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Abstract— In wireless communicatiors, signals are affected by  single-carrier signal4]-[7].

multipath fading in the transmission channel, which causes In wireless systems undemultipath fading environment,
amplitude fluctuation and phase fluctuation at the receiver jnterference between delayed waves makes amplitude
front-end. Unfortunately, the Frequency Domain Equalization  flyctuation and phase fluctuatianthereceiver frontend The
(FDE) using pilot subcarriers, which is ordinary used in  FrequencyDomainEqualization (FDE) using pilot subcarriers,
conventional Orthogonal Frequency Division Multiplex  which is ordinary used in conventional OFDM systems,
(OFDM) systems, cannot apply the OFDM system with  cannotapply the CAZAGOFDM. In the CAZAGOFDM
Constant Amplitude Zero Auto-Correlation (CAZAC) scheme, IFFT input signal fazachsubcarrier includes all
precoding, CAZAC-OFDM. In this paper, we propose a method QAM signal components, andach subcarrier carries
to improve the negative effect of multipath fading by applying uniformly distributed QAM data. The CAZAOFDM has a
transversal filter using Least Mean SquargLMS) algorithm to nature of spreadpectrum just like £ode Division Multiple
CAZAC-OFDM systemsWe have confirmed that the CAZAG ~ Access (CDMA) or convolutional coding. Therefore, the
OFDM system with the proposedtransversal filter maintains ~ CAZAC-OFDM schemecannothave any pilot subcarriers
enough low Bit Error Rate (BER) performance under flat although ithas a frequency diversity effetzelf.
fading and frequency selective fading channels. In this paper, we study fading compensatiortechnique
by applying atransversal filter using Least Mean Square
KeywordsOFDM; CAZAC sequence; Frequency domain (LMS) algorithm to the CAZAC-OFDM. A waveform
equalization; Transversal filter,LMS algorithm. equalizer represented by a transversal filter equalizes the
transmissiorchannekharacteristics by inserting it in front of
the receiverWhen the characteristics of the transmission
I INTRODUCTION channel arglynamicallychanging and not in the steady state,
bI&D adaptive equalizer must bsed.In this case, the training

In recent years, with the spread of smartphones, ta ™ -
y W P P n gnal should be sent periodicallyhdtap coefficiens of the

terminals and PCs, the demand for wireless communicatio - iterativel dated that th Ut Si |
expanding. Furthermore, with the advent of video distributio lter are iteralively updated so that the - output -Signa

and streaming services, the amount of data has increas%lﬁm?:]ges t% 'Fhehtrarljsmigsion Siglﬂa'- .Onhe type Ofl ad.a ptive
rapidly. Therefore, an Orthogonal Frequency Division algorithm ugd in the adaptive equalizer is the LMS altyori

Multiplex (OFDM) schemeis widely used in wireles [8]-[10].

communicationdue to its great advantage of high spectrum We have confirmed that the CAZAGFDM system with
utilization that is about twice spectral efficiency comparedheproposedransversal filtemaintains enough low Bit Error
with single carrier schem#loreover, he OFDMscheménas ~ Rate (BER) performance undeflat fading andfrequency
resistanc@ropertiego multipath fading. selective fadinghannels

Unfortunately, OFDM schemkas highPeakto-Average The rest of this paper is organized as folloWwsSection 2,
Power Ratio (PAPR). Many kinds of method have beenWe describe the CAZA®FDM system. In Section 3, we
proposed to solve this PAPR probleth [The OFDM scheme  describe the method of channel estimation. In Section 4, we
with Constant Amplitude Zero AuiGorrelation(CAZAC)  describe the transversal filtén Section Swe describe LMS
precoding, CAZAGOFDM, is a known modulation algorithm In Sectbn 6, we show how convergence is

; ; ‘i hieved by updating the tap coefficerdf the filter In
technique aimed ailleviating the PAPR problem J[3]. It achie .
has been reported that one CAZAC sequence in cooperati Section 7, we describe the effedtthe proposed transversal

with Inverse Fast Fourier TransforhkET) processconverts filler in the CAZAC-OFDM systemFinally, we conclude this

the PAPR of the MarrayQuadrature Amplitude Modulation paper in Section.8
(M-QAM) OFDM signal into the PAPR of an KdAM
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. CAZAC-OFDM SYSTEM

A. OFDM System
OFDM systemis a kind of multicarrier modulation

scheme that digitally modulates and multiplexes a number of

orthogonal subcarriers in the frequency domain. In thBI\D
system data signals are mapped by digital modulation such

QAM or PSK. The, it is converted from frequency domain

signal to dscretetime domain signal bW size IFFT. The
discretetime OFDM signalx[n] with N subcarriers is
represented as follows.

