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ABSTRACT

In highly time-varying fading channel, the Discrete
Fourier Transform Spreading Orthogonal Frequency
Division Multiplexing (DFTS-OFDM) signal would
be damaged significantly by the inter-channel inter-
ference (ICI) due to the loss of orthogonality among
subcarriers which leads a fatal degradation of bit er-
ror rate (BER) performance. To solve this prob-
lem, this paper proposes a time domain equalization
(TDE) technique in conjunction with a time domain
channel impulse response (CIR) estimation method
for the DFTS-OFDM signal without using a guard
interval (GI). The features of proposed method is to
employ a time domain training sequence (TS) both
for the estimation of time domain CIR at every sam-
pling time and for removing the inter-symbol interfer-
ence (ISI) incurred in the multipath fading channel.
The proposed method also employs the TDE with a
maximum likelihood (ML) estimation method in the
demodulation of received time domain signal at every
symbol instead of using the conventional Minimum
Mean Square Error-Frequency Domain Equalization
(MMSE-FDE) method. This paper presents vari-
ous simulation results to demonstrate the effective-
ness of proposed demodulation method for the DFTS-
OFDM signal without GI as comparing with the con-
ventional MMSE-FDE and TDE methods both of us-
ing GI under highly mobile environments.

Keywords: DFTS-OFDM, Time Domain Equaliza-
tion (TDE), Channel Impulse Response (CIR), Time
Domain Training Sequence (TS)

1. INTRODUCTION

Discrete Fourier Transform Spreading Orthogo-
nal Frequency Division Multiplexing (DFTS-OFDM)
technique has been received a lot of attentions as
an attractive alternative to OFDM technique for its
lower Peak to Averaged Power Ratio (PAPR) and
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robustness to the multipath fading. The DFTS-
OFDM can achieve better bit error rate (BER) per-
formance than that for OFDM by using the Mini-
mum Mean Square Error Frequency Domain Equal-
ization (MMSE-FDE) method [1-5]. From the above
advantages, the DFTS-OFDM has been adopted as
the standard transmission technique for the uplink
from the user terminal to the base station in the 4th
generation mobile communication system (LTE: Long
Term Evolution) [6-7].

The DFTS-OFDM signal experiences severe inter-
channel interference (ICI) due to the Doppler fre-
quency spreads in highly time-varying fading chan-
nel where the time domain channel impulse response
(CIR) would be no more constant even during one
DFTS-OFDM symbol period [8-9]. Accordingly the
channel frequency response (CFR) which be em-
ployed in the MMSE-FDE at the receiver is also
changed relatively during one DFTS-OFDM symbol
period. From this fact, it is hard to compensate the
ICI due to the Doppler frequency spreads by using the
conventional MMSE-FDE method which leads the fa-
tal degradation of BER performance in highly time-
varying fading channel.

To solve the above problem, a time domain equal-
ization (TDE) method of using GI have been pro-
posed for the DFTS-OFDM signal [10-11]. The pro-
posed TDE method for the DETS-OFDM signal with
GI can achieve better BER performance than the con-
ventional MMSE-FDE method in highly time varying
fading channel. Because the TDE method can track
the variation of CIR at every sampling time basis.
However, in the quasi-static condition, the proposed
TDE method with GI shows the worse BER perfor-
mance than the conventional MMSE-FDE method
which can achieve the frequency diversity gain. This
is the reason that the demodulation of conventional
TDE method with GI is operated in the time domain
which is the different from the MMSE-FDE method
which is operated in the frequency domain.

To improve the BER performance for the DFTS-
OFDM signal furthermore than the conventional
TDE method of using GI in highly time-varying fad-
ing channel, this paper proposes a time domain equal-
ization (TDE) technique without using GI. In the
proposed method, a time domain training sequence
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(TS) is added at the both ends of data symbol in-
stead of adding the GI at the transmitter to com-
pensate the inter-symbol interference (ISI) occurred
due to the unemployment of GI [12]. In the proposed
TDE method, the CIR is estimated at every sampling
time by using the TS in highly time-varying fading
channel. This paper also proposes the TDE method
with a maximum likelihood (ML) estimation method
for the received time domain signal after removing
the ISI which can achieve better BER performance
than the conventional MMSE-FDE and TDE meth-
ods both employing the GI in highly time-varying fad-
ing channel.

