

be given by

COUppm1 () = E

{Re (Gt (@)] Re Gy (=0)] T [Copr (@)] 1m0 [ G (= >H
|

. [ Re {C’mml (oz)] [C',,’;pnl (— )} Im [Anpnl (a)] Im [C;pnl (— )]

(5.46)

| [fento] mofeco] tnfemio] -tofoco)

. [ Re [C'npnl (a)] Re [C’npnl (—Ol)} Im [énpnl (a)} —1Im [Onzml (_O‘)}

~ 2 A~ ~ ~ ~ ~ A~
(Cnlr+) Cnir+-Cnlr—  Cnlr+Cnli+ Cnlr+Cnli—

_E énlr-‘rénlr— (anlr—)2 6'nl'r—~én1i+ énlr-—énli—
énl’r-}-énli-i— énlr—-én1i+ (énli—l-)Z énli+é'nli—
i é'n.1r+én1i— énl'r—é'nli— énli—i—énli— (é'n,l'i—)2
where
Cnlr—{— - Re 1 (547)
M-
{—M-Zw (n—!—l)exp(—jan)}
n=0
M-1
M— { [vr (n) + jvi (n)] [cos (—an) + jsin (—an)]}
n=0
= — vp (n) cos (an) + v; (n) sin (an)}
M :
Cnlr- == Re np (548)

1
=
{ w(n)w*(n + 1) exp (jom)}

n=0
—1

= 1 {Vr (n) cos (an) — v; (n) sin (an)}

T

|
|

T
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Entir- = Im[Crpn (a)] (5.49)
 Im {-A% Ig w(n)w*(n + 1) exp (— jom)}
_ 7\12 :1 {vs (n) sin () + v () cos (am)}
Entie = ~ Im[Crpn1 ()] (5.50)
- Im {% M wn)w*(n+ 1) exp oan)}
_ % ]: (=, (n) sin (am) — v; (n) cos (an)}

Note that v (n) = Re [w (n) w* (n 4+ 1)] and v; (n) = Im [w (n) w* (n + 1)]. E[v, (n) v, (M)] =
E[v; (n) v; (m)] = 0, n # m, as the noise w (n) is i.id. E[12(n)] = El2(n)] =

2
and E [v, (n) v; (n)] = O since the real and imaginary part of the noise w (n) is also i.i.d.

Through mathematical manipulation, we have

E [(én1r+)2] { [ Z {vy (n) cos (an) + v; (n) sin (an )}} } (5.51)

1 Z _0 {vy (n) cos (an) + v; (n) sin (om)}2

MQE + M ometm 1Wr () cos (an) +v; (n) sin (an)}

. Zﬂﬂfzol {vy (m) cos (am) + v; (m) sin (am) }

Similarly, we can get

E [(éa1r4)?] = B [(Gn1r)?] = B [(émi)?] = E [(6ass-)?] = —

4
oM (5.52)

1

Bl t] — B { [ l[ﬁ M- 01 {v; (n) cos (an) + v; (n) sin (an)}] } (5.53)

LM {—vr (m) sin (am) + v (m) cos (am)}]




;

oM v () cos (an) + v; (n) sin (an) }
1 g { =1y (n)sin (an) + v; (n) cos (an) }
BNz T .
+> o {vr (n)cos (an) + v; (n) sin (an)}
L S M, (m) sin (am) 4 v; (m) cos (am)}
=0

=E [énlr— énliw]

E [énlr—i—énlr—] =E {

B LE {vr (n) cos (an) — v; (n) sin (an)}
M? + Zﬁgfﬁm {v, (n) cos (an) + v; (n) sin (an)}
\ ML, (m) cos (am) — v, (m) sin (am) } )

. 7‘12 M= v (m) cos (am) — v; (m) sin (am)}

L
M

[

St (v () cos (am) + v (n) sin (an)} |

(

Zﬁ/_’:_ol {vr (n) cos (an) + v; (n) sin (an)}

g
== Z cos (2an)
2M o

=—-E [anli-i—énli—]

and
E [énlr—l—énli—] =E {
1
=t

. % Z%;Ol {—v, (m)sin (am) — v; (m) cos (am)}

1

M

[

Zﬁi "(')1 {vy (n) cos (an) + v; (n) sin (om)}]

M v (n) cos (an) + v, (n) sin (an)}
{—v, (n)sin (an) — v; (n) cos (an)}

+ Zﬁi_ol {v; (n) cos (an) + v; (n) sin (an)}

\

/
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(5.54)
} }
.

CSM v (m) sin (am) — v, (m) cos (am)} )




4 M/ql-1
w

=~ sin (2an)

k=0

=E [énlr-—énli—i—]

According to Appendix B, it is shown that except at the cyclic frequency (7, where [ is an
integer, all the non-diagonal entries of the covariance matrix covpp,; (¢) are approximately
zeros, that is, the cyclo-spectrum noise generated by the additive noise only is almost white.

For the second term C,pnz (@), the covariance matrix of Cppg () and C’;png (—a)

can be given by

COUppna(c) = E

e [Crpns (@] Re [Cip (1] 1 [Coa )] 1[G (0] |
|

| e [Coa (01] e [Copma (1] 1 [Crpns (@] 1 [ (0]

(5.56)
r ~ A ~ ~
[ Re [ pn2 (oz)} Re {Onpng (—oz)] Im [ 2 (a)} —Im [Onpng (—a)} }
=E T
| e [Com (@] e [Gups ()] 1 [Crps ()] 1 [Copn (0] |
(én2r+)2 ér7,2'r+é'r12r— a71,27”—}-67121'—|~ én2r+én2i~
—E én2’r+én2r— (én2r-)2 én2’r~énQi+ én2r—én2i-
én2r+ én2i+ én2r— énZi—i— (én2i+ ) 2 é'n,2i—i— én2i—
| é7121“—{-én272~— én?r~én2i—— é'rL2i-+‘é'n,2i-~ (én2i-)2 ]
si(a) cia(a) s(a) ()
) sla)

<13 (Ol) Ga3lx

(a) <u(
qz2(e) G2(a) (e

(@) <s(e) <aala)

(@) <aa(@) sua(e)

C14(Oé) G4\ QX)) Caq

where

uzrs = Re | Cugno (a)} (5.57)
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=Re {% S [5(n) = w ()] w'(n+ 1) + w(n) [o(n+ 1) — w (n + 1>]*exp<—jan>}

[ur () + jpi (n)] [cos (—an) + jsin (—an)]}

r (n) cos (an) + w; (n) sin (an)}

f

<
—r—

=

énar_ = Re [énpnz —a)] (5.58)
=Re {ﬁlz S [5(n) ~ w ()] w* (0 + 1) +w(n) 51+ 1) — w (5 + D] exp <jan>}
- -]\17 n:_O {r (n) cos (an) — w; (n) sin (an)}