1 = 2mkn
xn] == > X[kle/ n m
k=0
wherej = v—1, n is the discretetime index and[k] is the
frequency domain signfl1].

In general, OFDM has high PAPRAPR is the ratio of
peak poweto average poweand is defined by the following
equation.

,max_|x[n]|?
== 5 [dB]

mean |xX[n
OSnSN—ll [ ]l

PAPR = 10log,, (2)

The value of PAPR increases as the peak power increases
compared to the average power. As PAPR increases, power
consumption of the transmitter increases, so PAPR should be

reduced as much as possible.

|
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Figure 1 CAZAC-OFDM sygem

B. CAZAC Precoding

Figure 1 shows the configurationsf CAZAC-OFDM
transmitter and receive€AZAC-OFDM reduces PAPR by
performing precoding using Zadefthu sequence, which is a
type of CAZAC sequence. The Zade@hu sequence is
expressetby the following equation.

Iexp (j W) (L is odd)
Cp =

mrk?
)7L

l=01,---,L—-1

®3)

Lexp (L is even)
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wherelL is the sequendength and 7s the sequence number.
Assuming that = 1 andL = N? in the above equation, the
Zadoff-Chu sequence is as follows.

mk?
Cr = exp ]F

(4)

akhere N is the number of subcarriertlsing the above

equation, @ZAC precoding generates aii X N square
matrix M.

Co (&1 CN-1
1 Cn CN+1 Can-1
M=— : : : (5)
N
CN-1N  C(N-1)N+1 Cn2-g

The transmission data sequen¥ewith N subcarriers is
expressed as follows.

(6)
Xn-1
When the transmission @asequenc is multiplied by the

square matrixM , the outputby CAZAC precodingP is
expressed by the following equation.

P=MX
Co C1 Cn-1 Xy
Cn Cn+1 Con-1|| X; (7)
=% . . : E
CN-DN  C(N-1)N+1 Cn2-1] [ Xy_q

When IFFT is performed on the outgoyt CAZAC precoding
P, the time signabf CAZAC-OFDM s,, is expressed by the
following equation.

Sn = C(E—n)moclN ' X(ﬂ—n)modN

8
2 2
Therefore, as shown in Figug the ime domain signal of
CAZAC-OFDM is obtained by rotating the phase of the
mapping data while maintaining the amplitude of the mapping
data. As a result;, CAZAOFDM has reduced PAPR

compared to conventional OFDM.

(b) CAZAC-OFDM
Figure 2 Time domain signal

(a) Conv. OFDM

In the conventional OFDM, the mapped values Xirectly
input to the IFFT. Therefore, in the frequency domain, each
data is allocated teach subcarrier as shown in FigBee On
the other hand, in CAZA©®FDM, P obtained by multiplying
the mapped valuX by the matrixM generatedfrom the
Zadoff-Chu sequence is input to the IFFT. In this case, the
data loaded on the subcarrier is represented by the sum of the
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components ok with different phase rotations. Therefore, in Data 5
the frequencydomain, as shown in Figuigb, all data are
included in eachubcarrier. This is the frequency diversity Data 4
effect =72 |¥
: E|F|E|F|F Data 3
— - w N W
Data 5 Pilot
Data 4
glolololo f Data 1 f
g» g» g» E» g» Data 3 - -
—lo]w|ls]w (a) Conv. OFDM (b) CAZAC-OFDM
Data 2 Figure 5 Pilot subcarriersnsertion
f Data 1 f
(a) Conv. OFDM (b) CAZAC-OFDM IV. TRANSVERSALFILTER
Figure 3 State of data A Structure

The model of théransversal filter is shown in FiguseThe
transmitted signal is received under the influence of multipath
S ) fading.Therefore, by inserting theansversal filter in front of
A. Channel Estimation in Conventional OFDM the receiver on the receiving side, it is possible to estimate the

In wireless communicationamplitude fluctuation and transmission signal and correct the influence of multipath
phase fluctuatiomccur in the transmission chandele to the  fading.
influence of multipath fading. Therefore, the error rate of dat x(t=1)  x(t1-2) x(1=N)
becomes large. So, in the conventional OFDplot x(1) I .}
subcarriersireused as a method to estimate the characteristic Z
of multipathfading. The pilot subcarrie@reknown signas
on the receiving side added for channel estimation, and
periodically inserted into the datubcarriersas shown in
Figure 4. By examining how much tipdot subcarriersare
fluctuatel on the receivingside, it becomes possible to
estimate the characteristics of multipath fading at that time.

1 Symbol (64 Subcarrier)
Datax 6 d(t) /K &(1)

Figure 4 The example of pilasubcarriers U
Figure 6 Transversal filter

I1l.  CHANNEL ESTIMATION
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B. Pilot Subcarriers in CAZAC-OF DM

As described above, in the conventional OFDM, theB: Frinciple
characteristics of multipath fadjrare estimated by inserting  In the transversal filter of Figure Ghe output signak(t)
pilot subcarriersand correction is performed accorgly.  is expressed by the following equation.
However, this methoadannotbe used in CAZAGOFDM. — AT 9
This is due to the frequency diversity effect of CAZAC . . y(®) =x Ow®) o ®)
OFDM. In the IFFT output after CAZAC precoding, all data  The input signak(t) and the tap coefficienv(t) are
in the time domain will be distributed to each subcarrierrespectively expressed as follows.

Therefore, even if pilot subcarrieaseinserted as shown in x(t)

Figure 5, in the IFFT output, the information as thiot _|x—-1) 10
> . : x(t) = . (10)

subcarrierss dispersed to all the subcarriers, so theaitnot :

function aspilot subcarriers Therefore, CAZAGOFDM x(t—N)

cannotcorrect the effect of multipath fading. Therefore, it is wo (t)

necessary to correct the influence of multipath fading without wit) = wy (t) (11)

usingpilot subcarriers :
wy (1)
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where the number of tapss N + 1. The input signal is uoe?(t)
assumed to be in steady state. Here, let the training signal be wt+1) =w(t) - W(t) a7
d(t). Anerror signak(t), which is the difference between the =w(t) + pue(®)x(t)
output signal and the training signal is expressed by the The convergence conditioof the LMS algorithm isas
following equation. follows [10].

£(t) = d(®) — y(0 (12) 0<p< (18)

*

~ The tap coefficientv is set such that the error sigeéd)  hereN* is the maximum value of the eigenvalues of the
is minimized. As a result, the optimal tap coefficieg},, is  correlation matrix of the input signal. When the step size is

as follows[10]. increased the convergence speed beconfester but the
Wope = RTIP (13) steadystate error after. convergence is increased. On the other
hand, when the step size is reduced, the stsiady error after
whereR andP are the following formulas, respectively. convergencés decreaselut the convergence speed becomes
R = E[x(O)x"(0)] (14) slower. Th.erefore, it is necessary to decide the stepirsize
consideration of the tradeoff between the convergence speed
P = E[d()x(0)] (15) and the steadgtate error.

whereE[-] is the ensemble averagdhis equation is the

solution of the Wiener filterFrom the above equation, the ~ VI. CONVERGENCE BYUPDATING TAP COEFFICIENTS

optimal tap coefficient can be determined by examining the \ye simulated the convergenof constellation and time

autocorrelati(_)n of the input signal gnd thg cieaselation  yomain signak on the receiving sidéy updating the tap

between the input signal and the training signal. coefficiert using MATLAB / Simulink. The simulation results
However, to determine the correlation of signals, it isare shown in Figureg and 8, respectivel\Note that as the

necessary to collect the input sigfala long time, so it takes constellation andthe time domain signals progress from

a long tme to determine the tap coefficielrt addition, itis  Figure 7a to @, it indicates that time has elapsed.

assumed that the signal is stationanyd it is decided to be the 114 following figure shows that the constellation ainel

only optimal tap coefficient, so it canncope with the case (ime domain signal converge as the tap coefficients are
where the charadtistics of thetransmission channehange updated iteratively. As a resulcommuniation becomes

dynamically Therefore, these problems are solved by ”sm%ossible as usuahly after convergence.
an adaptive filter

V. LMS ALGORITHM

In the adaptive filter, byiteratively updating the tap
coefficient, it gradually approaches the optimal value.
Therefore, if the change of the signal characteristics is slowtz .
than the convergence time of the adaptive filter, it car® o
correspond to the change. B N . .

The steepest descent method is used as a method to upc o5 o o o5 o o
the tap coefficieniterativelyso as to minimize the error. This e neltee romee el
is to update the tap coefficient in the direction of decreasing @) (b)
the gradient of [¢2(t)] at a certain time, and is expressed
by the following equation.

ature Amplitude

Quadrature Amplitude
o

UIE[£2(8)] wl ’ wl -
20w(D) (16) o ;
=w(t) + uE[e(®)x(¢)]

wherep is thestep size parameter, which is ff@ameter that
determines the size of the slope down in one updatehe
above equation shows, it requiremnsemble average.
Therefore, frequentpdating of the tap coefficiemtannotbe io' - - + +
performed. Therefore, LMS algorithm uses instantaneou o5
estimates instead. As a result, the equation for updating the't

coefficient is as follow§9]. © (C)
$ ] Figure 7 Convergence ofrhe domain signalof CAZAC-OFDM.
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Table Ishaws the simulation specification

3 ] A R e TABLE |. SIMULATION SPECIFICATION.
g g’ Mapping 16QAM
3 L I FFT Size 64
§ ; . oLt . Carrier Fequency 120 MHz
3. S, DataRate 32 Mbps
" R S . . . Number of 59
B R e R R B Data Sibcarriers
o reltee Infphas;wme Guard hterval 16
FigL(J(r:Ze 8 Convergence of 16QAM cons(tgllation Step Sze 0.1
Flat FadingRayleigh
Frequency Selectiveading
VIl.  PERFORMANCEEVALUATION BY SIMULATION Channel Mdel (Rayleigh
A. Simulation Specification AWGN

In this paper, in order to canh how much the error rate
of the signal is improved by using ttransversal filter, the
BER performanceof CAZAC-OFDM and conventional B. Simulation Results
OFDM are compared using MATLAB / Simulink. We compared the BERperformance without fading

Figures 9 and 10 show the configurations of CAZAC channelsThe sinulation results are shown in Figure. Ftom
OFDM transmitter and receiver, respectveh addition, the ~ this result, iis provedthat CAZACOFDM can obtain almost
transmitter ancteceiver configurationsf the conventional the same BER performance as conventional OFDM when the
OFDM, which doesiot use CAZAC precoding astructurs,  transversal filter is used.

which removed the btk of CAZAC precoding from Figures 10° ' ' '
9and 10. -6-CAZAC-OFDM

On the transmitting side, mapping (18AM) is first 100 L Bseg —¢Conv. OFDM
performed on transmission data. Then, CAZBEDM signal i
is generated by performing parallelization by setogbarallel
conversion, CAZAC precoding and IFFT. At this time, if 10%
IFFT is performed without CAZAC precoding, a conventional &
OFDM signal is generateddfter that, guard intervals are
inserted, serialized by paralg-serial conersion,
quadratue modulation is performed, and thgignal is
transmitted. 10

On the receiving sidéading in the transmission chaniel
corrected by passing through a transversal filter afte
guadrature demodulation. Then, received data is generated

103

105

. . . 0 2 4 6 8 10 12 14 16
seial-to-parallel conversion, removal of guard intervals, FFT, SNR [dB]
CAZAC decoding, paralleo-serial conversion, and Figure 11.BER performancdwithout fading)

demapping.
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We compared the BER performangederflat fadingand  [6]
frequency selective fadinghannels The simiation results
are shown in Figurd2. From this result, its provedthat
CAZAC-OFDM can obtain almost the same BER
performance as that of the conventional OFDM hipgishe
transversal filter even undéding environment. That is, ii
concludedthat CAZAGOFDM is effective everunder flat  [€]
fading and frequency selective fadioganneldy using the
transversal filter.

100 T T T T T [9]
F —o—CAZAC-OFDM

(7]

—~—Conv. OFDM

[10]
Frequency Selective
Fading

102
o
i [11]

103 /

Flat
104 Fading
10%
0 5 10 15 20 25 30

SNR [dB]
Figure 12.BER performancéwith fading)

VIII.

In this paper,we proposeda method to improve the
negative effect of multipath fading by applying trensversal
filter to CAZAC-OFDM system Moreover, it has been
confirmed by simulation that the CAZAOFDM system with
the transversal filter maintains enough low BER performance
under flat fading and frequency selective fading chanmnbks.
result shows that th€ AZAC-OFDM systemis effective
underfading environment.

CONCLUSION
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