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Blind Demodulation for CP-OFDM and ZP-OFDM
transmission over frequency selective channels

Vincent Le Nir, Toon van Waterschoot, Jonathan Duplicy, &atc Moonen

Abstract—In this paper, we focus our attention on blind
demodulation for multi-carrier modulation in the context of radio
surveillance and military applications. We present a blinddemod-
ulation technique for CP-OFDM and ZP-OFDM transmission
over frequency selective channels. The technique exploitthe
cyclic prefix or zero padding structure of the transmitted signal
to estimate the parameters and to demodulate the transmiti
symbols without requiring any additional pilots. Simulation
results are performed on various channel models with timing
and frequency offsets. The presented technique shows thahe
different transmitted symbols can be retrieved whenever tle
channel exhibits some correlation in the time and frequency
domains, i.e. as for instance in LOS channels.

Index Terms—orthogonal frequency division multiplexing
(OFDM), blind demodulation.

I. INTRODUCTION

We utilize a timing offset estimation technique that ex{doi
the cyclic prefix or zero padding structure of the OFDM
signal and tracks time domain symbol energy variationsdase
on a transition metric [2]. Contrary to the autocorrelation
metric [3], [4], the transition metric based technique ieatio
estimate the timing offset in frequency selective channtis
strong multipath components. We also use the autocoiwelati
properties of CP-OFDM signals to estimate the frequency
offset as in [3], [4]. After synchronization and conversion
to the frequency domain, the channel amplitudes and phases
can be tracked whenever the channel channel exhibits some
correlation in the time and frequency domains, i.e. as for
instance in LOS channels.

The paper is organized as follows. In section Il, we present
the OFDM signal model, we review the estimation techniques
for the useful time intervall,, cyclic prefix durationT,, or

N this paper, we describe a technique to blindly demodulatero padding duratioff’,,,, number of subcarriers/., timing

digital communications systems employing orthogonal frend frequency offsets. Then, we present the technique for
qguency division multiplexing (OFDM). The technique expdoi amplitude and phase estimation for each subcarrier. Irnogect
the cyclic prefix (CP) or zero padding (ZP) structure of th#l, simulation results are presented with realistic chalsn
transmitted signal to estimate the parameters and to demothodels. Finally, conclusions are drawn in section IV.

late the transmitted symbols without requiring any additio

pilots. The aim of the paper is to show that the different .

DESCRIPTION OF THE ALGORITHM

transmitted symbols can be retrieved whenever the channeirhe non-data-aided technique presented in this paper has
exhibits some correlation in the time and frequency domainseen developed in the context of radio surveillance and

i.e. as for instance in line of sight (LOS) channels.

cognitive radio systems for multi-carrier modulations.eTh

The literature on blind demodulation can be divided in tW@jideband received signal may contain multiple OFDM signals
categories: data-aided and non-data-aided techniques- Dgf interest. Therefore, the received signal is sampled argel
aided techniques use additional pilot symbols known at th@ndwidth to include existing and future OFDM standards,
receive side to estimate the channel or to demodulate irect,ch as Wifi (2.4 GHz or 5 GHz), WiMAX (3.5 GHz), Long

the transmitted signal. Non-data-aided techniques recgiir
exhaustive search on the transmitted constellation offerdii-
tial constellation to solve phase ambiguity issues, buy tre

Term Evolution (LTE) or WiMedia (3.1-10.6 GHz) signals.
The carrier frequencies, bandwidths, and average powers of
the detected signals are estimated. After downconversion t

compulsory in the context of radio surveillance and militarhaseband and low-pass filtering, each signal of interest is

applications since they do not require additional pilot bpis.

processed through a feature detection block to determine

In this paper, we propose a new non-data-aided approach\ffiether or not it is an OFDM signal and to estimate blindly its
blind demodulation of CP-OFDM and ZP-OFDM tl’ansmiSSiO[]sefu| time interva[]’ju, its Cyc”c prefix duratiorﬂ"cp or zero
in frequency selective channels. We assume that the cygligdding duration,, and its number of subcarriery,. [1].
prefix or zero padding length is larger than the channel is®UlEach signal of interest can be modeled as a received sequence

response. Moreover, we assume the knowledge of the usgful ,(0) .. .