Enaiy = Im[Crpna ()] (5.59)

- Im{ LS~ o) — w ()] w* (o + 1) + win) ol + 1) — w (o + 1>1*exp<—jom>}

= _]\1/‘7 n:_O {—p, (n)sin (an) + w; (n) cos (an)}

Engie = — Im[Crpmz (— )] (5.60)
— —Im ”1\17 i [z(n) —w (n)]w*(n+ 1) + w(n) [z2(n+ 1) —w (n+1)]"exp (jom)}
- L {~te (m)sim (am) — s () cos (am)}

Note that u. (n) = Re{[z(n) —w )] w*(n+1)+w(n)z(n+1) —w(n+1)]"} and
pi(n) = Im{fz(n) —w @)]w'(n+1) + wn) [z(n +1) —wn+ DI} By (n)] =
E[u? (n)] = 0202 and E [u, (n) p; (n)] = O since the real and imaginary part of the noise

w (k) is also 1.i.d. Different from the case for the cyclo spectrum noise introduced by the
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additive noise only, for the cross term of the signal and noise, we have

E [ur (n) pr (m)] = =B [ (n) ps (m)] (5.61)
) 28 o<in—ml<q-2((nm)Eq #£q-1
0, others

Through mathematical manipulation, we have
1 Mol 2
A 21 _ ) .
E [(énars)?] = E [H n§=03 {1r () cos (@n) + ; () sin (an>}] (5.62)

1 S fiae () cos (m) + s (m) sin ()}
=SB LM {a, () cos (am) + s (n) sin (am)}
XM {4t (m) cos (am) + s (m) sin (am) }

o202 [M/q]-1 ¢—2
= ﬁqﬂ q+ z Z cos [(2i + 1) a + 2qkal
k=0 =0

=E [(én2r—)2]

Similarly, we can get

k=0 =0

o202 [M/q]-1 g—2
E [(én2ir)?] =E [(@n2i)?] = M;U g— Z Z cos [(2i + 1) o -+ 2gkal p (5.63)

— m:a{ [ 205" (i () cos (am) + s () sim (om) } } 6

|3 023 {aae (m)sin (am) + pis () cos (am)}
( M L, (n) cos (an) + ps; (n) sin (an)} )
1 4 { i (n) sin (an) + p; (n) cos (an)}

+ o L (1) cos (an) + s (n) sin (an)}
Ym0 L (m) sin (@m) + p; (m) cos (am)}

\
M~
030 o202

o2
i Z sin (2an) + 2M2

n=0

p—l




M-

Ja

=0 m—o,

2,2
fopdend
Mq

E [én2r+ é’nZi—]

M-1
q Z sin (2an) +
n=0

- E [énQr—

. :_ ZTA::_S {—Mr (m) sin (am) — U (m) Cos (am)}

M-1

>

[n—m|=1, [(n,m) mod q]#q—l

[M/q)-1 g—2
k=0 i=0

67121'—-]

LSS (e (m) cos (am) + s (n) sin (am)} |

|

Yoo {r (n) cos (am) + py (n) sin (am)}

{—pr (n)sin(an) — p; (n) cos (an)}

Z Z sin [(2¢ + 1) o + 2gkq]
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{cos (am) sin (an) + sin (am) cos (an)}

|

(5.65)
} }
\

= _—E
2 _ .
ME ) At (n) cos (am) + s (n) sin (om)}
| S (e () sin (am) — s (m) cos (am)} |
o202 N o202
= 2 sin (2am) + 552
M oM
M-1 M—1
. Z {cos (am) sin (an) — sin (am) cos (an)}
=0 m=0,jn~mi=1,[(n,m) Mod g]#q-1
2 o M-1
= —0;\2“’ sin (2an) = E [n2r—Cnoit

and

E [én2r+én2r—] =E {

{r

[ S0 (e () cos (am) + g () sin (om)}
& S0 {tr (m) cos (am) = i (m) sin (am)} |
M () cos (am) + p; (n) sin (am)}
{1 () cos (an) — u; (n) sin (an)}
St {1 (1) c0 (am) + p1; (n) sin (am)}

| M0 {, (m) cos (am) — s (m) sin (am)}

} (5.66)
)

. —

/




0202 olo2
= ) sTw
M 2 s ¥ 5

{cos (am) cos (an) + sin (am) sin (an)}
n=0 m=0,|n—m|=1,[(n,m) mod q];éq—l

9 [ M-1
w

Mgq

Q
LN
Q

q Z cos (2an) + cosa| = E [Enai+Cnoi_]
n=0

The overall covariance matrix covpp, (cv) is the sum of cov,p,1 (@) and covppna(a). Except
the frequency at 0, £7, covp,n () is given by

4
COVUppn () Tw

= WLL + COUnpng(O{)

(5.67)
where 1, is the unit matrix of size 4.




CHAPTER 6

REVISITING THE TIMING AND FREQUENCY OFFSET ESTIMATION BASED
ON CYCLOSTATIONARITY

6.1 Introduction

The increased demand for more bandwidth, and the rapid emergence of cognitive radio had
attracted more interests at both industry and academia in blind synchronization schemes.
Particularly, among the blind synchronization schemes proposed, there is a group of timing
and frequency offset estimators that explore the second-order cyclostationarity.

Cyclostatioanrity based synchronization schemes dates back to the 1950s, when Bennett
proposed to use these synchronization algorithms for single carrier communications systems
[26]. In [7] and [41], the square law based synchronization were applied. But due to the
introduction of the noise term in the squared cyclostationarity of the signal, the method
in [41] results in deteriorated performance. The method proposed by Ghogho and el. [7]
combined delay 1" and delay 0" (square law) cyclostationarity to improve performance,
but it requires additional computations. The method of Scott [42] which is later extended
by Gini and Giannakis [30], uses delay ”1” based second order cyclostationarity. However,
in both [42] and [30], the estimation of the timing offset requires frequency offset estimate
first. Therefore, it has a propagation error caused by the frequency offset error. In this paper,
we propose a new method where a new timing estimation scheme is presented without the
required frequency offset estimate. That is, the timing and frequency offset estimators are
independent and result in an enhanced performance .

Due to the inherent cyclostationarity in OFDM signal, second order cyclostationarity
based blind synchronization schemes have also been applied in these systems [1]- [?]. The

estimators for timing and frequency proposed in these articles are extension of those for

!There are many other works that deal with the time difference problems which used correlation
(see Gardner’s [51]).
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the single carrier system [41]- [30], which are not independent. Extended to OFDM, it is

shown that our new method also has an improved time and frequency offset estimation.