The rest of this paper is organized as follows. Sec-
tion 2 presents a problem of conventional MMSE-
FDE method of using GI for the DFTS-OFDM sig-
nal in highly time-varying fading channel. Section 3
proposes a time domain CIR estimation method at
every sampling time by using the time domain TS
which is also used in the mitigation of both ISI and
ICI in the proposed ML based TDE method. Section
4 proposes the ML based TDE method in conjunc-
tion with the proposed time domain CIR estimation
method. Section 5 presents various computer simula-
tion results to verify the effectiveness of proposed ML
based TDE demodulation method as comparing with
the conventional MMSE-FDE and TDE methods of
using the GI, and Section 6 draws some conclusions.

2. PROBLEM OF MMSE-FDE METHOD
FOR DFTS-OFDM SIGNAL WITH GI

When assuming the quasi-static or slow time-
varying fading channel, the time domain CIR can be
considered as a constant during one DFTS-OFDM
symbol period. Fig. 1 shows a schematic diagram
for the relationships between the CIR in the time do-
main and the CFR in the frequency domain where
the CFR can be obtained by performing a DFT to
the CIR at a certain sampling time during one sym-
bol period. Fig. 1 (a) shows the CIR and its cor-
responding CFR in the quasi-static channel. From
the figure, it can be seen that the CIRs at the three
sampling times are almost constant. Accordingly the
CFRs converted from the CIRs at these three sam-
pling times during one symbol period are also almost
the same responses as shown in Fig. 1 (a). From this
fact, the received DFTS-OFDM signal affected by the
slow time-varying fading distortion can be equalized
precisely by using the MMSE-FDE method with the
fixed CFR converted from the CIR at any sampling
time during one symbol period.

When assuming the highly time-varying fading
channel occurred in the data communications such
as high speed vehicle to vehicle (V2V) and high
speed trains communications [9], the time domain
CIR would be no more constant even during one
DFTS-OFDM symbol period. Fig. 2 shows an ex-
ample of computer simulation results of time domain

CIR for 1st to 3rd delay paths at every sampling time
in the Rician multipath fading channel. In the simu-
lation, the normalized Doppler frequency famaz/Af
is taken by 5% where fgmaqz 18 the maximum Doppler
frequency spread and Af is the subcarrier spacing
of DFTS-OFDM signal. From the figure, it can be
seen that the amplitude of time domain CIR is chang-
ing relatively even during one DFTS-OFDM symbol
period. Fig. 1 (b) shows the relationships between
the time domain CIR and its corresponding frequency
domain CFR in higher time-varying fading channel.
The time domain CIRs are changing during one sym-
bol period and the frequency domain CFRs converted
from the time domain CIRs at the different sampling
times are much different as shown in Fig. 1 (b).
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Fig.1: Relationships between CIR and CFR.
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Fig.2: Amplitude of CIR at every sampling time in
high time-varying channel.

From this fact, it is difficult to mitigate the time-
varying fading distortion by the MMSE-FDE method
of using one fixed CFR over one symbol period which
leads the fatal degradation of BER performance.

To solve the above problem of MMSE-FDE
method in highly time-varying fading channel, this
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paper proposes the ML based TDE method for the
DFTS-OFDM signal without GI in conjunction with
the time domain CIR estimation method. The salient
feature of the proposed ML based TDE method is to
achieve much better BER performance than the con-
ventional MMSE-FDE method.

