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An lterative Receiver Architecture Based on Joint Data Detection

and Channel Estimation for High Mobility MIMO OFDM Systems

Student : Sih-Jie Li Advisors : Dr. Chia-Chi Huang

Department of Communication Engineering
National Chiao Tung University

ABSTRACT

For orthogonal frequency division multiplexing (OFDM) systems in high-mobility
environment, channel variations within one OFDM symbol will introduce intercarrier
interference (ICI), thus lowering the system performance. This becomes more severe as
vehicle speed or OFDM symbol duration increase. In this paper, an iterative receiver
architecture based on joint channel estimation and data detection is proposed for MIMO
OFDM systems in mobile wireless channels. The iterative receiver mainly consists of
three-stage processing. In the initialization stage, we employ a multipath interference
cancellation technique to roughly estimate multipath delays and multipath complex gains

through the preamble. In the tracking stage, a /3 -tracker is applied first, followed by
decision-feedback (DF) DFT-based channel estimation which is based on V-BLAST data

detection, so as to estimate the average channel variations of each path. In the final stage, we
adopt a linear model to approximate time variations of each path, and a two-dimensional
V-BLAST method is utilized to perform ICI cancellation and data detection. Finally,
computer simulations are conducted to verify the performance of the iterative receiver in

high-mobility channels.
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Chapter 1 Introduction

Orthogonal frequency division multiplexing (OFDM) [1] has been widely applied in
wireless communication systems in recent years due to its capability of high-rate transmission
and low-complexity implementation over frequency-selective fading channels. The signals
received through the multipath channel suffer from severe intersymbol interference (I1SI) since
the delay spread becomes much larger than the symbol duration. In OFDM system, the entire
channel bandwidth is divided into many narrow subchannels, which are transmitted in parallel.
Therefore, the symbol duration is increased and the intersymbol interference (ISI) caused by
the multipath environments is eliminated or mitigated."On the other hand, communications
over multiple-input multiple-output-(MIMO)-channels also have been the subject of intense
research over the past several years because MIMO channels can support much greater data
rate and higher reliability. Spatial multiplexing is one promising technique, which can
significantly increase the channel capacity by the use of multiple antennas at both the
transmitter and receiver. MIMO system can be combined with OFDM system to achieve high
spectral efficiency, which makes it an attractive technique for high data rate wireless
applications.

The received signals in MIMO OFDM system suffer from inter-antenna interference,
hence, in this paper, we solve them by using V-BLAST data detection [2] with MMSE-SIC

criterion. Moreover, in high mobility environment, the relative movement between transmitter



and receiver causes Doppler spread, and the channel variations due to high mobility give a

time-selectivity in one OFDM symbol so that the multipath channel is no longer time

invariant. Channel time-variations in one OFDM symbol may also arise the presence of an

unknown carrier frequency offset, so the orthogonal property of OFDM system is destroyed

and result in the effect of inter-carrier interference (ICI) among subcarriers which degrades

the performance of OFDM systems [3] [4]. This becomes more severe as mobile speed,

carrier frequency or OFDM symbol duration increases.

To reduce the ICI caused by channel variations, many approaches have been proposed. In

[5], the authors proposed a self-cancellation scheme which sharps the signal in frequency

domain using the windowing operation:in time domain to-make subcarriers approximate nulls

around the location of other subcarriers and, therefore, creates less ICI. In [6], it introduces a

high performance equalization method by using MMSE with successive interference

cancellation, but the computational complexity is very high.

[7] introduces two methods to mitigate ICI in an OFDM system with coherent channel

estimation. Both methods use a piece-wise linear model to approximate channel

time-variations. The first method extracts channel time-variations information from the cyclic

prefix and the second method estimates these variations using both adjacent symbols.

However, it acquires channel slopes by utilizing the redundancy of the cyclic prefix in the first

method. While in the second method, the information of adjacent symbols has to be buffered.