6.2 Signal model
The received single carrier signal is given by [30]

z(n) = h(n)e IEreTn/at0) Z s(m)g(n —mgq — v) +w(n) (6.1)

m

h{n) is the flat channel fading; The introduced frequency, timing and phase offset are ¢, v
and 0 respectively; ¢ is the oversampling rate, while 7" is the symbol period. W.l.g, T is
normalized to ”1”. s(m) is the information symbols. g(n) = gt (L) * Gro(t) |n=|tq/17, 18
the combined effect of the transmitter and receiver pulse shaping filters after oversampling,
where |-] is the integer operator. w(n) = g,.(n) * v(n) is the filtered noise, and v(n)
is complex white Gaussian noise. Throughout the paper, we will make the following
assumptions:

(AS1) h(n) is a zero-mean stationary sequence with real valued autocorrelation Ry, (7)
when the channel is flat (slow) fading [42]. This was assumed by most of the cyclostationarity
based synchronization scheme [7]- [?].

(AS2) gi,(t) and g, (t) are real-valued pulse shaping filter, which is almost always
true in practice.

The time-varying auto-correlation for delay 7;

R(n,7) = E{z(n)z*(n+ 1)} (6.2)

The cyclic correlation, C(k, ), which is the Fourier series of R(n,7) with period
P =g, is given by [30];

2
Clk,7) = %Rh(T)eﬂ’T”/q Z Gseq(n — v, T) - 7I2mn/P (6.3)

n

+ Ry (1) (k)



Gseqg(n,7) =D _g(n—1P)g*(n+7 —LP) (6.4)
l

and k is the cyclic frequency. Suppose the combined pulse shaping filter g(n) has 2dg
taps. (when each is raised cosine filters. d is the delay factor of the filter) Then it can be
shown that g,.,(n,7) is a periodic sequence with period P = ¢. One period of gg,(n, 7),

n = 0...¢g — 1 is given by

2d—1

Gseq(n, T) = Z g(n—1g)g(n+7—lq) (6.5)
1=0
6.3 Previous methods of timing and frequency estimation
Using Parseval’s relation to rewrite the term > gseq(n) -€772™"/F and compensate for the
effect of pulse shaping filter, Gini and Giannakis [30] gave the modified cyclic correlation
for single carrier as 2

o(k,7) = Clk, )y (K, 7) (6.6)
2
= 2 Ra(r)e eI o7 (b, ) R ()3 ()
where y(k, 7) is given by
qa/2

1k, T)=1q G*(B — k)G(B)e > /adp 6.7

—q/2

and G(f) = >, g(n)exp(—j2mfn) is the Fourier Transform of g(n). With this, the
authors of [30] proposed the following frequency and timing estimators ((10) and (11)
in [30]):

€ =qarg {o(k, m)o(—k,7)}/(4n7),k > 0;7 € [1,q — 1] (6.8)

0 = —Parg {o(k, 7)e*"7/9} | (2nk), k > 0;7 € [1,q — 1] (6.9)

%In simulation, as in [7], only the phase of v~ (k, 7) is compensated to avoid propagation error.
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where arg {-} stands for unwrapped phase of (-) *. Note that the above timing estimator,
7, is dependent of the frequency offset estimator, €. On the other hand, Ghogho and el. [7]
proposed a different timing estimator which does not require the estimate of frequency
offset;

U = —Plarg o(k,0) — argo(—k, 0)]/(47k), (6.10)

but it is obtained by using two computations at delay ”0” cyclostationarity statistics.

There are other kind of timing and frequency offset estimators based on different
kind of cyclic correlations. They are either dependent or more complicated due to the need
of calculating two values of o(k, 7).

Bolcskei [1] extended the previous estimators to OFDM systems, in which the frequency
estimator as in (6.8). With no oversampling, ¢ = 1 and the delay 7 = N, the number of
subcarriers for OFDM system. The time estimator as in (6.9) except the period P = N+G,

where G is the length of the cyclic prefix (CP).

¢ = arg{o(k, N)o(—k,N)}/(4nN),k > 0; (6.11)

= (N + Q) arg {o(k, 7)™V} /(21k), k > 0; (6.12)

Obviously, the estimate of the timing still depends on the performance of the frequency

estimator.

6.4 New method for timing and frequency estimation
From (AS2) we know that, for single carrier signal, g(n) is real, and thus the sequence

of gseq(n — v, 7) in (6.3) is real. As a result, its Fourier series, Gs(k,7) £ 3 gseq(n —

3Note we have P in numerator for the timing offset estimator which is different from equation (11)
in [30], where v is already normalized with P.
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v, 7)e 72 /P will be Hermitian symmetric, i.e. G5(—k, 7) = G%(k, ), and from (6.3),

arg {C(k,7)} = 2ner/P + arg {Gs(k,7)} (6.13)

Since G, (k, T) is Hermitian symmetric, we have arg {G4(k, 7)} = —arg {Gs(—k,7)}
and we obtain when combining arg {C(k, )} from (6.13) with arg {C(—k,T)}.

e=-L arg {Clk, 7)C(—k, )} (6.14)
At

This frequency offset estimator is similar to that proposed by Ghogho with assumption
of real g(n) (page 3 in [7]).
For timing estimator, we note from its definition that G(k,7) depends on timing

offset . Then by the shift property of the Fourier transform, we have,

arg {Gs(k,7)} = —27vk/P + arg{Gse(k, 7)} (6.15)

where Gyeq(k,7) = F{gseq(n, )} = 3, gseq(n, 7) - e772™*™/F Note the second term on
the RHS of (6.15) depends only on the pulse shaping filter, g(n). Instead of calculating it
in the frequency domain from (6.6)(as in [7]- [?]), we calculate it directly from (6.5) in the
time domain. Substituting (6.15) into (6.13), and using similar method of canceling out the
effect of the frequency offset, we obtain by using arg {Geq(k, 7)} = — arg {Geeq(—k, 7)}

0 =—Parg {C(k,7)/(C{—k,T)G2 (k, 7))}/ (4Tk) (6.16)

seq

For the OFDM system, whose number of subcarriers is /V, and CP length is G, the
cyclic correlation, C(k, N), which is the Fourier series of R(n, N) with period of P =

N + @G, is given by;

C(k, N) = 02Ru(1)e”™N Y~ zp0y(n — v) (6.17)

-2 INYG) L R ()6 (k)
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Zseq(n) 1s a periodic rectangular sequence of period N + G with rectangular window length
G [1][?]. Similar to the derivation above for single carrier signal(eqn. (6.15)), the angle of

Gs(k,T) is given by

arg {Gs(k,7)} = =2mvk/(N + G) (6.18)

+ (M"g{z Zueql) - eI NHO)Y
.

Through similar manipulations, the corresponding frequency and timing offset estimator

obtained by the new method for OFDM systems are given by

¢ =arg {C(k,N)C(—k,N)}/(47N) (6.19)

and
C(k,N)
(—k,N)G%(k,N)

p=—-(N+G) arg{o }/(4nk) (6.20)

where G, (k, V) is the Fourier Transform of the periodic sequence zgeq(n).

6.5 Simulation
Monte Carlo simulations are conducted to test the performance of the above methods(1000
trials for each point).

In the first scenario, for single carrier signal, the transmit and receive filters were
raised cosine filters with roll-off 0.5, and upsampling rate 8, delay 7. Single carrier QPSK
symbols are assumed. Time-selective Rayleigh fading channel is assumed, with Doppler
spread of B,T" = 0.05, where B), is the bandwidth of A(n). Same as in [43], the channel
filier h(n) is obtained by bilinearly transforming a third-order continuous-time all-pole
filter, whose poles are the roots of the equation (s? + 0.35wps + w?)(s + wy) = 0, where
wo = 2mB/1.2. The time offset v = 3 samples and frequency offset ¢ = 0.1, are
implemented. Normalized Mean Square Error (NMSE) is used to evaluate the performance.

Three methods; the one proposed by Gini and Giannakis with T = 1(GG-single) [30], the
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(21) in [1]), the new proposed method (new-ofdm) (equation (6.19) and (6.20)) are applied
respectively. We average the result over three cyclic frequencies (k = 1,2, 3). As shown in
Fig. 6.1(a) (marked OFDM), the new proposed scheme has much better timing estimation
than the scheme proposed by Bolcskei [1]. The scheme proposed by Ghogho and el. can
not work in OFDM systems, since for delay 0 the time-varying correlation is not even
cyclostationary.

The frequency offset estimators (Fig. 6.1(b)) have almost the same performance for
all the methods. Note that in the first scenario with single carrier, when using raised
cosine pulse shaping filter, the Fourier transform of g(n) only have non-zero values for
cyclic frequencies at k = 0, £1 [43]. Hence, we did not average the results over multiple

cyclic frequencies, but we only used k& = 1.



CHAPTER 7

BLIND ESTIMATION OF RAISED COSINE PULSE SHAPING BY USING
SECOND ORDER CYCLOSTATIONARITY

7.1 Introduction
Chapter 7 discussed using the second order cyclostationarity in timing and frequency offset
estimation. As it is shown in Chapter 7, when raised cosine pulse shaping is employed in
the transmitter, the blind estimation of timing and frequency offset requires the knowledge
of pulse shaping filter. However, in practice, especially in the non-cooperative environment,
it is impossible to have such prior knowledge.

In this Chapter, we are going to explore the blind estimation of raised cosine pulse
shaping filter. The problem can be explored in time or frequency domain. In time domain,
a parametric model of the impulse response is required for the blind estimation. In [48],
several methods are presented which employs the traditional channel estimation methods
for pulse shaping filter estimation. Actually the estimation of the pulse shaping filter
parameters has been combined into the channel estimation process. Compared to estimation
in the time domain, blind estimation in the frequency domain appears more convenient for
the raised cosine pulse shaping filter. This is due to the fact that the frequency response
of a raised cosine pulse shaping filter depends only on one unknown variable, the roll-off
factor.

Since we only focus on the raised cosine filter, we can narrow down our blind
estimation to the roll-off factor estimation. The roll-off factor estimation has been explored
in [49]. The authors in [49] presents an experimental method for the estimation of pulse
shaping filter roll-off factor, where the roll-off factor is obtained through an approximate

solution without exact theoretical proof.
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In this Chapter, We propose to use the second order cyclostationarity for the roll-off
factor estimation. We will explore the delay ”0” and delay ”1” cyclostationarity for the

estimation purpose.

7.2 Raised cosine pulse shaping filter
The raised cosine pulse shaping filter is the most popular filter used in the area of digital
communication. Depending on the available extra bandwidth, the raised cosine filter can

be well defined using its roll-off factor. Its frequency domain function is given by [50],

H,..(f)
P, /1< 5
. 1+cos{ Z2 [fl—-lg—ﬁ _
= { prelE ) o << (7.1
0 otherwise

where f is the frequency, 0 < 8 < 1 is the roll-off factor.

The impulse response of the above filter is given by,

sin (58) cos (22)
™m 1 — 4ﬁ;§“2

hye (n) =

(7.2)

In practice, square root raised cosine filter is used in the transmitter and for the
matched filtering, the corresponding square root raised cosine filter is used in the receiver.
Their combined effect is that of a raised cosine filter given by (7.1).

The frequency domain function of a root raised cosine filter is given by [50],

VP, fl< 52
Hore (f) = § V/Peos (5 (111 5#1), 57 <I/l <42

0 otherwise
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The impulse response of the root raised cosine filter can be given by,

h?"?"c (n)
4

1—f+42, n=0
1+2)sin ()

8 ( T 46 =42£

I 2 ’ n=+g (7.3)
+(1—32) cos (@)
sin[w%(l—ﬂ)]+4ﬁ% COS[W%(H_ﬁ)] otherwise

\ npi-(463)"]

7.3 second order cyclostationarity for raised cosine pulse shaping

In Chapter 6, we find that the roll-off factor will affect the cyclostationarity test. For
example, for QPSK signal, AWGN channel with SNR = 25dB, upsampling facor P = 4,
filter delay is 100, the cyclo-spectrum for delay ”1” and delay 0" are plotted in Fig. 7.1
and Fig. 7.2 respectively. As shown in the figures, it is obvious that the magnitude of
the first peak (corresponds to frequency index ”256”) in cyclo-spectrum is related to the
roll-off factor of the raised cosine ﬁltef !, The larger the roll-off factor, the larger the peaks
at cyclic frequency k£ = 1. Note that when using raised cosine pulse shaping filter, the
resulted cyclo-spectrum only has non-zero values for cyclic frequencies at k = 0, £1 [43].

Denote the magnitude of the first peak in cyclo-spectrum as |C(1,7)|. 7 is the
delay. C(1,0) and C(1,1) are the first peak of the cyclo-spectrum at delay 0" and 17
respectively.

We recall in Chapter 7, the cyclo statistics C'(k, 7) is given in (6.3). Specifically, the

first peak in cyclo-spectrum C(1, 7) is given by

2
c,7)= %Rh(T)eﬂ”T/P ngeq(n — v, 1) e /P (74)

Note that when 7 = 0, the term ¢2™™/F is 1. That is, the delay ”0” cyclo-spectrum

C(1,0) is independent of the frequency offset . To simplify the derivation, we first assume

' As we mentioned in Chapter 7, for the raised cosine pulse shaping case, the delay ”0” and delay
17 time varying correlation functions are all cyclostationary.










|

the AWGN channel with full synchronization. That is, the timing frequency offset are all

zeros. Hence, C(1, 7) is simplified as

2
CLT) =23 Gueglm, 7) - 72/ (7.5)

It shows that the value of C(1,7) depends on the Fourier transform of the periodic
sequence gsq4(7, 7). The periodic sequence gs.,(n, 7), as derived in Chapter 7, depends on

the delay 7, period P, and the impulse response of the pulse shaping filter.