3. PROPOSAL OF TIME DOMAIN CIR ES-
TIMATION METHOD

Fig. 3 shows the frame format employed in the
proposed TDE method. In the proposed frame for-
mat, the time domain training sequence (TS) is added
at the both ends of every data symbol which be used
in the estimation of CIR at every sampling time. The
time domain TS can be also used as the role of GI
which is usually employed in the conventional DFTS-
OFDM signal to avoid the ISI. Here it should be noted
that the ISI occurred in the received DFTS-OFDM
signal without GI can be removed by using the TS1
and TS2 of which data patterns are known at the
receiver.

Fig. 4 shows the structure of transceiver for the
proposed TDE method of using the proposed CIR
estimation method. At the transmission side, the in-
put information data is encoded by a forward error
correction (FEC) code [13]. The encoded M data
are modulated by the quadrature-amplitude modu-
lation (QAM) method. Then the modulated signal
xp(m,n) at the n—th sampling time of m—th symbol
is converted to the frequency domain signal X p(m, k)
at the k —th subcarrier by the M — point DFT which
is given by the following equation.

M—-1
Xplm, k=Y ap(m,n)y e 755" 0<k<M-1 (1)
n=0

The M subcarriers of Xp(m,k) given in (1) are
mapped into the certain frequency band within the
frequency bandwidth with N subcarriers continu-
ously from the subcarrier number Nz; to Nzo (Nzo—
Nz14+1 = M) and the null subcarriers (zero padding)
are added at the both ends of M data subcarriers.
After the subcarrier mapping, the frequency domain
signal X (m, k1) over N subcarriers can be given by,

O(zero padding), 0<k; <Nz —1
X(m, k1) =4 Xom, k) —=Nz1, N.1<ki <Nz
O(zero padding), Nzo+1<k; <N-1
(2)
where (N — M) is the number of zero padding (N Z)
added at the both ends of M data subcarriers in
the frequency domain. The frequency domain signal
X (m, k1) including the zero padding given in (2) is
converted to the time domain signal as similar to the
conventional OFDM signal by the N — point IFFT
which can be given by,

1 Nea _2mniky
ac(m,nl):N Z xm,ky)-e 7 TN

k1=Nz1

,0§n1§N—1

(3)
where x(m, ny) is the transmitted DFTS-OFDM sig-
nal in the time domain.

The time domain training sequences TS1 and T'S2
with the length of Nyg samples are added at the both
ends of every data symbol as shown in Fig. 3 which
be used in the estimation of CIR. The time domain
TS added at the both ends of data symbol can be
also used as the role of GI in the conventional DFTS-
OFDM signal to avoid the ISI. The transmitted time
domain signal xr(m, ng) at the ng —th sampling time
of m —th symbol including both TS1 and TS2 can be
expressed by,

x7(m,ng)
d(m,no), 0<ny<Npg—1

= ¢ x(m,n2—Nrg), Nrs<no<N+Nps—1
da(m,na—N—Nrg), N+Npg<ng <N+2Npg—1

(4)

Nzs N Nrs, Nrs

«+|TS1| DFTS-OFDM symbol |TS2|TS1| DFTS-OFDM symbol |TSZ | (R

Observation period for data demodulation (N5 <1y < N+2N —1)

Observation period for CIR estimation (0 <, < N5 —1)

Fig.3: Proposed frame format in the time domain.
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Fig.4: Structure of transceiver for proposed DFTS-
OFDM system.

where dy (m,n) and da(m,n) are the time domain TS1
and TS2 with the length of Npg samples of which
data patterns are known at the receiver. For sim-
plicity, this paper assumes the data patterns both for
TS1 and TS2 are the same as d(m,n). The length of
Nrg should be taken longer than the length of delay
paths (L) which is the same condition of the conven-
tional GI. Assuming that the timing synchronization
for the received signal is perfect at the receiver, the
received time domain T'S signal after passing through
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the multipath fading channel can be expressed by,

L—1
yrsm, no) :Z him) -d(m, ms — 1)4+w(m, m2),
=0 (5)

=0<ny<Nps—1)

where L is the number of delay paths, h;(m) is the
time domain CIR for the ! — th delay path at the
m — th symbol in the time-varying fading channel
and w(m,nz) is an additive white Gaussian noise
(AWGN) in the time domain. Here it should be noted
that the CIR is assumed to be constant during the
short time period of T'S1 and T'S2 even in highly time-
varying fading channel. Assuming the time domain
CIR hi(m) as the unknown parameters, the expected
received time domain TS signal grs(m,ns) can be
expressed by,

Nrs—1

9rsm, no) = Z hi(m) dm,na—1),0<n, <N-TS51

i=0

(6)
The unknown parameters for the time domain CIR
hi(m) at the m —th symbol can be estimated by solv-
ing the following maximum likelihood (ML) equation
[14] under the constraint condition with minimizing
the difference between the actual received TS signal
yrs(m,ng) in (5) and the expected received TS signal
9T S(m,ng) in (6).

Nps—1
T = arg min Z lyrsm,ng) —grsm, ”2)‘2 (7)
hy(m) no=0

In this paper, we employ a simple solution for solv-
ing ML equation in (7) by using the following simul-
taneous equations.

yrs(m,ng) = grs(m,ng) for 0<ny<Nps—1 (8)

By substituting grs(m,ns) given in (6) into (8), (8)
can be expressed by the following matrix operations.

[hu(m)] = [d(m,n2 = D] - [yrs(m,na2)]  (9)
Nrsx1

NrsXNrs Nrsx1

By using (9), the time domain CIR h;(m) can be
estimated at every symbol. The number of delay
paths to be estimated in (9) is assumed by Npg be-
cause the actual number of delay paths occurred in
the real channel is unknown at the receiver. Here it
should be noted that since the data pattern of time
domain TS d(m,ny) is known at the receiver, the in-
verse matrix of [d(m,ng —1)] — 1 in (9) can be calcu-
lated in advance. The calculated inverse matrix can

be used for every received data symbol which enables
the considerable reduction of computation complex-
ity in the estimation of CIR at every symbol by using
(9).

By using the estimated [h;(m)] at every symbol,
the CIR at every sampling time [hy(m, ng)] can be
estimated by using the cubic spline interpolation
method over several estimated CIRs of [hy(m)]. Fig.
5 shows a schematic diagram for the cubic spline in-
terpolation method to estimate the time domain CIR
at every sampling time. The estimation accuracy of
time domain CIR at every sampling time will be eval-
uated in Section 5.

4. PROPOSAL OF TDE METHOD FOR
DFTS-OFDM SIGNAL WITHOUT GI

Assuming that the length of time domain TS
(N7g) is longer than the maximum length of delay
paths (L) in the time-varying fading channel, the re-
ceived time domain data signal yp(m,ns) at every
sampling time during the observation period for the
data demodulation from Npg to N + 2Npg — 1 as
shown in Fig. 3 can be expressed by,

L—1
yp ([, no) :Zhl (m, no)-xpm,ny — )+wlm, ny),
1=0
(NTS <ng<N+2Npg — 1)
(10)

where zp(m,ny) is the transmitted time domain sig-
nal given in (4) and h;(m, ns) is the time domain CIR
at every sampling time occurred in the actual time-
varying fading channel. Fig. 6 shows the received
time domain signal in time-varying fading channel.
From the figure, it can be seen that the received
time domain data signal yp(m,nz) in (10) includes
the ISI of TS which are added at the start and end
of data symbol from the TS1 and TS2, respectively.
As shown in Fig. 6, by using the estimated CIR
hi(m, no) at every sampling time and the data pattern
of d(m,nz) both for TS1 and T'S2 which are known at
the receiver, the ISI added at the both ends of time
domain data signal can be removed by the following
equation.

B(m+1) .