time interval T, cyclic prefix durationZ,, or zero padding

durationT’,, and number of subcarrierS. which can indeed )
be estimated blindly with the algorithms described in [l W y(@)
also assume the knowledge of the timing and frequency sffset
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y(N — 1)]T of length N' such that:

L—1+6
=ICmeitd)  S p(l—Q)a(i— 1) +n@G) i€0...N —1]
=0
@
wherex = [z(0) ... z(N—1)]" is the transmitted signal vector
oversampled by the ratio between the cut-off frequency ef th
low-pass filter and the transmitter maximum frequency, the
h(l)'s are the oversampled multipath channel coefficients with
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L the number of channel tapg, = [n(0)...n(N — 1)]T is
the vector of Additive White Gaussian Noise (AWGN) the Yok = Hp kX k + Nk (4)

receiver phase offset,the receiver frequency offset aicthe where Y, , is the demodulated data for the® block and

receiver timing offset. . .
9 the &t subcarrier,H,, ; is the channel frequency response,

To synchronize with the CP-OFDM symbols, we propos%avk is the transmitted symbol amd,,, ;, is the corresponding

to use a metric based on the difference between the receiv%’ . . . .
: channel noise. In order to determine blindly the constieltat
sequence and the same sequence shifted by the useful time

; . . o used on each subcarrier, we assume that some correlation
interval T, [2]. We assume that the cyclic prefix durati®y, is . :

. exists between several consecutive blocks and we calculate
larger than the channel impulse responsg... The correlated

. ) L .~ _the fourth-order normalized cumulant on each tone for sdver

durationT, — T,mq Of the cyclic prefix is canceled out in this . ) .
: k . ! blocks. Assuming the channel invariant over thé blocks,
operation. In this way, the cyclic prefix structure of the Q¥D ; L i
! . . . . . the normalized fourth order cumulant is given by:
signal is exploited by tracking time domain symbol energy
variations based on a transition metric between the endeof th _Cay
correlated duratiorf, — 7,4, and the beginning of a new T Coryvk
OFDM symbol. Contrary to the autocorrelation metric [3]],[4 , M=t s 1M, , M=t 2\2
.. . . . . ' N Y;TL. |7 Y - 2 T Y”H’L.

the transition metric based technique is able to estimate th 2 Ymel® =I5 20 Yol (37 2 Wmil")

m=0 m=0 m=0
timing offset in frequency selective channels even witorsgr L Mt N
multipath components. The received sequence of ledgth (a7 20 Yok [?)
is divided into M blocks of sizeT, = T, + T., where the "= (5)

transition metric is performed on the available blocks gtce The theoretical values for the normalized fourth order
the edge blocks. The proposed transition metric is given bysumulant are shown on Table I. We need to set some thresholds
between the theoretical values of the different consiehat
sizes. The fourth order cumulant is noise independent but
the normalized fourth order cumulant is noise dependent
i=mTs+60+T,,—1 OWING to the normalization by the power of each subcarrier.
@ Therefore, an estimate of the noise variance can lead terbett

The use of the modulug| operation makes the algorithme tormance by subtracting the noise power at the denobrinat
insensitive to large CFOs (in case of small CFOs the mogs the normalized fourth order cumulant.

ulus operation can be used outside the difference opejation
Knowing the useful time interval’,, cyclic prefix duration Constellation | BPSK | QPSK | 16QAM | 64QAM
T.p, and timing offset, the techniques in [3], [4] based on an Cazy -2.0000 | -1.0000 | -0.6800 | -0.6191
autocorrelation metric can be used to estimate the frequenc