Gseq(N, T) = Zg(n —(P)g*(n+ 1 —LP)
!

Note that in this chapter, the pulse shaping filter g(n) is not the convolution of the transmitter
pulse shaping filter g;,(n) and the receiver pulse shaping filter g,..(n). Without the prior
knowledge of the raise cosine pulse shaping filter, g(n) is simply the transmitter filter
Giz(n).

To further explore the relation of roll-off factor § and the mean value of C(1, 1), we
show in Fig. 7.4 and Fig. 7.3 the relation of C(1, 7) vs. roll-off factor § with delay 7 equals
”0” and ”1” for different upsampling factor P respectively.

Note to simplify the case, our simulation does not introduce any additive noise. Also,
the coefficient %3 is removed for simplification. The equation (7.5) then become the Fourier
transform of gseq(n, 7). To differ from the previous notation, we will use C,s(1, 7) to denote

the value of C(1,7) in such special case. 2

Cpa(1,7) =D Guegln, ) - e772/P (7.6)

We use the normalized magnitude, |Cy(1, 7)|/|Cps(0, 7)|, instead of the magnitude,

|Cps(1,7)| due to the fact that different period P will cause different number of periods

2As shown in Chapter 6, when the size of FFT for cyclostationarity test M can be divided by P, the
two are actually the same. When the size of FFT for cyclostationarity test can not be divided by P,
there will be side-lobes around the peaks in cyclo-spectrum. To simplify the derivation, we assume
that M can be divided by P.
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delay ”0” cyclostationary sequence, as shown in Fig. 7.8, we calculate the convolution of

the two root raised cosine filter and obtain

1+ﬂ

Cps(1,0) = s ﬁcos(Z—P [lfi—l—;P—ﬂD (7.8)
vron (5 - 5o

/TCOS El: —ﬂ]> + COS
1-6 20 2P

(5l 3])

Note that f; = P/2~7.

As shown in (7.8), Cps(1, 0) is a linear function of the roll-off factor . C,(0,0) is
”1” since that in practice, the raised cosine filter has the overall power of ”1”. Hence,
Cps(1,0)/Cys(0,0) equals to Cps(1,0). Also, note the above values are all real. The
simulated cyclo statistics Cps(1,0) is plotted versus the linear functlon in Fig. 7.9. As
shown, for delay of 100 taps, the theoretical value of Cp,(1, 0) matches the simulated value
perfectly. For other delay factors larger than 4, there is still a good match except for roll-off
factor # = 0. The reason is that for perfectly rectangular window shaped spectrum, which
corresponds to § = 0, the delay factor must be very large to approximate the infinite sinc
sequence in time domain.

The case of delay ”1” cyclostationary sequence, is more complicated. Recall that
the Fourier transform of a delayed timing sequence can be transformed into a frequency

rotation. C,s(1, 1) is given by

_ 2P P 1-p
Gl ) = [ VPoos (% [m—w}) (7.9)
VPeos (5 |17 = ol = 2] ) v
148
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For the delay ”1” cyclostationary sequence, note that C,,(0, 1) is not 1. The value

of Cp,s(0, 1) can be calculated as

_1-8
Cps(0,1) = / " cos? (% [lfl—l—;P—ﬂDB“ﬂ”fdf (7.11)

~|~/; cos® <7_r2_§ [Ifl - ———12_})6]) e 2 gf

—
N

)

+ 2
To(s) - (=)

Fig. 7.10 compares the theoretical value of Cjs(1,1)/Cps(0,1) and the simulated
value. As shown in the figure, the theoretical derivation fit the simulated value perfectly.
Similar to Fig. 7.9, we note that for delay taps larger than 4, there is still a good match
except for roll-off factor § = 0. When g = 0, the delay taps must be very large to
approximate the infinite sinc sequence.

According to (7.8) and (7.9), the mean value of delay 0" cyclo-statistics is a linear
function of roll-off factor 3, while that of delay ”1” cyclo-statistics is not. Therefore, in the
following section, we propose to use the delay ”0” cyclostatistics, C'(1,0) for the roll-off

factor estimation.

7.4.2 Roll-off factor estimation
In Chapter 7, we show that the cyclic-statistics C'(k,7) is given in (6.3). Specifically,
C(1,0) is given by

2
Is

C(1,0) = iz

2
Ru(0)exp™2™/P N " goog(n, 0) - €772/ P = "—];Rh(0>exp—ﬂ"””°0ps(1, 0)

(7.12)






101

where 02, = 02R;,(0). Note that to negate the efforts to estimate the signal power o7 and

the channel parameter R;,(0), the normalized cyclic statistics % is used.
Due to the fact that
2Rn(0
C(O, 0) = ELM (7.15)
P
the roll-off factor estimator can also be given by
. Pr|C(1,0
ﬁ:—————l 2( ) (7.16)
Osh

In the next section, we are going to prove that the above estimator (7.16) is a MLE of the

roll-off factor.

7.4.3 Maximum Likelihood Estimator for the roll-off factor

In this section, we are going to derive the MLE of the roll-off factor based on the delay
”0” second order cyclostationarity. As we known, the cyclic-statistics C’(l,O) can be
approximated as Gaussian distributed. To simplify the case, we use C' instead of C (1,0)
in the following derivation. The likelihood function of the cyclic-statistics C(1,0) can be

given by

(C'T——a,ﬁ cos § 2_2

Cr—afBicos§ C;—aPsinb
or or

2(1-p?%)

p(Cy,Ci|B,0) = (7.17)

2ropoi0/1 — p?

4. CizaBsiné 2

93 94

0

exp | —

where C,. and C; are the real and imaginary pért of the cyclic-statistics C (1,0), o2 and
o2 are the variance of the real and imaginary part of the non-cyclic noise of C (1,0). p

is the correlation coefficient of the real and imaginary noise part. a is the linear function

2
s

Zsh a5 in (7.16). 6 is the angle corresponding to the timing

coefficient which is given by as —

offset.
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After mathematical manipulations, the MLE of the roll-off factor ﬁ M LE can be given

as a function of o, ¢;, p and 6.

C.-cos8 + Cising _ pC;cos0+pC; sin 9)

o2 0'1-2 oro;

(7.18)

0‘,,2‘ OrTy4

ﬂMLE - a(c:osz@ + Sinze . 2psin90050>
The value of ¢ can be obtained by using the method proposed in Chapter 7. As in Chapter

7, the timing offset is given by

= —Parg {C(k,7)/(C(=k,7)G%,,(k, 7))}/ (4rk)

seq

Note that the phase from the raised cosine filter arg {G,, (k, 7)} = 0 for delay 0" cyclic-
statistics C'(1, 0) according to (7.8). The value of C'(1,0) and C(—1,0) are conjugate to
each other due to the symmetry of Fourier transform caused by the real timing sequence.

Hence, the angle corresponding to the timing offset, # is given by

0 = arg {C(1,0)} (7.19)

Applying (7.19) into (7.18), we can show that the above MLE can be rewritten as

|C(1,0)]

ﬁAMLE = (7.20)

We denote the above estimator as Approximate MLE (AMLE). Note that the above AMLE

is exactly the same as the estimator given by (7.16).

7.4.4 Performance analysis
According to the previous chapter, the MLE of the roll-off factor is given by in (7.18). As
we known, the variance of an unbiased estimator is bounded by the inverse of the Fisher

information. The Fisher information of the roll-off factor, I(4) is defined by

032 -

[(6)=E [82 lnp(O;ﬂ)J _ (1—_a;2) <00820 _ 2psinf cos o, N sin? @

) (7.21)

o? 005 o?




The Cramer-Rao lower bound (CRLB) of the estimator can be obtained by

A 1 (1 — p?) o20?
S _ i 7.22
var (’8) ~ —1(8)  a?(0?cos? 6 — 2psinb cosHoro; + o2 sin? 0) (7.22)

The CRLB depends on the value of the o2, o2 and p. These values, however, depend on the
information of the specific raised cosine filter, such as the upsampling rate P, the roll-off
factor (3, and the delay d. As in chapter 6, the exact derivation of the value of o2, o2 and p

are complicated and will not be shown here.

7.5 Simulation
Monte Carlo simulations are conducted to test the performance of the above estimators
(5000 trails for each point). The number of the received symbols for cyclostationarity test
was M = P % 300 = 1200. The raised cosine filters with roll-off factor 8 = 0.25, 8 = 0.5,
B = 0.75, upsampling factor P = 4, and delay d = 7 are used. Single carrier QPSK
symbols are assumed. Time-selective Rayleigh fading channel is assumed, with Doppler
spread of B,T" = 0.01, where B, is the bandwidth of A(n). Same as in [43], the channel
filter h(n) is obtained by bilinearly transforming a third-order continuous-time all-pole
filter, whose poles are the roots of the equation (s% + 0.35wps + w?)(s + wy) = 0, where
wo = 2w B, /1.2. The time offset v = 3 and frequency offset ¢ = 0.1, are implemented.
The normalized mean square error (NMSE) are plotted in Fig.7.11. The performance of
two estimators are compared (equation 7.14 and equation 7.16). As shown in Fig. 7.11, the
larger the roll-off factor, the smaller the NMSE. This is because a larger roll-off factor will
cause higher peak or larger C (1,0) and thus improve the performance.
Note that specially in low SNR scenarios, the second estimator (equation 7.16) ("est2”)

has better performance. The first estimator (7.14) need an estimate of the value C (0,0) and
at low SNR scenarios, the estimate of the value C (0,0) which include the noise power will

deteriorate the performance of the estimator.
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CHAPTER 8

STC AND BLAST MIMO MODULATION RECOGNITION

8.1 Introduction
The great potential provided by the use of multiple input multiple output (MIMO) encouraged
intensive research efforts in the field of communications in recent years. This effort led to
the design and implementation of MIMO systems in commercial and military communication
systems. The new scenario introduces many new challenges for both cognitive radios and
surveillance systems.

One form of exploring transmit diversity in MIMO is to apply STC. Alamouti’s STC
is one of the first which studied the case of two transmitted antennas [44]. Tarokh extended
the results to the case of more transmitting antennas [45]. It was shown that for different
transmission rate, coding schemes are different. The STC schemes introduce redundant
information and explore the spatial diversity for better system performance.

Different from the STC schemes, Bell Labs Layered Space-Time Architecture (BLAST)
exploits spatial diversity to transmit more information [46]. Both schemes use multiple
transmit antennas and their decoding schemes are different depending on their coding
schemes.

The goal of this chapter is to blindly recognize the spatial coding schemes, or, more
specifically, to distinguish STC from BLAST schemes. We only consider the linear space
time block coding (STBC), proposed in [44] and [45]. Due to the redundant information
introduced in the STC schemes, the received signals will have temporal and spatial correlations;
while in the BLAST schemes, this is not the case. Since the time correlation introduced in
STC s in a block mode, we apply the cyclostationarity test to explore it. The cyclostationarity
test does not only distinguish STC schemes from BLAST scheme, but also can find out the
specific coding schemes used, whether it is full rate, half rate or other. Furthermore such

approach can help extract the timing and frequency synchronization parameters.
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8.2 System model and detection problem
Consider a MIMO environment with L transmit antennas and M receive antennas. The kth

received data vector r (k) is of size (M x 1) which is given by

r (k) =H(k)s (k) + w (k) (8.1)

where H (k) is the Raleigh distributed channel transfer matrix of (M x L). Assume that the
channel is slow time varying, to simplify the derivation, we will use block fading channel
where the channel is assumed to be the same during the detection period. w (k) is an

additive white Gaussian noise (AWGN) with variance o2

w?

which is independent of the
signal. s (k) is the (k mod T)th column vector of the (L x T") transmission matrix (where
T 1s the block size), whose entries are linear combinations of the random m-PSK (m > 2)
or m-QAM signal and their conjugates.
For example, in Alamouti’s scheme, when synchronized, s (k) and s (k + 1) are given
by
Ty —xh
[s(k) s(k+1) J = (8.2)
To ]
where z1, z, are all random m-PSK signal with variance o2. Note that we ignore the timing
index for 21, z for simplification. On the other hand, in BLAST scheme, s (k) is composed
of independent random m-PSK signals.
Suppose M = 2, for Alamouti’s scheme, the synchronized received signal at antenna

1 with length 7" = 2 can be rewritten as

T (k‘) h¢1$1 + higxz =+ w; (k)
- (8.3)
where 7; (k) is the kth synchronized received signal at antenna i. h;; represents the channel

from the jth transmit antenna to the ith receive antenna. Since the channel is block fading,
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the time index k in the channel parameter is ignored for simplification. As it is shown,
; (k) and r; (k + 1) are composed of correlated signals.
As for the BLAST scheme, the received signal at antenna ¢ with length T" = 2 can be

rewritten as

i (k) B hijzy + hs oy +w; (k) 8.4)

T3 (k‘ -+ 1) hi’lxg + hi’2$4 + w; (k + 1)

Note that the transmitted signals z;, ¢ = 1,2, 3,4, is independent from each other.
Thus, the received signal r; (k) and r; (k + 1) are independent from each other.
If we restrict our attention to only linear processing, the detection problem can be

given as

Hi: gri (k),r; (k+1)] is statistically cyclic (8.5)
= STC scheme;
Ho: g[r; (k),r; (k+1)] is not statistically cyclic

== BLAST scheme;

where g[e] is a linear correlator function defined as

gle] =ri(k)r; (k+1) orry (k)r} (k+1) (8.6)

where 0 < ¢, j € I < M. One can choose different correlators g[e] as long as the resulted
sequence for the STC schemes is statistically cyclic.