. Ji (m.m,) Rt L) g o
’”’"’Mﬂ MW?()
il

. -‘TSI DFTS-OFDM symbol | TS2|TS1 | DFTS-OFDM symbol |TS2|TS1

T Estimated CIR at every symbol T Estimated CIR at every sampling time

Fig.5: FEstimation of CIR at every sampling time by
using cubic spline interpolation method.
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Fig.6: Time domain received signal in multipath
fading channel.

yr(m, na)
Nps—1
yp(m,ng)— Z him, ng) - dim,ns—1),
l=no—Nrs+l
(Nrs<ng<2Nps—2)
= yD(manQ)? (2NTS_1Sn2SN+NTS_1)
TLQ—N—NTs—l
ypm,ng)— Y hi(m,ng)-dm, ng—N—Nrs—1),
=0
(N+NTS STLQ SN—FQNTS—Q)

(11)

In the derivation of (11), the following relationships
are used.

no—l < Nrs—1, xp(m,ne—1) =d(m,na—1) (12)

no—I<N+Npg—1,
xrm,na—1)=d(m,ny— N —Npg—I)

(13)
where yp(m,nz) in (11) is the received time domain
signal after removing the ISI of TS from the actual
received time domain signal yp(m,n2) in (10). From
(11) and Fig. 6, it can be observed that the superim-
posed received time domain signal consists of trans-
mitted data symbols with having the different delay
times which corresponds to the original transmitted
signal given in (3). When employing the conventional
TDE method of using GI, the received time domain
signal in the time-varying fading channel includes the
partial signal within GI at the start of every de-
lay path signal. From this fact, it can be expected
that the proposed TDE method without GI shows
the better BER performance than the conventional
TDE method with GI in the ML based demodulation

method.
When the transmitted time domain data x(m,nq)
given in (3) is assumed as the unknown parame-
ters, the expected received time domain data sig-

nal §g(m,ng) without including the ISI which cor-
responds to the actual received time domain signal
after removing the ISI in (11) can be given by,

yE(mvnQ)
m2—Nrs R
> hum,ng) - #m,na—Nrg—1),
=0
(Nrs<na<2Nps—2)
Nrs—1
_ Z hi(m, ng) - £(m,n2 — N5 —I) (14)
=0
(2NT5—1STL2 SN—FNTS - 1)
Nps—1

Z ill(manQ) : i‘(m7n2_NT5'_l)7
l=no—N—-Nrs+1
(N+Nps<ny<N+2Npg—2)

The unknown parameter of time domain data sig-
nal &(m,n1) which corresponds to (3) can be esti-
mated by solving the following maximum likelihood
(ML) equation under the constraint with minimiz-
ing the difference between the actual received time
domain signal yz(m,ns) in (13) and the expected re-
ceived time domain signal §g(m,ng) in (14).

N+2Nrs—2

T = argmin Z

&(m,s) na=Nrs

lyr (m, n2) — I m, no)|?
(15)

The maximum likelihood (ML) equation in (15) can
be converted to the simultaneous equations by taking
the partial differentiation for the unknown parame-
ters 2*(m, s) which can be expressed by the following
equation.

N+2Npg—2
) yFOn,nﬁ-—@EQn,NQVj
oY < Z

_ no=Nrsg -0
ai*(m, s) ’

(0<s<N-1)

0z*(m, s)
(16)

where * represents the conjugate complex number.
By using (16), the ML equation (15) can be expressed
by the following simultaneous equations with N un-
known time domain data information of &(m,ny).