- . . ; . TABLE |
offset. A similar algorithm which tracks time domain symbol  1,corRETICAL VALUES FOR THE NORMALIZED FOURTH ORDER
energy variations can be used for ZP-OFDM signals, where CUMULANTS
we assume that the symbol duratidh and the zero padding
duration 7', have been estimated blindly according to the
algorithm described in [1]. We also assume that the zeroThen, we perform a per-tone phase offset estimation based
padding durationT, is larger than the channel impulseon modulation stripping [6], [7]. The principle of modulati
responser,..... In this case, the zero padding structure of thetripping is to calculate the rotated angle of the received
received OFDM signal is exploited by tracking time domaigonstellation. For QPSK constellation, the angle of thetfou
symbol energy variations (transition metric) between thd e order moment is calculated for each subcarrier taking imto a
of the duration’,, — 7,4, (Noise only) and the beginning of count several blocks and then divided by four. The modutatio
a new OFDM symbol [2]. The transition metric is performegtripping formula for QPSK on tong is given by:
on the available blocks except the last block, and is given by

e S (9G4 D = ly(i+1 = T))?
Bopt = argn mZ:; (ly()] = ly(i — Tw)])?

1 M-1
_ =arg | — v 6
=yl + 1) P g <M > m-,k> (6)
Oopt = argmax Z TWOE (3) m=0
o o Y i=(m+1)Ts+6—1 Moreover, assuming that the transmitted constellations

L . . . xhibit  unitar variance on each subchannek
After synchronization, we can discard the cyclic prefix an(a M1 y

convert the CP-OFDM symbols to the frequency domain Hy; > [Xm /> = 1), the estimated channel amplitude
the discrete Fourier transform (DFT) operation. For ZP-OFD g gi’(}gﬁ by:
signals, the overlap-add (OLA) method converts the channel

convolution into a circular convolution [5]. Then, the ZP- "y 1 Ml )
OFDM symbols are transformed to the frequency domain \Hil™ = 57 > Yokl )
by the discrete Fourier transform (DFT) operation. As there m=0

is no interference between two consecutive OFDM symbdl$ie knowledge of the noise variance leads to a better es-
we obtain independent subcarriers with the following cle@nntimation as we can subtract it from equation (7). Knowing
model: the phase offset and the amplitude for each subcarrier, we
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can track the channel in the frequency domain. The phs +
ambiguity problem can be solved by phase unwrapping. Ph¢
unwrapping consists in avoiding abrupt changes ©fi2 the

phase. The phase unwrapping is performed using the follpwiz

Channel (dB)
Phase(radians)

procedure:
o if Ok_1-0r > T then Or=¢r+21 2
o if dr_1-¢p < —z thengp=¢y-27 B L
with z the threshold chosen according to the channel, i ° % ones® ¢ *° L
instancer for SUI-1 channels which do not exhibit large phase
variations between subcarriers. Fig. 2. Amplitude and phase channel estimates before phagepping and

after phase unwrapping with WiMAX parameters and QPSK @fagion on
a SUI-1 channel model
[1l. SIMULATION RESULTS

In this section, we evaluate the performance of the pre-
sented techniques for WiMAX [8] and ZP-OFDM signalshannel model. NLOS channels such as the SUI-4 channel
with WIMAX parameters on Stanford University Interim (SUl)model have strong fading deeps up to -20 dB. The phase
[10] channel models with various time and frequency offsetsecomes unstable in these deeps and therefore the phase
Simulations results are performed on 100 Monte Carlo trialswrapping algorithm has some difficulties to track abrupt
with 10 OFDM symbols. Two types of channels are choseghanges in the frequency domain.
the SUI-1 channel which have LOS components for flat terrain
with light tree density and the SUI-4 channel which has NLO 5
components for hilly terrain with heavy tree density. 0

The performance results for the estimation of the usefudtirr_.
interval T, cyclic prefix duratiorilt,, or zero padding duration
T.,, number of subcarrierd/. and timing offset can be found
in [1], [2]. The following simulation results take into aaoat
the full receiver communication chain and errors during th
previous parameter estimation steps. Then, we can comert % s 10 150 200 20 0 50 100 150 200 250
OFDM symbols to the frequency domain using a DFT. Figure fones fones
1 shows a single demodulated OFDM symbol with WiMAX _ _ _
parameters and QPSK constellation on a SUI-1 channel mog'@elfbh zfsrg‘fj'ﬁ‘\jﬁgpﬁ)’?ggpcvﬁeﬁ‘ﬁx(eLgfgm;tgfsbaeggr%gg“}f'g’&%%a(:‘nd
before modulation stripping and after modulation strigpin a sul-4 channel model
We can see that modulation stripping corrects the phasetoffs

