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two cyclostationarity-based algorithms for joint detection and classification of these
signals are developed, and the joint detection and classification performance, as well as
the com; ity of the proposed algorithms are investigated. Simulation results show the
efficiency of the proposed gorit s under low SNRs, short sensing times, and diverse

channel conditions.
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Chapter 2

Second-O1 ler Cyclo tionarity of the Mobile WiMAX

OFDM-based Sigr s

2.1. Introduction

The mobile WIMAX te olc ', based on the IEEE 802.16e [17]-[18] air Interface
Standard, is  idly proving itself technology that will play a major role in broadband
wireless metropolitan area networks. Mobile WIMAX employs the scalable OFDM at the
physical layer, which allows bandwidth scalability. In this chapter, a description of the
structure of the Mobile WiMAX OFDM-based signals is presented. Then, a model is
provided for such signals. Furtherm«  their second-order cyclostationarity is studied and
closed form expressions for the CAF and corresponding set of CFs of these signals are
derived. Finally, the CAF results ¢ ined from both analytical findings and computer

simulations are presented.
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where Rr (&,T) is the CAF at CF & and delay 7, defined as

172

R(a8)=limI" [ R(+De/" a1, (2.3)

o n
and X ={&: kr (@, 7)#0) represents the set of CFs.
Furthermore, for the discrete-time signal, r(n), the CAF at CF a and delay 7 is given
by (under the assumption of no aliasi:  [20],
R (a,7)=R (&7, (2.4)

where a=af ' and t=7f, .

The CAF car :estimated from a fin  length sampled signal {r(n)]"_o , as [20],

i Z r(mri(n+1)’ . (2.5)
N =

2.3.2. CA: and CFs [ Mobile WiMAX Signals: Analytical
Results
Using the signal model in (2.1.c)-(2.1.e), the autocorrelation function of r(n) can be |

expressed as = sum of autocorrelat.  functions corresponding to the signal components,

signal and noise, and only noise,

o Kp -1 K 1
N 2 *
R(nT % 2 Z L Bl
I|——D° /2— Ay =V
/y mod Ng=0 I, mod Np=0

_ : _ : D -1
Xg(n—llD—llNFlDG Yo 2FOkI= ) +Span=hD=hNg DG )/ Dy
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R,(n1)=[alol Ky, D Sn—ID=IN;'Dg)
[=—00

I mod Np=0

o

vay Y op 8(n-ID-|IN:' |Dg)
}=—o0

1S/ mod Np=A<Np

oo

val, Y ohaSn-ID-|IN'|Dg - Drg) |® g(m)g’ (n+7), @.7)
[=—00

Npp +1Simod Np=4

. 9 2
where ® denotes convolution, af =E(u,‘]u;1 )» OpL.a =(0'[2)L‘MKDL_L‘, +05L'LpKDL‘4_p),

0l 1 =00 1aKuaa Ot Ku ) with A=Imod Ny, 1<A<Np for the DL
OFDM symbols (excluding the p  nble), and Ny +1 <A< Ny —1 for the UL OFDM
symbols, K, ,, and KDL‘/LP4 as t number of data and pilot subcarriers in the Ath
OFDM symbol in the frar  belor 1g to the DL subframe (excluding the preamble),
respectively, of)L 1.4 and oL ip variance of the data and pilot symbols in the DL
OFDM symbols, respectively, and Ky ;4. Kypape afju_d, and aéu‘,, as their UL
counterparts.

By expressing [ I'+ A, with l'=L1N;lJNF, (2.7) can be rewritten as,

R(n0)=[a}o; Kp, Y. &ln= '=IN:'Dg)
I'=l=—o

I mod Np=0

4 Note that the number of pilot subcarriers. e\  ance of the data symbols, and the variance of the pilot
symbols are the same in all the OFDM symbols belonging to the same group. For the simplicity of notations,
we consider herec a more  neral « wl ¢ :sc parameters are different for cach OFDM symbol.
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boosted pilot symbols every M, th and M, th subcarriers in the DL and UL OFDM symbols,

respectively. We start the analysis by consideri  a single OFDM symbol with such a frequency
structure, regardless of its position. A DL OFDM symbol is considered without loss of generality;
similar results can be also fou | for an L OFDM symbol. Then, we generalize our findings for
multiple symbols and multiple frames, and derive the expressions for the CAF at these delays, as
well as for the set of CFs.