[b(m, 5)] = [Am(s,n1)] - [2(m, n1)]
Nx1 Nx1

(17)

NXxN

where b(m, s) and A,,(s,n1) can be given by,



Time Domain Equalization Method for DFTS-OFDM Signal without GI under Highly Mobile Environments 155

N+2Npg—2 8:&* (m n )
s 102
b(m, s) = E yp(m,n2)7a§*(m 5
na=Nrg ’ (18)

:[hf[(mv S)]'[QF(m’ Tlg)] 7O§5§N—1

NX(N+N7 s—1) (N XN s—1xN)

N+2Npgs—2 8@* (m n )
~ 5 162
Am(S, nl) = Z yE(m,nQ)m
na=Nrg ’

(19)
= [hf[ (mv S)] : [hl (m, nl)] y 0§n1 < N—-1

NX(N4+Nr1s—1) (NXN7s—1xN)
where the parameter of s and n; can be given by,

995 (m,n2)

oz*(m, s) (20)

s=mng —nrg—1 in

(21)

From (17), the unknown parameters [Z(m,n1)] can
be solved by using the inverse matrix of [A4,,(s,n1)]
which can be given by,

ny =ng — NTS —l n yE(m,ng)

[2(m,11)] = [Am(s,00)] 7" - [b(m, 5)]  (22)
—_—— — —
Nx1 NxN Nx1
where [-]7! represents the inverse matrix opera-

tion. Here it should be noted that the inverse ma-
trix calculation in (22) would be the dominant factor
in the computational complexity required for the re-
ceiver. The computation complexity for the inverse
matrix calculation is estimated by the order of O(N?)
when the matrix size is N x N. As one of solutions
to reduce the computation complexity for the inverse
matrix calculation, we proposed the iterative based
TDE method for OFDM signal in [14]. The feature
of this method is to employ the iterative method for
solving the simultaneous equations instead of using
the direct calculation of inverse matrix. From the
evaluation results in [14], we concluded that the iter-
ative method can achieve almost the same accuracy
with smaller computation complexity than the direct
calculation of inverse matrix. From the reason that,
we are focusing on the feasibility study for the po-
tential capability of proposed TDE method in this
paper. The investigation of iterative method for the
DFTS-OFDM signal with the proposed TDE method
is subject to the future work.

The time domain signal &(m,n;) estimated in (22)
is converted to the frequency domain signal X (m, k1)
by N-point FFT. After subcarrier de-mapping in
the frequency domain data, the data information
Zp(m,n) can be obtained from the frequency domain
signal Xp(m,k) by M — point IDFT as shown in
Fig. 4. The proposed TDE method with the es-
timated CIR at every sampling time can mitigate

both for the ISI and ICI at the sampling time ba-
sis during one DFTS-OFDM symbol period. From
this fact, it can be expected that the proposed TDE
method without GI can achieve better BER perfor-
mance than the conventional MMSE-FDE and con-
ventional TDE method of using GI under highly mo-
bile environments.

In this section we derive the mathematical form for
the ML based CIR estimation method of using the
TS and the ML based TDE demodulation method in
high time-varying fading channel as given in (7) and
(15), respectively. From these ML equations, we de-
rive the simultaneous equations theoretically which
can obtain the solutions by using the Moore Penrose
inverse matrix calculation for the non-square matrix
and the inverse matrix calculation for the square ma-
trix as given in (9) and (22), respectively.

Here it should be noted that the proposed method
is required to store the received time domain signal at
every symbol basis at the receiver. The data demod-
ulation is conducted at every symbol for the stored
signal of which store and processing technique is also
employed in the conventional DFT'S-OFDM receiver.
However the proposed method is required for the ad-
ditional processing’s in the estimation of CIR at every
sampling time, the removing of ISI and the calcula-
tion of inverse matrix at every symbol. From these
processing, the additional delay would be occurred in
the proposed method as compared with the conven-
tional method. The hardware size of transceiver for
the proposed method may not be increased so much
as compared with that for the conventional method
by using the state-of-the-art digital signal processing
(DSP) device.

5. PERFORMANCE EVALUATIONS

Although it should be desirable if the CIR esti-
mation accuracy and BER performance of proposed
method can be evaluated theoretically by using the
mathematical closed form. However it is very hard
to derive the mathematical model for the proposed
TDE method of using the CIR estimation method
especially in high time-varying fading channel. The
main purpose of this section is to demonstrate the ef-
fectiveness of proposed method in high time-varying
fading channel. This section evaluates the perfor-
mance of proposed method by using the computer
simulation results which is usually employed in the
basic design of new transmission technique. In this
section, various computer simulations are conducted
to evaluate the performance of proposed TDE method
as comparing with the conventional MMSE-FDE and
TDE methods of using GI in highly time-varying fad-
ing channel. The simulation parameters to be used
in the following evaluations are listed in Table 1.
The proposed channel estimation method of using the
time domain training sequence (TS) is employed in
the estimation of time domain CIR for the conven-
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tional TDE of using GI and proposed TDE without
using GI methods. The proposed channel estima-
tion method is also used in the estimation of chan-
nel frequency response (CFR) for the conventional
MMSE-FDE method in order to compare the BER
performances with the proposed TDE method fairly.
The communication channel is modelled by the Ri-
cian multipath fading which is usually experienced in
the communications by the user on the highly mov-
ing vehicle or train [9]. In the following evaluations,
the normalized Doppler frequency Rp = famasz/Af is
employed as the measure of mobile conditions where
fdmax is the maximum Doppler frequency spread and
Af is the DFTS-OFDM subcarrier spacing.

The estimation accuracy for the time domain CIR
at every sampling time is evaluated by the normalized
mean square error (NMSE) which is given by,

Table 1: Accuracy Comparison of Two Service Ar-
eas.

Parameters Value
No. of FFT/IFFT points (N) 128
No. of DFT/IDFT points (M) 96
No. of zero padding (NZ2) 32
Modulation for data subcarrier 16QAM
No. of data symbols per one frame (NS) 33
Allocated bandwidth 1 MHz
Radio frequency 5.9 GHz

Forward Error Correction (FEC) Code [13]

Encoding Convolution
FEC rate 1/2
Constraint length 7
Decoding Viterbi with
hard decision
I Matrix with
nterleaver one frame
Conventional |[Modulation for TS 16QAM
MMSE-FDE [Length of TS (NT'S) 16
and Length of GI 16
TDE method [Symbol duration (7'D) 132us
Proposed Modulation for T'S 16QAM
TDE Length of TS (NTS)) 16
Symbol duration (T'D) 120us

Rician multipath fading channel model

Rice factor (K) 6dB
Delay profile Exponential
Decay constant -1dB
No. of delay paths (L) 14

No. of scattered rays 20

L—1Ng—1N+2Nrs_1

S > lumng)?
" (23)

no=0
where Ng is the number of DFTS-OFDM symbols
per one frame.

Fig. 7 shows the time domain CIR estimation ac-
curacy at every sampling time which is evaluated by
the normalized mean square error (NMSE) for the
proposed CIR estimation method of using the time

=0

domain TS when changing the normalized Doppler
frequency Rp and operation C/N. Here it should be
noted that the CIR estimation accuracy at every sam-
pling time is evaluated taking into account both the
estimation accuracy for the estimated CIR at every
symbol by using time domain TS and the estimated
CIR at every sampling time by using the cubic inter-
polation method. From the figure, it can be observed
that the proposed method can keep higher estimation
accuracy when Rp is up to 20% which corresponds to

the vehicle speed of 381km /hr even at lower operation
C/N.

—6—C/N=17dB
—6—C/N=20dB
—&— C/N=23dB

Normalized MSE
=

] ] i i
10 15 20 25 30
Normalized Doppler Frequency RD (%)

(=]
n -

Fig.7: CIR estimation accuracy (NMSE) for pro-
posed method when changing the normalized Doppler
frequency RD and operation C/N.

From these results, it can be confirmed that the pro-
posed CIR estimation method of using the time do-
main TS can be used in the proposed TDE method to
mitigate the inter-symbol interference (IST) and inter-
channel interference (ICI) precisely when Rp is up to
20%.

Fig. 8 shows the BER performances for the pro-
posed TDE method as comparing with conventional
MMSE-FDE and TDE methods of using GI when
changing the normalized Doppler frequency Rp at
the operation C/N=20dB. In the figure, the BER per-
formance for the proposed TDE method of using the
ideal CIR at every sampling time is also shown for
the purpose of comparison with the proposed TDE
method of using the estimated CIR. From the figure,
it can be observed that the proposed TDE method
with the estimated CIR shows better BER perfor-
mance than the conventional TDE method with the
estimated CIR. The proposed method can keep better
performance until the normalized Doppler frequency
Rp =20% with a little degradation of BER perfor-
mance as compared with that in the static condition
(Rp =0%). On the contrary the BER performance of
conventional MMSE-FDE method is degraded dras-
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tically when the normalized Doppler frequency RD
is larger than 5% (vehicle speed ~ 95km/hr.). The
conventional TDE method shows better BER per-
formance than the conventional MMSE-FDE method
when the normalized Doppler frequency RD is larger
than 6%. However, the conventional TDE method
shows worse BER performance than the MMSE-
FDE method in the slow time-varying fading chan-
nel (Rp < 5%). This is the reason that the conven-
tional TDE method of using GI cannot obtain the fre-
quency diversity gain like the MMSE-FDE method.
On the contrary the proposed TDE method without
GI which can compensate the ISI by using the esti-
mated CIR and the known TS at the receiver shows
the better BER performance than the MMSE-FDE
method even in the slow time-varying fading chan-
nel. From these results, it can be concluded that the
proposed TDE method without GI can achieve better
BER performance than the conventional MMSE-FDE
and TDE methods especially in highly time-varying
fading channel. From the above results, it can be ex-
pected that the proposed method can be employed in
the high speed vehicle to vehicle (V2V) communica-
tions even when both cars are running in the opposite
direction. For instance, when both cars are running
at the speed of 150km/hr in the opposite direction,
the relative speed becomes 300km/hr. The proposed
method can be also employed in the data communi-
cations for the users in the high speed train running
at higher than the speed of 300km /hr.

Figs. 9 and 10 show the BER performances for the
proposed TDE method as comparing with conven-
tional MMSE-FDE and TDE methods when changing
C/N at the normalized Doppler frequency Rp =10%
(vehicle speed ~ 190km/hr.) and Rp =15% (vehi-
cle speed & 286km/hr.), respectively. From the fig-
ures, it can be observed that the BER performance for
the proposed TDE method shows much better BER
performance than the conventional MMSE-FDE and
TDE methods.

6. CONCLUSION

This paper proposed the ML based TDE method
in conjunction with the time domain CIR estimation
method for the DFTS-OFDM signal without GI. The
salient feature of proposed method is to employ a time
domain training sequence (T'S) both for the estima-
tion of CIR at every sampling time and for removing
the inter-symbol interference (IST). The proposed ML
based TDE method can track the time-varying CIR
at every sampling time basis for the received time do-
main signal after removing the ISI. From the various
computer simulation results, it can be concluded that
the proposed ML based TDE method with the CIR
estimation method by using the time domain training
sequence (TS) can achieve much better BER perfor-
mance than the conventional MMSE-FDE and TDE
methods of using GI in highly time-varying fading

== Conv. MMSE-FDE Method (Estimated CFR)
== Conv. TDE Method (Estimated CIR)

|| =8—Proposed TDE Method (Estimated CIR)

= Proposed TDE Method (Ideal CIR)

BER

0 5 10 15 20 25 30
Normalized Doppler Frequency RD (%)

Fig.8: BER performance for proposed TDE method
when changing Rp at C/N=20dB.

BER
)

Z stimated CFR)
=il Conv. TDE Method (Estimated CIR)
=8="Proposed TDE Method (Estimated CIR)
=—Proposed TDE Method (Ideal CIR)

5 8 11 14 17 20 23
C/N (dB)

Fig.9: BER performance for proposed TDE method
when changing C/N at Rp =10% (vehicle speed =
190km/hr.).
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