-5

Channel (dB;
Phase(radians)

-15

-20

introduced by the channel response for each subcarrier. Figure 4 shows Monte Carlo simulations with 100 SUI-1
channel realizations and CP-OFDM or ZP-OFDM tranmsis-

2 o 15— - sion. For each channel realization, we compare the 4 passibl
. f;tf#i?#% N\ // rece_ived bit sequence with the transmitted bit sequence. Th

. ggn}#‘ i:@éﬁ“ﬁi o 05 \‘ / left figure shows the Bit Error Rate (BER) versus the Signal to
g o i %fgéﬁ* ;j;gﬂgi E o NS Noise Ratio (SNR) for CP-OFDM transmission with a single
2 #%ﬁgﬁ%% et A ,f N\ channel realization and an average of 100 SUI-1 channel real
-1 ‘*%@»ﬁwﬁ ' / \ izations. A floor can be observed at high SNR on due to some
ettt R4 N\ bad channel realizations which can have lower deeps an@phas

- A T AT instability. Actually, 97% of the SUI-1 channel realizations

lead to the single BER curve. For NLOS channels such as
) , SUI-4 channel models, it is too difficult to track the phase in
Fig. 1. Frequency domain demodulated CP-OFDM symbol baacafter the frequency domain, leading to bad average BER curves
phase offset correction by modulation stripping with WiMAdérameters and ’ Al ’
QPSK constellation on a SUI-1 channel model (20% of the SUI-4 channel realizations lead to the single
BER curve). The right figure shows the single and average
Figure 2 shows the amplitude and phase channel estimaB&R for ZP-OFDM tranmission. As the estimation of the zero
before phase unwrapping and after phase unwrapping wjhdding duration is quite sensitive to the noise [1], we carap
WIMAX parameters and QPSK constellation on a SuUI-#lifferent values around the estimated zero padding duratio
channel model. LOS channels such as the SUI-1 chansath that the normalized fourth order cumulant is minimized
model have weak fading deeps as low as -2 dB. We can s#milarly to [12]. Considering the full communication chai
that the phase unwrapping algorithm tracks and corrects tthgs leads to similar conclusions as CP-OFDM transmission,
abrupt phase changes in the frequency domain. i.e. 9% of the SUI-1 channel realizations lead to the single
Figure 3 shows the amplitude and phase channel estima&#sR curve while this percentage drops to%Gor SUI-4
before phase unwrapping and after phase unwrapping withannels. Therefore, we can conclude that it is possible to
WIMAX parameters and QPSK constellation on a SUI-detrieve the transmitted bits of an unknown CP-OFDM or ZP-
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OFDM transmitter as long as the receiver is placed in a LQ®] A. Bouzegzi and P. Jallon and P. Ciblat, “A fourth-ordesed algorithm

situation. for characterization of OFDM signals|[EEE Workshop on Signal Pro-
cessing Advances in Wireless Communications (SPARGEle, Brazil,
July 2008.

- - -Average

.

20 0 20

10 10
SNR (dB) SNR (dB)
Fig. 4. BER curves for blind demodulation of CP-OFDM (leffydazP-
OFDM (right) transmission

IV. CONCLUSION

In this paper, we have described a technique to blindly
demodulate digital communications systems employing or-
thogonal frequency division multiplexing (OFDM). The pro-
posed technique has exploited the cyclic prefix or zero pagdi
structure of the transmitted signal to estimate the pararaet
and to demodulate the transmitted symbols without reqgirin
any additional pilots. The results have shown that the wffe
transmitted symbols can be retrieved whenever the channel
exhibits some correlation in the time and frequency domains
i.e. as for instance in LOS channels.
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