Consider a single DL OFDM symbol, which includes both data and pilot subcarriers. The
pilot symbols are transmitted every M, th subcarrier, and are boosted over the data

symbols. The time domain representation of such a DL OFDM symbol is

Kou/2 o
som=ap. D, et Pon=0,1,..,D,- (2.26)
k=—Kpy 12k#0

where ¢, 1s the (data/pilot) syn trans tted on the kth subcarrier. Note that the

dependency on /is dropped, as ¢ 'FDM symbol position is not considered here. Also, as
in case (2), a rectangular window is sumed without loss of generality. The DL OFDM

symbol can be further expressed : su of two parts: a first part which corresponds to
symbols over all subcan ;, whose variance is op,_,, and a second part which
corresponds to symbols only over the pilot subcarriers, whose variance is

S 2 .
ObL.pd =CpL.p ~OpLas 1€

sp(m) = s5) (n) + 53 (n), (2.27.a)
where

Kp /2 ~
spe(my=ap, ). e/ 20,1, .., D, (2.27.b)

k==Kpy 12.k=0
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2) Delays equal to integer multiples of Dy (due to the repetition of the RS every frame).

This is subsequently ref ¢ Case (2).

We study R,(a,7) at these de s and its representation as a Fourier series, and

determine the expressions for R (&,7) and set of CFs {a}.

-~~~ ¢1): Derivation of the analytical expressions for CAF at delays equal to zero and

useful OFDM symbol duration, and 1 : corresponding set of CFs

Assumii  that the symbols on each subcarrier are i.i.d. and mutually independent for

different subcarriers, one can eas ' see that only E(b /]b;:2'12) and E(Ck1~llcl:z-/z) are non-

zero at delays equal to zero and t eful OFDM symbol duration, and this occurs when

k =k, =k and [, =1, =1, for which (3.1¢ becomes''

R(n7)=a*0lK,+02K,) ,, . n—IN]'D)g (n-IN]'D,+7)
{=—c0

Imod N, =f=0
lofk,+0?K,] S n=|IN]'|D, ~3D-D))g"(n=|IN;'|D,-3D-D, +7)
[moéTV_::ﬁzéi
va’oik Y =[N |D,~(B-DD=D)g" (n=|IN;' |D,~(B~DD-Dy+7)
l=—00

I mod N,=p#0.4
=a’c’Kg,(mg, (n+0)® N S(n-IN]'D,)

- —
{mod N, =f=0

1 Kg(mg (nin® S S -|wv;' |p,-3D-D)
|=—ca

Imod N, =f=4

"' Note that as for the LTE OFDM signals with long CP, in this case the number of subcarriers is equal for
both sets 4 and A, and equals K, (K, =K, =K,). Also (0} =0} =0").
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N, -l
S[Rr(n, n}= DZ_IO'2 [ Lgl(n)gl'(n 4 jimma z e—j2;ra((ﬂ—l)D+D,)Zg(n)g‘(n+ t)e—j:'.ﬂ'na ]
n p=1 n

xS S(a-vD;h, (3.19)

i
Y =—00

and the CAF at CF & and delay 7, and the set of CFs, K, can be shown to be given respectively as

N -1
R(an =D, [ Yamg(ntve’ 43 2 BIDMY o) (n+r)e 2 | (3.20)
n p=1 n

and

-1
PR

K ={a:a=vD ', v integer}. (3.21)

C () Derivation of the analyti  expressions for CAF at delays equal to integer

multiples of the frame duration and t!  corresponding set of CFs

We further investigate (3.16) for de :qual to integer multiples of the frame time duration.

At these delays, one can show that the only  n-zero terms are due to the repetition of the S,
and correspond to E(c,l_klc,'z',(z);to en k, =k,(=k) and [, =/, = uN,, with 4 as an
integer and N, as the number of the OFDM symbols in the transmission frame. Thus, it is

straightforward that (3.16) becomes

o o0 K2

2 2 -1 * -1 —j2rk(r+(y=l)N, ' DD
Rne %6l ¥ N g WNIDOg{(n=bNID D) B n,
Ij=—o0 g k=-K{2k#0
fmod N =0/, mod N, =0 ke A
Iy =l + N

4

a3 i g(n—Ll,N;'JDZ—3D—D,)g'(n—|_12NZ'IJDZ—3D~D,+r)
L= ly=—oa

. y=
{,mod N, =41, mod N

L=l +ung
. -1 -1
x e—;2ﬂk(r+(lllN: Huw: poo, (3.22)
k=—K/2.k#0
ke Ay
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Fig. 3.9. The CAF magnitude for the _._sig  with MBSFN mode and Af =15 kHz at 7= D, =512 versus
CF a) theoretical b) estimated.
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4.5. Summzs vy

Two cyclostationarity-based . orithi  for joint detection and classification of the
OFDM-based mobile WiMAX 1d L~ signals are proposed in this chapter. The
proposed algorithms exploit information on s* 1al parameters that is known a priori i.e.,
the useful OFDM symbol duratic (equivalently, subcarrier spacing) and the frame

duration.
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Chapter 5

Joint Detection an ( ssification Performance and

Complexity for the Two Proposed Algorithms

In this chapter, the joint detection and classification performance of the proposed
algorithms are evaluated throt 1con iter simulations, and their computational complexity
is investigated. The simulation setup is introduced in Section 5.1, the joint detection and
classification performance of the f a rithm is evaluated in Section 5.2, the joint
detectior 1d classification performa : of the second algorithm is evaluated in Section 5.3,
the perfc 1ance and computational ¢  1plexity of both algorithms are compared in Section

5.4, and finally, conclusions dr ninSec m5.5.
5.1. Simulation Setup

The signals are simulated with 5 MHz double-sided bandwidth. For WiMAX, the
number of subcarriers used he  is 51  wl 2 for LTE, this is 512 for the LTE signals with
15 kHz subcarrier spacing, and 10 kHz for the LTE signal with 7.5 kHz subcarrier

spacing. For the mobile WiMAX l, the value of T/ /T, is 1/8, as being a common

u

value. For the LTE signal, both lor (7, /T, =1/4) and short (T, /T, =10/128 for the
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respectively, with different ¢ :rvatio intervals and thresholds used for decision making'*.
Asexpec , | oroved p rmance is achieved with increased observation interval for all
signals. One can also see from Figs. 5.2 a) — d) that, as expected, a higher probability of correct joint

detection and classification is achieved with a lower threshold.

Figs. 5.3 a) - d) >w the simulation results for the probability of correct joint signal
detection and classification for mobile WiMAX, LTE signal with 15 kHz subcarrier
spacing and long CP (MBSFN and non-MBSFN have the same results), LTE with non-
MBSFN mode and short CP, and LTE with MBSFN mode and 7.5 kHz subcarrier spacing,
respectively, with AWGN, and ITU-R pedestrian and vehicular A channels. Based on these
results, one can notice that the probal ity correct joint detection and classification in all

investigated cases is not influencec y the channel type.

From the above results, one ct that the proposed algorithm does not require an
estimation of the channel, s* 1al power, or noise power. However, an estimation of the

bandwidth and carrier frequency is required.

" Note that the same threshold is used the steps of the algorithm. The thresholds used are 9.210
(referred to as ', in the figures)a  10.. eferred to as I', in the figures). The thresholds correspond to
Pr{¥? 2T1H,) of 0.01 and 0.005, respectively (!  Chapter 4 for details on the cyclostationarity tests).
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a)

Fig. 5.1. Probability of correct joint detection and classification versus SNR of the signals of interest.
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Fig. 5.3. Probability of correct joint detection and classification versus SNR under different channel conditions
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Suggested future areas of work are as follows:

Verifying the proposed algor ms under more realistic conditions, e.g., when the
effect of timing offset and  Tier frequency offset are considered. The robustness
of the proposed algorithms to the accuracy in the bandwidth estimation can also be

studied.

Study of the cyclostationarity of ¢ 2r transmission modes of the mobile WiMAX
signals (i.e., the frequency division duplexing (FDD) UL and DL transmission).
As LTE employs the single « rier—frequency division multiplexing (SC-FDM) in
its UL transmission, the cycl tationarity of these signals can also be studied and

employed for their joint detection and classification.

Study of the cyclostationarity of the new air interface standards of both signals,

such as the 802.16m 1d LTE-advanced.
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