The above detector for distinguishing Alamouti’s STC scheme from BLAST can be
generalized to the case where the number of transmit antenna L is larger than 2. Since the
STC schemes is block coding, the correlation of the transmitted signals is within one block,

and the detection problem can be rewritten as

Hi: glri(k),r; (k+w)] is statistically cyclic (8.7)

= STC scheme;
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givenby r; (k) r} (b +u), 7 (k) rj (k+u), i (k) rf (k+w),i#7,0<4,j€ I <M,ue
I < 4, or the energy detector |, (k)|*. If L = 3, T' = 8, which corresponds to the half rate
STBC, we found by experiment that one can choose correlator given by 7; (k) rf (k + u),
O<uel<d4ri(k)r;(k+b),ri(k)rj(k+b),i#7,0<i,jel<M0<bel<8.

For all these correlators, the BLAST scheme can not give us a statistically cyclic
sequence.

According to (8.8), we have only listed the possible correlators for Alamouti’s and
Tarokh’s (half rate and 3/4 rate) scheme. For the general cases, a simple method can
be employed by using the transmission matrix of the STC scheme to get the possible
correlators satisfying (8.8). Essentially, we can get the following statements (see Appendix
for proof).

Theorem 1: The cross (conjugate) correlation between sequences from any two
receiving antenna or auto conjugate correlation of a sequence at any receiving antenna,
are statistically cyclic, if for any given 0 < u < T, the matrices E{s (k)s(k+ u)T} or
E{s (k) s (k+ u)H} are not the same;

Theorem 2: The auto correlation of a sequence at any of the receiving antenna is
statistically cyclic, if for any given 0 < u < T, the matrices E {s (k)s(k+ u)T} is not
skew-symmetric with the same diagonals. That is when the matrices’ diagonals are not the
same, the auto correlation sequence at any receiving antenna is statistically cyclic.

We can evaluate a table composed of matrices for straightforward view. For example,
when the number of transmit antenna L = 3, T' = 4, which corresponds to the rate 3/4

STBC, the table is given by

s(0)s(0)" | s(0)s(1)" | s(0)s(2)" |s(0)s(3)"
s(sO)7 |s)s@)7 | s(1)s(2) |s(1)s(3) ©9)
s(2)s(0)7 | s@)s@)7 | s(2)s@2)" |s(2)s@3)”
s(3)s(0)" | s(3)s(1)" | s(3)s(2)" | 5(3)s(3)"
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where s (2), ¢ = 0,1,2, 3 are actually s (k|k mod T = 1), which are the four column vectors

of the transmission matrix [45]. It is given by

T

s(0)=| 21, 2, xs/ﬂ] (8.10)
T

s | a5, 7, 2/V2 |

s(2) =1 z3/V2, z%/V2, (—$1—$i+$2”$3)/2}

s(3) =1 z3/vV2, —x3/V2, ($1—$T+$2+$§)/2}

The correlation matrices of size 3 x 3 are above the diagonal of the table given by
(8.9); while the conjugate correlation matrices are below the diagonal of the table.

To check whether we can use the energy detector, we simply check the matrices along
the principal diagonal, which corresponds to £ [s (k)s (k)H] . These matrices are given by

A, A, B, B, where

o2 0 0
A=|0 o 0 8.11)
2
0 0 %5
and
o2 0 0
B=|0 o 0 (8.12)
0O 0 0

Apparently, their diagonals are not all the same. Thus following Theorem 2, energy detector
will work for the detection problem.

To check whether the auto correlator 7; (k) r; (k 4 1) is statistically cyclic, we can
simply check the matrices along the first sub-diagonal of the table (8.9) on the top. The
fourth matrix along the sub-diagonal is zero matrix because the transmitted signal out of

one STC block is independent of the other STC block. The four matrices are given by C,
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D, 0, 0, where

C=|-02 00 (8.13)

and

—o3 (8.14)

B |mqm
%) L,,q
o

Since the matrices are all skew symmetric (with same diagonals), we can conclude that the
auto correlator r; (k) r; (k 4 1) will not work. However, according to Theorem 1, the cross
correlator r; (k) r; (k + 1) will work since these matrices given by C, D, 0, 0, are not all
the same.

According to the above rules, one can conclude that a common correlator which
is suitable for all STC schemes in [44] and [45] is v; (k)r; (k+ 1), © # j. However,
this common correlator does not promise a good detection performance. For example, as
shown in Fig.8.2(a) , when L = 3, T = 8, the peak at frequency index 256 is only slightly
higher than others. Consequently, the performance of the detector with such correlator is
quite poor compared to others. Therefore, in the next section, we are going to find some

combining process for the correlators to improve the detection performance.

8.4 Detection with prior knowledge
8.4.1 The block length 7" is known
When the block length T is known, we can get the cyclic frequencies « is a multiple of 2%
According to previous section, all the correlators satisfy the criteria (8.8) are statistically
cyclic. The question is then arise; how to combine these common correlators together to

improve the performance of the detector?
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We recall that in [19], to combine the cyclic statistics of the correlator with different
delays r (k)7 (k+7;), ¢ = 1,--- , ¢, Dandawaté and Giannakis treat the cyclostationarity
test problem as detecting nonzeroness of the unknown mean of a multivariate normal

random variables. The test statistic was given by

k=R (@) Y' R, ()7 (8.15)

where R (a) is the 1 x 2¢ row vectors cyclic spectrum at cyclic frequency o with delays

(7'1’... aTq)

R.. (a) = Re (R (o, 1)), -+ ,Re(R (o, 7)), (8.16)
Im (R (o, 7)), -, Im (R (,75))

in which R (a, 7;) is the estimate of the cyclic spectrum at cycle frequency a for delay 7,

which is given by

R(a,r) = % S0 (k) (k4 ) exp (—jka) (8.17)

k=0

Y, is the asymptotic covariance matrix of the estimator R, (o), which is a 2¢ x 2¢ matrix
computed using the cyclic-spectrum given in [19].

The performance of the detector given by (8.15) is better than a single correlator
detector at only one 7. One can show that, in the test statistic given by (8.15), a prewhitening
filter is applied to the different cyclic spectrums before summing them together.

Similar to [19], we suggest to combine different common correlators by applying a
prewhitening filter before summing them together. In such a case, the test statistic is the
same form as (8.15).

Therefore, for this combining process, the detection algorithm can be implemented
using the following steps:

Step 1: Get P common correlators according to the criteria (8.8) with the prior

knowledge;

Step 2: Computing the test statistic, x, given by (8.15) at cyclic frequency o = 27,’1;
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Step 3: For a given probability of false alarms, Pr, using the central x? tables for 2P
degrees of freedom, find a threshold «y so that Pr = Pr {x? > ~v};

Step 4: Declare it is STC if k > -y; otherwise, decide it is BLAST.

8.4.2 Both the channel parameters and the specific STC are known
In the cyclostationarity test derived above, we assume the mean of the cyclic-correlations,
E {R., (o)} is unknown. Similar to (8.17), the cyclic spectrum, £ { R, (@)} , is the expectation
of the Fourier transform of the mith correlator. Note that E {R,, (@)} can be determined by
the expectation of the correlator, which is dependent on the specific STC schemes and the
channel parameters. That is, the expectation of the correlator will affect £ {R,, ()}

For example, when the number of transmit antenna L = 3, T' = 4, the expectation of

the correlator r; (k) r; (k + 1) is given by

E{r;(k)r; (k+1)} (8.18)

_ <hj1h7;3 + hj2hi3 ; hj3h’i1 _ hj?’hw) ) [(k; + 1) mod 4]

+ (hﬂ hjz — h,j] hlz) ) [/{2 mod 4.]

where § [k] is the delta function. While the expectation of the correlator 7; (k) r; (k + 2) is

given by
B {r () (k+2)) &1
_ (hjlhi3 — hjohus ; hjshii + hj3hi2> §[(k + 1) mod 4]
N <hj1hi3 + hjohis ; hjshi — hj3h"2) § [k mod 4]

Similarly, we can get the expectation for r; (k) r; (k + 3). Obviously, these cyclic
sequences generated by the correlators with different delays has different spectral shaping.
Consequently, the expectations of the cyclic spectrums at the cyclic frequency « will have

different phases. Assume the observed sequence is long enough, the phase of the first peak




of the statistically cyclic sequence (o = %-15) can be given by

# 250 E{glri (k),mi (k+u))}

__j2m(kmod T)}

¢ = angle
- eXp [ T

(8.20)

where angle {®} represents the unwrapped phase operator. The term inside the expectation
is the correlator satisfying (8.8). Obviously, combining (8.18), (8.19) and (8.20), we can
find that the phases depends on the channel parameters as well as the specific STC schemes.
For example, in Alamouti’s scheme, suppose the correlator we use is 7; (k) r; (k + 1), ¢ #

J, the phase can be calculated using (8.20) as

¢ = angle {h11ha2 — highan } (8.21)

When we have the prior knowledge of the channel as well as the possible STC
scheme, which consequently give us the approximate phase ¢,,,, m = 1, ... P, corresponding

to the mean of P cyclic sequences, a simple non-ML suboptimal test statistic can be given

by

P-1 2

K= Z_Oexp (—Jbm) B (1) (8.22)

where P is the number of correlators satisfying (8.8).

Therefore, for this combining process, the detection algorithm can be implemented
using the following steps:

Step 1: Get P common correlators according to the criteria (8.8) with the prior

knowledge;

2w,

Step 2: Compute the phase for these correlators at cyclic frequency o = 2F;

Step 3: Computing the test statistic, , given by (8.22) at cyclic frequency o = 2%;
Step 4: For a given probability of false alarms, P, using the central x2 tables for 2
degrees of freedom, find a threshold «y so that Pr = Pr {x? > v};

Step 5: Declare it is STC if k > +y; otherwise, decide it is BLAST.



8.4.3 Performance analysis of the two combining algorithms
Ih the previous subsections, to improve the performance of the detector, two algorithms
to combine the correlators have been proposed. The first algorithm requires computing
the inverse of the asymptotic covariance matrix of size 2¢q x 2¢ each run of Monte Carlo
experiment, resulting in a heavy computational burden. The second suboptimal algorithm
is much simpler than the first one. However, it requires the prior knowledge of the channel
parameters and the specific STC scheme we are going to detect.

Essentially, the first algorithm prewhitens the noise before combining several complex
signals with unknown means. With the prior knowledge of the phase of the mean value
of the complex signals, the second suboptimal algorithm corrects the phase of the means
and sum them together without prewhitening noise. Of course, the optimal but much
complicated algorithm can be the combination of these two algorithms. Actually, even
though suboptimal, the second algorithm outperforms the first algorithm when the phase of

the two unknown means has a large difference.

8.5 Simulation
Monte Carlo simulations are conducted to test the performance of the above detectors for
Rayleigh block 1.i.d channels (5000 experiments for each point). In the first scenario,
Alamouti’s STC scheme and the MIMO BLAST scheme are used. QPSK modulation is
used for both transmit antennas. The number of receiver antenna is 2. The number of
the received symbols for each detection block is 500. The probability of false alarm is
0.95. The cyclic frequency for testing is set as o = QT’I As it is shown in Fig.8.3, three
different detectors: single correlator r; (k) 7o (k + 1) (single), the combined correlators
for correlators 71 (k) ry (k + 1) and ro (k)71 (k+ 1) using test statistic given by (8.15)
(combined 1) and (8.22) (combined 2) are applied, respectively. As it is shown from

Fig.8.3, both of the algorithms which combine the linear correlators outperform the detector









Proof for Theorem 2:

For the auto correlator, the expectation is given by

B {rs (k) (h + )} = B {s (k) (k -+ )" } b (8.24)

For the auto correlator, the term of the RHS of the equation can be rewritten as

h,E { s(k)s (k + u)T} h! (8.25)

T-1 T-1

T—
= Z h2 Sk + Z Z (hikhaSu + hixhiSk)
k=0

k=0 1=0,i#k

where Sy, represents the diagonal element of matrix E {s (k)s (k+ u)T} and Sy, Sy, are
the (/, k)th and (k, [)th elements of the matrix.

When the diagonal elements are not the same, the term h; E {s (k)s (k+ u)T} h?
will not be the same due to the randomness of the channel parameters. When the diagonals
are the same, and if S;; = —Sy;, we can get that the second sum term in (8.25) is zero and
consequently, the LHS of (8.25) will be the same. Since the correlator is statistically cyclic

if the LHS of (8.25) are not the same. We complete the proof for Theorem 2.
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