In this paper, an iterative receiver architecture based on joint channel estimation and data
detection is proposed to estimate the channel variations symbol by symbol, and a linear model
is utilized to estimate the slope of each path without buffering information of adjacent
symbols. The iterative receiver mainly consists of three-stage processing. In the initialization
stage, we employ a multipath interference cancellation technique to roughly estimate
multipath delays and multipath complex gains through the preamble. In the tracking stage, a
[ -tracker is applied, followed by decision-feedback (DF) DFT-based channel estimation
along with V-BLAST data detection, so as to estimate the average channel variations of each
path. In the final stage, we adopt a linear model to approximate time variations of each path,
and a two-dimensional V-BLAST method is utilized to-perform ICI cancellation and data
detection.

The rest of this paper is organized as follows. In Chapter 2, we describe a MIMO OFDM
system. The V-BLAST with MMSE-SIC detection algorithm is introduced briefly in Chapter
3. In Chapter 4, we present the MPIC-based decorrelation method in the initialization stage.
Next, a /3 -tracker is developed in the tracking stage, and an ICI estimation is presented in
the final stage. We then utilize the two dimensional V-BLAST detection to perform ICI
cancellation and data detection. We present out computer simulation and performance
evaluation results in Chapter 5. Finally, some conclusions are drawn in Chapter 6.

Notations: Boldface letters denote matrices, column vectors, and sets. The superscripts



*

(-) and ()H stand for complex conjugate and Hermitian respectively. The column vector
X can be explicitly expressed by <X1,...,XX> or <Xi :ie{l,...,‘x‘}>, where ‘X‘ is the
dimension of the vector X. The notation {} denotes a set, e.g. a set X = {Xi,..., XX} :

and the cardinality of the set X is denoted by ‘X‘ Further, the set can be expressed in a

compact form {Xi e {l,...,‘X‘}}.



Chapter 2 MIMO OFDM System

2.1 Transmitted Signals

T, Rx,
X @ [01 R®W [0]
: OFDM | | OFDM .
. Modulator Demodulator .
Information XO[N—1] . Channfel
Source . . ROIN-1]| Estimation
SYMBOL
—> > S/P . . &
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Fig. 1 MIMO OFDM system
Pilot preamble ‘ 1st OFDM symbol ‘ 2nd OFDM symbol ‘ SS ‘ Dth OFDM symbol

Fig. 2 OFDM frame format

Fig. 1 and Fig. 2 illustrate a MIMO OFDM system and its frame format. We consider a
MIMO OFDM system with N, transmit and N, receive antennas, employing N
subcarriers among which M subcarriers are used to transmit data symbols plus pilot tones
and the other N —M subcarriers are used as either a DC subcarrier or virtual subcarriers at
the two edges to avoid the aliasing problem at the receiver. Assume that the sets of data and
pilot subcarriers indices are denoted as Q and J, respectively, where Q,Jc€Q and
Q:{O,..., N —1} is the set of the total subcarrier indices. The information source bits are first
mapped into QPSK data symbols and are converted into N parallel data substreams through a

serial to parallel (S/P) block. At the ith transmit antenna, |Q| QPSK data symbols X [k]



for keQ,and |J| pilot symbols X“[k], for k e J, are modulated onto M subcarriers via
a N-point inverse Fast Fourier Transform (IFFT) unit to produce time domain samples after

insertion of N —M zeros for DC and virtual subcarriers.

N-1 i2zkn (2.1)
X e N, 0<n<N-L

=0

1_
N

=~

where XU [k] represents the transmitted data point at the kth subcarrier from the ith transmit
antenna and xff) is the time domain sequence. A cyclic prefix (CP) is then added in front of
each OFDM data symbol to eliminate intersymbol interference (ISI) caused by multipath
channels as follows:
xy) =(x"nj:N-G<n<N -1) 2.2)

where G is the length of guard interval. And we assume that the normalized length of the
channel is always less than or equal to G in this paper to make sure that there is no ISI after
removing the guard interval. As shown in Fig. 2, each OFDM frame starts with a CP-added
preamble which occupies one OFDM symbol and is followed by D consecutive OFDM data
symbols. Specifically, pilot tones are alternatively inserted into the available pilot subcarriers

to avoid inter-antenna interference at the receiver side, and the pilot preamble in frequency

domain is denoted by P[k], for keQuJ and i=1...,N,.



2.2 Channel Model

In wireless communication, there may be more than one path from transmitter to receiver.
Received signals come from multiple paths may be due to atmospheric reflection, refraction,
or reflection from buildings and other objects. Such environment is called a multipath channel.
The complex baseband representation of impulse response for a mobile wireless channel
between the ith transmit antenna and the jth receive antenna can be described by

L(J'vi)_l

h(j’i)[t,z']z IZ.; 1" (t)é‘[z'—fl(j'i)] (2.3)
where 2" (t) is the complex Gaussian fading gain of the Ith path, 7' is the excess
delay in samples of the Ith path, 5[1] is a Kronecker delta function, and L") is the
number of resolvable paths. All paths " (t); for 0<I<L") -1, are assumed to be
independent of each other and generated from Jakes’ model. Thus, for OFDM systems with
proper cyclic extension and sample timing, the channel frequency response can be expressed
as

L0y

HOO[tk]= Y 9 (t)exp (- j2rke" N} (2.4)

1=0

where k is the subcarrier index.

2.3 Received Signals
We assume that both timing and carrier frequency synchronization are perfect, and that the

length of channel impulse response (CIR) is always shorter than the length of the CP so as to



remove CP correctly. Let T, be the sampling period, then T :Tsx(N +G) is the time
duration of one OFDM symbol after adding the guard interval. hU'"[n]= ") (t=nxT,)
represents the Ith channel tap at time instant t=nxT, corresponding to the ith transmit
antenna and the jth receive antenna. A constant channel is assumed over the time interval
nxT, <t<(n+1)xT, with t=0 indicating the start of the data part of the symbol.
h,(“)[n] for —.G<n<-1 and 0<n<N-1 represents the Ith channel tap in the guard
interval and data interval respectively.

Then the received signal r' atthe jth receive antenna is the superposition of all distorted

transmitted signals, which can be expressed as follows:

Ny 109

1=> > hSn]x¢ [( —I))N}+z(”[n],0§n§N—1. (2.5)

i=1 1=0

where (( ))N represents a cyclic shift in the base of N and z“)[n] represents a sample of
uncorrelated additive white Gaussian noise (AWGN) with zero-mean and variance o’ on the

jth receive antenna.

2.4 ICI on OFDM System

After the OFDM demodulator in Fig. 1, the received OFDM data symbols at the jth

receive antenna in frequency domain are given by

] ) N-1 _j2znk
RVIK]=FFT{r[n]f=>"r[n]e ¥ o0<k<N-1 (2.6)

n=0

Substitute (2.1) (2.3) (2.5) into (2.6), we will find the relationship between RU [k] and



X M[k] which can be derived as follows:

j2zml  j2zmn j2znk

:i N“(zlhlui)[n](%fxm[m]e Nog N je N }Lz“)[k] 2.7)

i=1\ n=0 I=0 m=0
Np (N2l g N j2zn(k-m) \ _j2zml )
=> =>hnje ™ N Om] [+ 2D K]
i=1\ m=0 1=0 N n=0
N [ N-1 1 L) 4 _j2zml
— it Fl(“)(k—m)e N X(')[m] +Z(J)[k]
iz \moN 13

N; N-1
RITk]=Y > HU [k,m] XV m]+2V[k]
i=1 m=0
Ny B _ - = _ _ (2.8)
= > HUITk, k] X VK] + HOO [k, m]x O [m] |+ 29 k]
i=1 m=0,m=k
ICI

for keQuJ, where z [k] denotes the FFT of z(j)[n] and the second term on the right

hand side of (2.8) represents ICI due to the Doppler spread caused by high mobility and

cannot be neglected as the maximum Doppler frequency increases. Define F,(”)(k) as the

DFT of the Ith channel tap with respect to time-variation:

=z

-1 _j2znk

FU%(k)=Y hU"[nle ¥ 0<I<G&0<k<N-1 (2.9)

>
I
o

Then HUY [k, m] which denotes the channel frequency response from the mth subcarrier on

the kth one can be defined as

1=0 N n=0

B Wl g N j2znk-m) | _jeaml g 00 _J2zml
=3 R S R Geme e

Furthermore,



L) g _j2akl

HOVKK]= > plile W (2.11)
1=0
.. N_l ..
where 2} :%z h,“")[n] is the average of the Ith channel tap over the time duration of
n=0

0<t<NxT,. Therefore, H""[k,k] represents the DFT of this average.

As the channel is time-invariant or we assume that the channel is quasi-static within one
OFDM data symbol, h[n] becomes a fixed complex fading gain (h, ). Then, because of the
orthogonal property of the subcarriers, the second term of (2.8) becomes 0, which means no

ICI, and (2.8) can be easily reduced as follows:

) Ny - . )
RY[K]=> HOV [k kX O [k]+Z2W k] (2.12)
i=1
And the received pilot preamble at the jth receive antenna can be described by

R [K] =3 HUUTKKIPY [+ 20 [k] (213)

for keQulJ.

10



Chapter 3 V-BLAST Detection

In this chapter, the conventional V-BLAST detection method with MMSE-SIC algorithm
is introduced to perform data detection in MIMO OFDM system. We first consider a MIMO
system with N, transmit and N_ receive antennas, which can achieve high data rates by
transmitting simultaneously different data on the different transmit antennas, and N; < N;. A
single data stream is split into N, substreams, each of which is transmitted using one of the
N, transmit antennas. The transmit diversity introduces spatial interference. The signals
transmitted from various antennas propagate over independently scattered paths and interfere
with each other upon reception at the receiver. After passing through the channel (assuming
quasi-stationary), each receive antenna receives the signals radiated from all N, transmit
antennas. Let X:[Xl, Xy Xy, T denote the vector of transmit symbols, then the
corresponding received signal vector can be written as

R=HX+Z (3.1)
where R is an Ng-component column vector of the received signals across the N,
receive antenna, H is a NpxN; matrix with H,; representing the channel frequency
response between transmit antenna i and receive antenna j, and Z is the AWGN noise
vector with zero mean and variance o”.
In the MMSE detection algorithm with successive interference cancellation (MMSE-SIC)

[8], the expected value of the mean square error between transmitted signal X and a linear

11



combination of the received vector w"R is minimized as follows

min E{(X—WHR)Z} (3.2)
where w isan Ny xN; matrix of linear combination coefficients given by

w' =(H"H+o1, ) H" (3.3)
I, isan N;xN; identity matrix. Using w,', the decision statistics for the symbol sent
from antenna i is obtained as

Y, =w/'R (3.4)

H

where w! is the ith row of w" consisting of N, components. The estimate of the

symbol sent from antenna i, denoted by )Zi , IS obtained by making a hard decision on Y,
X, =Q(¥)) (3.5)

In an algorithm with interference suppression only, the detector calculates the hard decisions

estimates by using (3.4) and (3.5) for all transmit antennas.

In a combined interference suppression and interference cancellation algorithm, the
interference contribution from already-detected components of X is subtracted from the
received signal vector, resulting in a modified received vector in which fewer interferers are
present. As mentioned in [2], when interference cancellation is used, the order in which the
components of X are detected becomes important to the overall performance of the system.

Let the ordered set S={kk,, -k, | be a permutation of the integers 1,2,---,N,

specifying the order in which components of the transmitted symbol vector X are extracted.

12



The optimal detection order is determined to maximize the minimum post-detection SNR of
all data streams. A result is that simply choosing the best post-detection SNR at each stage in
the detection process leads to the globally optimum ordering, S, .

The receiver starts from first iteration (i=1) whose detection order is k, and computes
its signal estimate by using (3.4) and (3.5). The received signal R in this iteration is denoted
by R,. For calculation of the next iteration (i=2), the interference contribution of the hard
estimate >2k1 is subtracted from the received signal R, and this modified received signal
denoted by R, is used in computing the decision statistics for iteration 2 from (3.4) and its
hard estimate in Eq. (3.5). This process.continues for all other iterations.

After detection of iteration i whose detection order is k;, the hard estimate in is
subtracted from the received signal ‘R, ‘to'remove its interference contribution, resulting in
modified received signal R,,;:

R, =R, - X, (H), (3.6)

where (H) denotes the k;th column of H. The operation )Zki (H)k in (3.6) replicates

k:

is the received

i+l

the interference contribution caused by )Zki in the received vector. R,

A A~ A

vector which is free from interference coming from X, , X, ,---, X, . For estimation of the

nest stage, this signal R, , is used in (3.4) instead of R. Finally, a deflated version of the

i+1

channel matrix is calculated, denoted by H_, by zeroing column ki ,Kk,,---,k; of H. The

deflation is needed as the interference associated with the current symbol has been estimated

13



and cancelled.
The full V-BLAST with MMSE-SIC detection algorithm is described as a recursive

procedure, including determination of the optimal ordering, as follows:

Initialization :
R, =R

H H 2 1o rH
G'=(H"H+0o’l, ) H

2

k, =arg mjin H(Gl)j

Recursion :
W, :(Gi)ki
Yki = wkHiRi
X, =Q(Y,)
R, =RI“X(H),
H-= lei

GY=(H"H+o%, ) H"

ki, =arg min H(Gm)juz

iefk ki

i=i+1

where (G,), isthe jth columnof G,,and |v| is the Euclidean norm of the vector v.
. . _ ‘ X, ‘2
Since the post-detection SNR for the k;th detected component of X is SNR, = ZH ' HZ ,
oW,

2

k, =arg m.inH(Gl)j corresponds to the strongest detected component of X. Similarly, k.
J

corresponds to the strongest detected component among the remaining (NT—i+1)

components. Thus, it determines the elements of S_, the optimal ordering.

opt !

The V-BLAST architecture is essentially a single carrier signal processing algorithm.

Therefore, to combine it with OFDM, the V-BLAST detection process has to be performed on

14



every subcarrier at the receiver to achieve high data rate transmission in frequency selective

fading channels. As OFDM effectively divides the frequency selective channel into a number

of flat fading subchannels, the MIMO OFDM system comprises a number of narrow band

MIMO systems on different subcarriers. As the same detection algorithm is used on each

subcarrier, MIMO OFDM system is basically a per-subcarrier MIMO structure, which

performs V-BLAST detection on each subcarrier.

15



Chapter 4 Iterative Receiver

The iterative receiver based on joint channel estimation and data detection mainly consists
of three-stage processing. In this section, we first present the MPIC-based decorrelation
method for the initialization stage. In the following tracking stage, we adopt a /3 -tracker
followed by DF-DFT based channel estimation method to estimate the frequency response of
average channel variations of each path. With the estimated channel frequency response, the
detection of transmitted signals can be performed by applying V-BLAST with MMSE-SIC
algorithm described in chapter 3. In the final stage, we approximate channel variations of each
path with a linear model. Then, a two-dimensional V-BLAST method is utilized to perform
ICI cancellation and data detection. The block diagram of the channel estimation in the

tracking stage and the ICI cancellation in‘the final stage is shown in Fig. 3.

HY Tk k]
) H [k, k] HO [k, ] N0
RY [k]l: (i X K
DF DFT-based HY"Tk,m
—— ﬂ Trecker _4 \[/)-]?L?ST + Channel = [ 4 ICI Estimation _4 Z-DD YB%AST T—
clection Estimation etection
A (D)
X [k]
Channel Tracking ICI Cancellation

Fig. 3 Block diagram of the channel estimation in the tracking stage and the ICI cancellation
in the final stage.
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4.1 Initialization Stage: The MPIC-Based Decorrelation Method

In this stage, we roughly estimate multipath delays and multipath complex gains through
the preamble placed at the beginning of each OFDM frame. We all know that CIR can be
estimated by using the preamble placed at the beginning of each OFDM frame, while the
difficulty is that for most wireless standards, the preamble does not have ideal
auto-correlation due to the use of either guard band or non-equally spaced pilot tones. Fig. 4
outlines the MPIC-based decorrelation method to estimate CIR path-by-path by canceling out
already known multipath interference. Since the preambles transmitted from different
antennas do not interfere with each other at the receiver side, channel estimation can be
independently performed for each transceiver antenna pair, and therefore the antenna indices j
and i are omitted in the following. In step 1, we first define two parameters W, and N,
which represent a multipath observation window and a presumed number of paths in a mobile
radio channel, respectively. Next, we calculate the cyclic cross-correlation Cg, [r] between
the received and the transmitted preamble by

Cep [r]= IDFT {R, [k]-P*[k]}, 7=0,....N -1 (4.1)
The normalized cyclic auto-correlation C,,[r] of the transmitted preamble can also be
calculated by

Cep [r]= IDFT {P[k]-P"[k]}, 7=0,...,N-1 (4.2)

Both p and «x, which stand for a path counting variable and the number of legal paths
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found by the MPIC-based decorrelation method, respectively, are initialized to zero. In step 2,
we start by increasing the value of the path counting variable p by one, and picking only
one path whose time delay #, yields the largest value in |C,[z]|, for 7 W,. If the time
delay 7, is larger than the length of the CP, this path is treated as an illegal path, and we
discard it by setting Cg, [fp] =0. Otherwise, we increase the number of legal paths found,
k', by one, and then reserve this path as the «th legal path with time delay 7, =7, and
complex path gain z_=Cg.[7,]. The replica of the interference associated with this legal
path is regenerated and subtracted from C..[z] to obtain a refined cross-correlation
function:
Cre [7] < Cro [7] = £1:Crp Dr—fku, teW,\{7i=1...,p-1} 4.3)

where “<« " is the assignment operation. We continue the iterative process of the step 2 until

p reaches the presumed value of N .
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Stepl: Set preassumed number of paths N & & observation window W,
Calculate C, [7] & C [7] by
Cep[7]=IDFT{R, [K]-P"[k]}, 7=0,...,N -1
Cep [r]= IDFT {P[k]-P"[k]}, z=0,...,N-1
Initialize p=0and x=0
Step2: Estimate multipath delays and comples gains coarsely:
while p <N
p<—p+l

7, =arg max {‘CRP [r]‘}

if7,>G
Ceo| 7, ]=0

else
K< Kxk+1
find a legal path with time delay 7, =7, & complex gain £, CRP[ ]
CRP[T](—CRP[T]—/JKCPPDT ] reW,\{7:i=1...,p-1}

end

end

Fig. 4 The MPIC-based decorrelation method in the initialization stage

4.2 Tracking Stage: p-tracker

Through the initialization stage, we are able to obtain information on the number of paths
k" (<N,), the multipath delays 7', and the multipath complex gains 2", for
l {1,...,1(“'”}. Without loss of generality, we assume that the multipath delays do not vary
over the duration of each OFDM frame. In this stage, we also suppose that the channel is

quasi-static within one OFDM data symbol, which means the multipath complex gains of

channel model are unchanged, so as to estimate the average channel variations of each path.
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Accordingly, the corresponding channel estimator I—]“”[k,k] for the frequency response

HUk,k] can be formed by a summation of ") exponential functions as follows:

K0 g

HO [k, k] = .Zo: 40 exp{-jorka" N} (4.4)
In this stage, a /3 -tracker followed by DF DFT-based channel estimation is applied to
track channel. We start by utilizing the decision feedback (DF) DFT- based channel estimation
method, using the ML criterion [9] [10][11][12], which is provided in the following:

Y = B (R R ) R (R7) RO 45
where v is the iteration number from 1 to vV, H{'" :<I:Iv(j'i)[k,k]:k eQ={0,...,N —1}> is
the estimated channel frequency response between the ith transmit antenna and the jth receive
antenna at the vth iteration, X" = diag {)Z“)[(al],..., )2(‘)[6)‘@‘]} consists of the decision data
symbols in which @ is a subset of Q. used to track channel variations and )Z(i)[k] can be
obtained by applying the previously estimated channel frequency response to the V-BLAST
data detection with respect to the received signals. Fi;l represents the |@]x """
truncated DFT matrix whose ( m,I )th entry is defined as exp{—j27z®m7,(j’i) / N}, FD, s
the xx|@| truncated IDFT matrix which can be equivalently expressed as
F :(FCEJD')FT )H ,and FU isthe Nxx" truncated DFT matrix. For simplification, the
subscripts “DFT” and “IDFT” are omitted, then F{’.., F{iU. and F) are replaced by
FY, (FCE“))H ,and FUY respectively. We assume that the data interference signals from

other transmit antennas can be reconstructed and cancelled perfectly from the received signals
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R . Thus, the refined signals corresponding to the (j,i)th antenna pair can be represented

as
RV = <FEV“"> [K]=RY[K]- 2 HU™ [k kX [k] = HU Tk kX O k] + 2 [K], ke ®>
(4.6)

Moreover, since the refined signals from different antenna pair do not interfere with each
other, we can perform the channel estimation for each transceiver antenna pair and, for
simplification, the superscript “(j,i)” and “(i)” are dropped hereafter. Therefore, the
DF-DFT based channel estimation method can be expressed as follows:
i, =F(F'E)) FI'XR, 4.7)

This is, however, not a good solution in fast time-varying channels because decision data
symbols easily induce the error propagation effect. Therefore, pilot tones play an important
role in fast fading channels. While in the slowly fading channels, decision data symbols are
more reliable than pilot tones due to the number of data subcarriers are much more than pilot
tones. Hence, we can modify the first iteration by adopting pilot tone as well as decision data
symbols simultaneously to perform channel estimation at the first iteration. This, we modify
the first iteration with v=1 by the [ -tracker in which the current channel can be weighted
with the channel estimated over data symbols in the previous time slot and the channel

estimated over pilot signals in the current time slot due to that the current channel is related to

the previous channel, which depends on how fast the channel varies. Therefore, The
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[ -tracker for the first iteration (v=1) can be described as follows:
H, =(1-p)H, +pH, (4.8)
where ﬁo represents the channel estimated over data symbols in previous time slot,

A

Hp:F(Fp”Fp)lepHXglRp denotes the channel estimated by DF DFT-based channel

estimation over pilot subcarriers in which X is the diagonal matrix of pilots, R, is the
corresponding received pilot signals, and F, is the |J|><K(j'i) truncated DFT matrix over
pilot subcarriers. Likewise, since the received pilot signals from different antenna pair do not
interfere with each other, we can also perform the channel estimation o for each transceiver
antenna pair. In order to initialize the channel estimator of (4.8), the CSI estimated in the last
iteration of previous time slot has to be taken as the initial value of the CSI for the current
time slot.

Then, we can construct an MMSE cost function over all subcarrier indices, and derive the

minimum {3 as follows:

p= argmﬂin E

=argminE| (H, - H, ) (—H)} (4.9)
‘H

= argmﬂin E|H

:argmﬂin f(8)
where H, is the true value of current channel frequency response. Each component of

f () can be derived separately in the following. From (4.8) and (4.9), we have
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e[, |- €[ (1 4)i 1 (1 )+ )

o o o . (410)
—E [(1— BY WM, +(1-B)pH,_ A+ p(1- B)AH, , + ,BZH;HJ

Let the estimation of H, , be the summation of the true previous value plus a noise term,

and the estimation of H, also be the summation of the true current value plus a noise term

as follows:
13
with
_E (F (E'E,) E'X 2y )H (F (Ey'F,) FyX'Z,, )}
-E :(WDX‘lZV ) (WDX‘lZH)] where W, = F(F,'F, ) F!
:Tr_{E (WoX'Z, 1) (WoXZy ) }} (4.12)

and

23



(F(Fg* F,) F'X;'Z )H (F(F,')*Fp ) FY x;}zvﬂ
:E[(pr—lzv)H (WPX?ZV)} where W, =F(F/'F, ) F!

_Tr {E [(pr;}zv J(Wox;'z, ) }}
(e[

r{E[ WX, Z,20X,"W," |}

(4.13)

Il
—

2
_9 Tr{W,W," |, where o7 is pilot power
(o2

where Tr{-} denotes the trace of a square matrix.

Furthermore, the autocorrelation function of the channel frequency response is as follows:

H,,=Fh,,
H, =Fh,

JH, |=E[hFFh, |=E[hh,]=07

:Hvl:l E|:hvlFFhv1] E[hvlhvl:l o

+aH, |=E[h} F'Fh, | =E[WZR;|= 07, (27 f,T)
JH,, |=E[hFFh,, [<Elhhg;]= o7, (27 f,T)

(4.14)

E[H
E[H
E[H
E[H
where J,(-) denotes the zero-order Bessel function of the first kind, and f, is Doppler
frequency in hertz, o is the channel power, and T is the time duration of one OFDM

symbol after adding the guard interval.

Hence, from (4.12) ~(4.14) , (4.10) is equivalent to

E[HH, |=(1-p8) (E[H, M, ]+E[Z Z,, |)+(1-B) SE[ H, H, ]
+p(1-H)E[HH, |+ 5 (E[HH, [+E[ 22, ])
=(1—ﬂ)2(of+aév) (1-B) Botd, (27 1,T)
+B(1-P)ord, (27T )+ f* (on + 07, )

Similarly, we can obtain

(4.15)
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E[A;H, |- E[((l—ﬂ i+ pil) }

=(1-B)E[ M H, |+ BE| H M, | (4.16)
=(1-B)E[H,_H, |+ SE[H}H, |
=(1-8)0nd, (27 1,T)+ Bor,

m

(1-B)E[HH,, |+ pE[HH, | @17
(1-p)E[HH,, ]+ SE[HH, |
(1-B)oid, (27 £, T )+ Boy

Therefore, apply (4.15)~(4.17) into (4.9) then we can get the following equation:
,Bzargmﬁin f ()
= argmin [(1—ﬂ)2 (07 +02 )+ (1-8) Bo3s (27 K,T )+ B(1=B)ordy (27 1,T)+ B (07 + 0 )
~(1-B) o33, (271,T) - pop=l@=p)eid, (27 1,T) - oy + o |
:argmﬁin[(Zah2 +o; —20y,(22f,T)+ o ),B +(—4a§ ~20; +40'hZJ0(27Zde)),B

+(207+07 ~2073; (22 1,T))]
(4.18)

of
By taking % =0, the optimum value of f is given by

20, +0; 2073, (271,T)
20, +0, N 203, (27f,T)+0o;

B= (4.19)

We can observe from the above equation that as the mobile speed is slow, J,(27zf,T)=

2

U
and then ﬂ~— as the mobile speed is fast, J,(27f,T)=0 and g=1.
a to

It is noted that, after the first iteration, we execute the channel tracking process of (4.7) for
the second and subsequent iterations until a stopping criterion holds. The stopping criterion is

to check whether the iteration number v reaches the maximum value of V . The channel
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tracking process for the current time slot will be stopped when the above condition holds.

Fig.4 outlines the [ -tracker followed by DF DFT-based channel estimation method to
estimate the average channel variations in the tracking stage. We perform the channel
estimator described above for each transceiver antenna pair respectively, and then after each
iteration we have ﬁﬁ”)=<I:I§j’i)[k,k]:keQ:{O,...,N—1}> for i=1...,N, and
j=1...,N,. With the knowledge of H!"[k,k] for i=1...,N; and j=1...,N,, we can
detect data by performing V-BLAST with MMSE-SIC algorithm on each subcarrier as

mentioned in chapter 3.

Forl<v<V
For each antenna pair (j,i)where 1< J<Ng 1<i<N;
If v=1
Hv:(l_ﬁ)Hv—l-'_ﬂHp
% HIA! L H -1
where H, =F(F;'F,) F;'X 'