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ABSTRACT A channel frequency response estimation method based on weighted twin support vector
regression (TSVR) for pilot-aided multi-input multi-output (MIMO) orthogonal frequency division mul-
tiplexing (OFDM) system is proposed in this work. Nonlinearity of channel in wireless communication
system is considered. The channel is fading in time domain produced by Doppler effect and in frequency
domain by propagation multipath. An improved TSVR-weighted TSVR is adopted to estimate channel
parameters in MIMO-OFDM system. The weights obtained by wavelet transform method are used to
improve the regression performance of TSVR. The characteristic of the proposed algorithm is that different
training samples are given weights calculated according to the distance from the samples to the mean values
filtered by wavelet transform method. Due to the regression characteristics of TSVR, the channel frequency
response estimation algorithm proposed in this work has good estimation performance and anti noise ability.
Experimental results show that compared with the classical pilot aided channel estimation method, the

proposed algorithm has better performance in estimating mean square error.

INDEX TERMS Channel estimation, wavelet transform, MIMO, OFDM, TSVR.

I. INTRODUCTION

High data rate wireless communication is a research
hotspot in the emerging wireless local area networks, home
audio/visual network and the fifth generation (5G) wire-
less cellular systems. However, due to the limitation of
peak to average power ratio (PAPR) and signal-to-noise
ratio (SNR) of the actual receiver, it is usually not feasible
to use traditional high data rate wireless links in Non-line-
of-sight (NLOS) networks. Additionally, there is a serious
range penalty to be paid for high bandwidth systems. Multi-
input multi-output (MIMO) wireless constitutes a techno-
logical breakthrough that will allow Gb/s speeds in NLOS
wireless networks. The use of MIMO systems can improve
the performance due to array gain, diversity gain, spatial
multiplexing gain, and interference reduction. Orthogonal
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frequency division multiplexing (OFDM) is a kind of multi-
carrier technique. It has good anti multipath fading ability and
can support multi-user access. In OFDM system, the chan-
nel is divided into orthogonal subchannels, and high-speed
serial data is converted into low-speed parallel data for trans-
mission. Orthogonal signals can be separated by coherent
technique at the receiver, which can reduce the inter channel
interference (ISI). The signal bandwidth of each subchannel
is less than the coherent bandwidth of the channel, hence,
it can be seen as flat fading on each subchannel and the ISI
can be eliminated. Due to the advantages of the MIMO and
OFDM technologies, the MIMO-OFDM is adopted by the
4G and 5G wireless communication systems [1].

At receiving end of wireless communication, the perfor-
mance of coherent demodulation is better than that of non-
coherent demodulation under the same signal-to-noise ratio
because of taking more channel information [2]. Therefore,
channel estimation is very important to the performance of
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high quality information transmission. However, due to the
frequency selectivity caused by multipath propagation and
the time selectivity caused by Doppler effect, channel estima-
tion becomes a very difficult task. OFDM system is sensitive
to inter carrier interference (ICI), which is caused by mobility,
and the carrier frequency drift and the increase of mobile
speed can further worsen the transmission performance [3],
[4]. To obtain effective communication in the time and fre-
quency selective cases (doubly selective), a well-designed
channel estimator is an important prerequisite.

Many channel estimation methods were given in the
existing literature, such as Least square (LS) estimation
method, linear minimum mean square error (LMMSE) and its
improved algorithm [5]—[7]. For the doubly selective channel,
the above estimation methods can reduce the transmission
efficiency due to the large pilot ratio. In order to solve
this problem, serval algorithms were proposed. Basis expan-
sion model (BEM) for doubly selective channel was estab-
lished and algorithms for channel estimation were proposed
in [12]-[14]. Zhang et al. [18] designed adaptive weighted
estimators for OFDM systems. Jan [15] used iterative pro-
cessing method to estimate the doubly selective chan-
nel. Support vector regression (SVR) method was also
adopted to estimate the parameters of doubly selective
channel [16], [17].

In the process of signal propagation, the channel shows a
certain degree of nonlinearity caused by some reasons like
saturation of components, dispersion of optical fiber and
coupling between devices [19]-[21], especially in the case
of doubly selective channel. The nonlinearity can degrade
the estimation performance if it is estimated under a lin-
ear assumption [17]. Therefore, some nonlinear methods
were used for nonlinear channel estimation. A nonlinear
Kalman filter-based high-speed channel estimation algorithm
for OFDM systems was proposed in [22]. Yang et al. [23]
proposed a channel estimator based on deep learning method.
While the advantages of SVR are that it is suitable for
regression of nonlinear systems and the number of training
samples is small [24], [25]. The kernel trick can be adopted
to extend the linear SVR method to the field of nonlinear
regression according to the theory of Vapnik-Chervonenkis
(VC) [26]. It is a powerful tool for system regression [27],
and can be used for wireless channel estimation. A MIMO
channel estimation method was proposed in [28], while
the channel of which was assumed to be flat in frequency
domain. In [16] and [17], basic SVR based OFDM channel
estimators were proposed for some application scenarios.
Later, many improved SVR algorithms were proposed. The
twin SVR (TSVR) was proposed in [29], v-SVR was intro-
duced in [30], an asymmetric v -TSVR method for asym-
metric noised data regression was proposed in [27], and
Y. Shao et al. proposed an improved algorithm of TSVR
by introducing the regularization criterion in [31]. These
algorithms mentioned above have been improved to a cer-
tain extent in terms of computational complexity and/or
performance.
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In most of the literature, the training data share the same
weights, which are not conducive to noise suppression for the
communication signal polluted by noise, and the performance
will be reduced. In order to solve this problem, a wavelet
transform based weighted TSVR (WTWTSVR) was pro-
posed in our work [32]. In the propose algorithm, the weights
calculated by data variance are given to the training data and
the regression performance can be improved.

Inspired by this idea, an improved nonlinear channel fre-
quency response estimation in MIMO-OFDM systems based
on WTWTSVR is proposed in this paper. The contributions
of this work are described as: the novel improved TSVR
based channel frequency response estimator is proposed for
nonlinear parameter estimation in MIMO-OFDM systems.
The proposed algorithm outperforms traditional algorithms
such as linear interpolation, LMMSE, BEM based estima-
tion method and classic TSVR based algorithm. Moreover,
wavelet transform is used to preprocess the sample data. The
weights of the samples are obtained by calculating the dis-
tance between the sample points and the mean value obtained
by wavelet transform. Then they are assigned to the sample
points in objective functions to make use of the prior informa-
tion of data and reduce the impact of noise and outliers. Due
to the nature of wavelet filter, this method has advantages in
processing time series signal such as communication signal.

The outline of this paper is as follows: Section II dwells on
the MIMO-OFDM system model and Section III introduces
space time coding. WTWTSVR based channel frequency
response estimation algorithm is proposed in Section I'V. Sim-
ulation results are demonstrated in Section V to exhibit the
performance of the proposed estimator. Finally, Section VI
summarizes the paper and prospects the future work.

Il. MIMO-OFDM SYSTEM MODEL

Consider a MIMO-OFDM system with M7 transmit antennas
and Mg, receive antennas (Figure 1). The sequence to be trans-
mitted X (k), which get from QPSK or QAM constellation
is sent to a space-time encoder. Then the output sequence
Xi(k) i=1,2,...,Mr) is parsed into blocks of N symbols
and transformed into a time-domain sequence using an N-
point inverse discrete Fourier transform (IDFT). To avoid
inter-block interference (IBI), a cyclic prefix (CP) of length
L equal to or larger than the channel order L is inserted at the
head of each block. Denote x;(n) as the time-domain signal of
the i-th transmit antenna, which can be described as:

N-—1
1 .
xi(n) = — Y X;(k)e/FTkIN 1)
wheren = —L¢c,...,N — 1,k =0,...,N — 1. Then x;(n)

can be passed over the doubly selective wireless channel.
At the receiver, the cyclic prefix will be removed, and the
received signal vector of Mg receive antennas in time domain

VOLUME 8, 2020



S. Li et al.: Weighted TSVR Based Nonlinear Channel Frequency Response Estimation for MIMO-OFDM System

IEEE Access

Channel
Y, (k) _
X,y | IDFT+CP |x( f— - — {y,(m remgvl’in .
adding N\ bl DFT g Channel _ Data
i Nof > timati A g detection |
X(k Space-time AT estimation 1(k) tspace- | X (k)
encoder V2 4 _— wpac
CP My
_I_r IDFT+CP J_ - \i—/—b removing+ Channel decoder
X, (k adding x,, (1) . (1) anne
] ot DFT estimation H,, (15

FIGURE 1. MIMO-OFDM system model.

y(n) € CM® can be expressed as
My L—1

ym) =YY hi(n, Dxi(n — 1) + v(n) (@)

i=1 [=0

where v(n) = [vi(n), va(n), ..., va(m)] is additive white
Gaussian noise (AWGN). The expectation and variance value
of vi(n) are 0 and a,%, respectively, and v(n) is indepen-
dent, i.e. EV (m)v(m2)) = 0, Vm; # mo. hin, 1) =
[hin(n, 1), hp(n, 1), ..., hipg(n, D]T is the channel response
vector from the ith transmit antenna. Denoting Y (k) € CMr as
the frequency response vector of the received sequence vector
after removing CP at the kth subcarrier, we have

N-1

1 ,
Y(k) = —= Y yme 7N 3)
W n=0

Substituting (2) in (3), it can be obtained

M1 N—1 L—1

DO X)) Y Hi(r — k, e 2N

i=1 r=0 =0

+V(k) 4)

Mr L—-1

=Y Xi(k) Y Hi(0, e N 4 1(k)
i=1 =0
+V(k) )
Mr

=Y Xi(oH;(k) + 1(k) + V(k) (6)
i=1

Y(k) =

where
N-1

Hi(m, 1) = j_ Z hy(n, e 27N Q

and
My N—1
k)= "> Xir) Z H;(r — k, e 27/ (8)
i=1 r=0,
r#£k
V(k) € CMr is the frequency response of noise v(n) at
subcarrier k, and I(k) € CMr is ICI induced by subcarriers
around the subcarrier k. At the receiver, the doubly fading
channel can be equalized and the transmitted symbols can be
recovered based on channel information.
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IIl. SPACE-TIME CODING TRANSMISSION

In order to obtain the diversity gain, the Alamouti space—time
coding scheme can be adopted for data transmission. The
simplest MIMO-OFDM system is with two transmit antennas
and one receive antenna, which can be expressed by the

following matrix.
Xi| _[Xe =X
eJ=5 ®

where (-)* is the complex conjugate operator, X; and X,
represent the two transmitted signals by antennas 1 and 2,
respectively and X, and X, denote the odd and even sequences
of the signal to be transmitted X, respectively. Two different
signals X and X, can be transmitted from antennas 1 and 2,
respectively. We assume that the channel response remains
unchanged over consecutive symbol periods. The signals
received by the receive antenna over consecutive symbol
periods in the frequency domain can be expressed as

Ye(k) — Xe(k) Xo(k) . Hl(k) + Ve(k) (10)
Yo (k) —X; (k) X (k) Hy (k) Vo(k)
where X./0(k), Ye/o(k), and V,/,(k) denote the transmit-
ted, received signal and the noise at the k-th subcarrier
of the even/odd sequences, and Hj,(k) denotes the chan-

nel response of the 1st/2nd transmit antenna to the receive
antenna at the k-th subcarrier.

IV. MIMO-OFDM SYSTEM CHANNEL ESTIMATION

Due to the fading in time domain and frequency domain,
wireless communication channels are nonlinear, while the
classical channel estimation is based on the linear assump-
tion. TSVR based estimation algorithm is adopted in this
work for its nonlinear properties. In this section, a novel
TSVR, weighted TSVR based on wavelet transform is
used for estimating the MIMO-OFDM channel frequency
response.

A. CHANNEL ESTIMATION AT PILOT SUBCARRIES

In this work, the pilots are inserted in time domain and
frequency domain uniformly. Phrases ‘pilot symbol’ and
‘data symbol’ denote OFDM symbol inserted into the pilot
and that without pilot, respectively. ‘Pilot subcarrier’ and
‘data subcarrier’ denote the subcarrier being pilot in a pilot
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symbol and the subcarrier being data, respectively. In order
to realize channel estimation in space-time coding scheme,
pilot symbols appear in pairs in time domain. The position
set of pilot symbols in time domain can be expressed as
{nAt,nAt +1n=0,...,N;/2 — 1}, where the even num-
ber At > 2 is the pilot symbol interval and N; is the
pilot symbols number. The position set of pilot subcar-
riers can be described as {mAflm =0,...,Nr — 1}, Ny
and Af are the pilot number in one OFDM symbol and
the pilot frequency interval, respectively. Figure 2 demon-
strates the pilot insertion scheme. The channel frequency
response of pilot subcarrier positions can be estimated by
inverting (10), i.e

5 -1
I:IIp — Xep Xop . Yep (a1
H2p _X;)kp X:p YOP

\
o
=.
]
=

( )

_ _ N
NN TN
( | ) ( )
A PA o/
N N
( | ) ( )

A PA NP

( )
N/

/ N
( | )
o )

A
VA
)

FIGURE 2. The pilot insertion scheme.

where % represents the estimation of *, and the subscribe
p means the pilot, such as f]l,, = ﬁ]l(nAt, mAf) is the
estimated frequency response at pilot positions (nAt, mAf).
All the estimated channel response H, » flzp at pilot posi-
tions of the channel from antenna 1 (antennAa 2) to the receive
antenna can be collected to form a matrix Hyp/2p.

Then the frequency response will be computed, and the
estimated value of all subcarriers can be expressed as

H» =f(ﬁlP/2P) (12)

B. CHANNEL ESTIMATION ALGORITHM
Define a training set S = {(z1, r1), (12, 12), - - -, (Tm» Fm)}s
where the position of pilot sample points in time domain and
frequency domain is used as training input: 7; € R? and the
impulse response of pilot sample points is used as training
output: rp, € R, k = 1,2, ..., m, which constitute a training
input-output pair (tx, r¢), m is the samples number. The
output vector can be expressed as R = (r1,rp, ..., rm)T €
R™ and the training input as T = (11, 12, . )l €
R™*2, Define e and I as ones column vector and identity
matrix, respectively.

In the wireless environment with relative mobility and
multipath propagation, the channel shows selectivity in both
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time domain and frequency domain. Nonlinearity is the basic
characteristic of doubly selective channel. The estimation
of nonlinear channel using linear method will lead to large
error. In this paper, we adopt the WTWTSVR to estimate the
channel response in MIMO-OFDM system, since TSVR is
superior in solving nonlinear regression or pattern recognition
problems. Similar to classical TSVR, the WTWTSVR is
composed by down-bound fi(t) and up-bound f>(7), and the
regressor can be calculated by

1
f@) = Z(h(®) +£(0). (13)

The regressor (13) is a linear expression, it can be changed
to nonlinear form by adopting kernel tricks [26], that is
mapping the training samples into a higher-dimensional
space: down and up bounds of the regressor are fi(t) =
K(t,TD)g; + 81 and fo(t) = K(z, TT)gy +6,, respectively,
where K is a kernel function, g1, g> € R" and §;, 6, € R are
parameters to be estimated. The average of f1(t) and f>(7) is
the final regression result, which shares the same expression
as the linear one (13). The optimization problems can be
expressed as (15) and (16) where vy, vz, c1, ¢c2,¢c3,¢c4 > 0
are pre-selected parameters, €1, & are insensitive constants,
&1, & are slack vectors reflecting whether the training sam-
ples locate in the ¢ tube or not [29]. d € R™ and D =
diag(d) € R™ are weights, which will be calculated
by wavelet filtering algorithm [32]. The weighting vector
d(=[di,dy,...,dy]") is computed by:

d— Ae(f‘Rfﬁ‘z/Uz)

(14)

where A and o are amplitude and standard deviation of
the Gaussian function, respectively. R(= [7(, 72, ..., #u]?)
represents the filtered value vector of output R(=
lri,ra, ..., rm]T). In the proposed algorithm, the R can be
calculated by the wavelet filter described by [32].

1
min  —(R — (K(T, TT)g; + e81))”
g1,81,61,61 2

1
xD(R — (K (T, TV )g +e81))+§a(g{g1 +63)

1 T
+coo(vie1+—d" &)
m
st R—(K(T, T g +e8)) > —g1e — &

£ >0eeg >0, (15)
1
min  —(R — (K(T, T )g> + e8»))”
22,82,62,62 2

1
xD(R — (K (T, TT)gz+eaz>>+5c3<g§ 2 +83)

1
+ca(vaer + —d' &)
m

s.t. (K(T, T gy + e8) —R > —sre — &
£ >0ee > 0. (16)

The first term in (15)/(16) is the sum of weighted squared
errors from training points to the down/up bound function.
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The regularization term (the second term) can smooth the
regression function fi/»(¢), and the third term is adopted to
narrow the ¢ tube. The objective functions in (15) and (16)
are proposed based on the principle of structural risk mini-
mization. The structural minimization principle is helpful to
weaken the problem of overfitting and improve the quality
of normalization [29]. For a more detailed explanation of the
objective functions, please refer to reference [32].

It is difficult to solve the optimization problems of (15)
and (16) directly. However, we can map them into the dual
problems by adopting Lagrangian multipliers. Then, (15) can
be transformed as ( 17),

L(g1,61,&1,¢1,2,8,7)
1
= SR—(K(T, T )g; + e51))" D(R—(K (T, T )g; + e81))

+1c (g’ 82 ldT
5 1(g g1+ 1)+02(V181+m &)

—T R—(K(T, T)g| + €8)) + 16 + £)— BT & —ye1,
(17)

Wherea = (d], "'aam)T’ ﬂ = (ﬂla "'7ﬂm)T7 and V > O
are Lagrangian multipliers. By using Karush—-Kuhn-Tucker
(KKT) conditions, we can get the dual problem as (18),

1 _
min EaT EEDE+aD 2«
—R'DEEDE+ci D 'Ea + R
C
s.t.0e <a< —2d,
m

ela < oy. (18)

E=[KT,T") e] (19)
By computing the dual QPP problem (18), it can be obtained
wi=[gl 81" =EDE+c D 'ET(DR - ). (20)

Similarly, the dual problem of (16) can be expressed as (21),
and it is not difficult to get

1
min EAT E(ETDE + D 'ETA
+R'DEETDE + ;D 'ETA — R
“a,
m
C4V). (21)
wo=[gl 61" =E'DE+aD'ETDMR+1). (22)

st.0e <A<

C. SUMMARY OF THE ALGORITHM (TAKING 2 TRANSMIT
ANTENNAS AND 1 RECEIVE ANTENNA AS AN EXAMPLE)
The channel frequency response estimation can be carried out
according to the following procedure.

Input: Transmitted pilot value matrix Xp and pilot position
T =[nAt, mAfl,n =0,....,N,—1,m = 0,...,Ny — I;
received pilot value Yp; the selected constants cy, ¢2, c3, ¢4,
vi and vy, in (15) and ( 16); A, o in (14).
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Channel frequency response

I I I I I I
[ 20 40 60 80 100 120
Subcarrier

FIGURE 3. Channel response under v = 100km/h, L = 5.

Output: The estimated channel frequency response of all
subcarriers I:Il /2-

Process:

1. Use (11) to compute channel frequency response at
T =[nAt, mAf]: I:[lp and I:Izp.

2. LetR = real(H;p), use wavelet transform to filter R and
get R. Use (14) to compute d.

3.In (18) and (21), E = [K(T, TT) e]. By Solving (18)
and (21), we can get « and A.

4. Compute wj and wp by (20) and (22), respectively.

5. Calculate hgea () = 1K (7, T ) (g +g)7 + %(81 +87).

6. Let R = imag(H;p), R = real(Hyp) and R =
imag(ﬁgp), respectively, and repeat 2-5, the /hiimag(7),
hareal(T) and hoimag(T) can be obtained.

7. Frequency response can be estimated as (ﬁ)ltm =
1 joreal(t) + jhij2imag(t), where (H)j¢/p¢ is the t = (n,m)
element of H 1/2-

V. SIMULATION RESULTS

In this section, the simulation experiments are presented
to demonstrate the performance of the proposed weighted
TSVR based nonlinear channel frequency response esti-
mation algorithm for MIMO-OFDM system. The proposed
algorithm, linear interpolation, TSVR in [29], BEM based
estimation, LMMSE estimation and perfect estimation are
presented for comparison. Computations are carried out on
MATLAB R2014a.

At the receiving end, any one of the My receiving
antennas needs to estimate My channel responses indepen-
dently. Therefore, we generally choose 2110-OFDM as the
test example. Consider a 2[10-OFDM system with dou-
bly fading channel.Channel taps are assumed to be inde-
pendent and identically distributed (i.i.d.). The channel
response is correlate in time, which can be expressed as
E[h(n1, lDh*(n2, )] = 02002 finax Ts(m1 — n2))8(ly — b),
where E(-) denotes taking expected value, (-)* means con-
jugate, n; and ; (i = 1, 2) are time index and channel path
index, respectively. Jy is Bessel function with the first kind
zeroth-order, T and o2 are sampling interval and variance of
the channel impulse response, respectively [33].
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TABLE 1. Simulation parameters.

Data modulation 16 QAM
Carrier frequency fe=2.15GH=z
Mobile speed v = 100/300 Km/h
Number of carriers N =128
Number of multipath L=5/10
SVR parameters c1 =c3=0.1
co=c4 =0.1
vy =ve2 =10

Channel frequency response

I I I
[ 20 40 60 80 100 120
Subcarrier

FIGURE 4. Channel response under v = 300km/h, L = 5.

Channel frequency response

I
[ 20 40 60 80 100 120
Subcarrier

FIGURE 5. Channel response under v = 100km/h, L = 10.

In the simulation, pilots are inserted both in time and fre-
quency domain. Gaussian function is selected as the nonlinear
mapping kernel in (19) for WTWTSVR based algorithm and
TSVR [29] base estimator:

Kx!,xD) = exp(— IIx1 — x2ll* /), (23)

where 1 is the width or the variance of the Gaussian function.
Constants in (18) and (21) are determined by searching from
{10k|k = —2,—1,...,3}. The simulation parameters are
listed in Table 1.

Two criteria, sum squared error (SSE) and bit error
rate (BER) are selected to estimate the performance of algo-
rithms. The criteria are specified as: SSE:ZZ'.';1 |yi — i 2,
BER=n,/ny, where y; is the predicted value of the testing
sample y;, n, and ny are error data number and total data
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Channel frequency response

I I I
20 40 60 80 100 120
Subcarrier

FIGURE 6. Channel response under v = 300km/h, L = 10.

*  Training sample
Proposed algorithm
* — — — Channel response

Channel frequency response

0 20 40 60 80 100 120
Subcarrier

FIGURE 7. Regression of WTWTSVR to training samples of channel
response.

T
—+#&— Proposed algorithm
—6— Linear interpolation
Perfect estimation
——— TSVR estimation
—&— BEM-based estimation 4
—>— LMMSE estimation

L
0 5 10 15 20 25 30
SNR

FIGURE 8. Bit error rate at moving speed v = 100km/h, At = 4, Af = 4.

number in binary, respectively. Define SN R=1010g(0x2 / 0‘,2),
where oxz = E(|x(k)]?), 0‘,2 is AWGN variance.

Number of transmission multipath and the relative mov-
ing speed can affect the fading depth of the channel.
Figure 3 - Figure 6 demonstrate the channel response in one
OFDM symbol under moving speed being 100km/h, 300km/h
and number of multipath being 5 and 10. It can be observed
that large moving speed affects the channel response of adja-
cent subcarriers, resulting in ICI and more multipath makes
the channel fading deeper. Therefore, higher speed and more
paths will bring more challenges to channel estimation.
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TABLE 2. SSE of estimation methods.

SNR(dB) 0 5 10 15 20 25 30
v=100km/h, At =4, Af =4
WTWTSVR  0.2584 0.1884 0.0998 0.0314 0.0066 0.0003  0.0001
TSVR 0.2838 0.2055 0.1212  0.0496 0.0118  0.0006  0.0002
LMMSE 0.2863 0.2112 0.1288 0.0501 0.0125 0.0007  0.0002
Linear 0.2917  0.2257 0.1338  0.0516  0.0131 0.0009  0.0002
BEM 0.2918 0.2258 0.1342  0.0520 0.0142 0.0011  0.0003
v=300km/h, At =4, Af =4
WTWTSVR  0.2604 0.1906 0.1041 0.0308 0.0058 0.0014  0.0002
TSVR 0.2833  0.2110  0.1229  0.0458 0.0090 0.0025  0.0004
LMMSE 0.2885 0.2193 0.1279 0.0482 0.0108  0.0029  0.0004
Linear 0.2938  0.2251 0.1380  0.0502  0.0120 0.0033  0.0005
BEM 0.2982 02296 0.1411 0.0516 0.0131  0.0038  0.0006
v=100km/h, At = 8, Af =8
WTWTSVR  0.2593 0.2026 0.1197 0.0487 0.0104 0.0016  0.0003
TSVR 0.2621 0.2101 0.1215 0.0510 0.0115 0.0022  0.0004
LMMSE 0.2653  0.2122 0.1243  0.0531 0.0121  0.0028  0.0004
Linear 0.2676  0.2140  0.1283  0.0555 0.0128  0.0032  0.0005
BEM 0.2679  0.2144  0.1290 0.0562 0.0134  0.0039  0.0006
v=300km/h, At =8, Af =8
WTWTSVR  0.3609 0.2985 0.1138 0.0436  0.0122  0.0022  0.0007
TSVR 0.3667 03022 0.2199 0.0486 0.0149 0.0028  0.0011
LMMSE 0.3685 03042 0.2200 0.0491 0.0152 0.0033 0.0012
Linear 0.3694 03067 0.2208 0.0506 0.0157 0.0038 0.0013
BEM 0.3696  0.3066 0.2211 0.0519 0.0161 0.0041 0.0014
o —=— Proposed algoritm o T—— Proposed agoritim
= e )
. . 107}
@ 40k E @
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FIGURE 9. Bit error rate at moving speed v = 300km/h, At = 4, Af = 4.

Figure 7 illustrates the effectiveness of WIWTSVR for
regression of nonlinear channels. In this test, SNR = 5dB,
path number L = 10, mobile speed v = 100km/h. The star
points are noised channel response for training WTWTSVR.
We can see that the estimate of the proposed method (dashed
line) can fit the channel response (the solid line) well.

Figures 8 and 9 show the BER performance of the
WTWTSVR based algorithm at mobile speed 100km/h and
300km/h with pilot insertion interval At = 4 in time domain
and Af = 4 in frequency domain, respectively. For compar-
ison, curves of TSVR-based, linear interpolation, LMMSE,
BEM based methods and perfect estimation are also demon-
strated. Figures 10 and 11 show those of At = 8 and Af = 8.
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FIGURE 10. Bit error rate at moving speed v = 100km/h, At = 8, Af = 8.

The channel frequency response SSE of methods is shown
in Table 2. The results are averaged from 50 runs.

It can be observed from Figures 8 - 11 that the improvement
in BER performance becomes significant as SNR increases.
While the improvement is negligible when SNR is less than
10dB due to the main interference effect of additive noise at
low SNR. The increase of moving speed can also degrade
the BER performance. This is because faster relative move-
ment speed leads to greater ICI. The BER curves of the
proposed method and the TSVR based algorithm have similar
trends, and their performance is better than that of tradi-
tional methods, which shows that SVR has the regression
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FIGURE 11. Bit error rate at moving speed v=300km/h, At =8, Af = 8.

advantage of nonlinear relationship. Comparing Figures 8, 9
with 10, 11, it can be seen that the increase of time and fre-
quency interval degrades the regression performance, which
is due to the decrease of information content and the increase
of interpolation interval. As shown in Figures 8- 11, the pro-
posed algorithm outperforms the TSVR based algorithm due
to the function of weights obtained by wavelet transform
preprocessing.

The results in Table 2 also show the same conclusion from
the perspective of SSE, and the effectiveness of the proposed
algorithm is further verified.

VI. CONCLUSION
A weighted TSVR based MIMO-OFDM channel frequency
response estimator is proposed in this paper. The proposed
estimation method is based on pilots inserted uniformly in
time and frequency domain, which are known to transmit-
ter and receiver. At the transmitter, the pilots are inserted
into the data sequence, and then transmitted through the
antenna after space-time coding and OFDM processing.
At the receiver, after OFDM demodulation and space-time
decoding, the channel frequency response of pilot symbol can
be calculated by LS algorithm. Then the channel response
of data symbol is interpolated by the WTWTSVR based
estimator. In the proposed algorithm, training samples on the
pilot position are given different weights according to the
distance from the mean position based on wavelet transform.
The WTWTSVR method is suitable for dealing with time
series signal denoising such as the channel estimation prob-
lems, which is determined by the property of wavelet filter.
The effectiveness of the proposed method in the estimation
of nonlinear wireless communication channel is confirmed
by computational experiments. However, the computational
complexity of SVR increases significantly with the increase
of training samples. Therefore, how to reduce the computa-
tional complexity under the premise of ensuring the accuracy
of estimation is our next research goal.
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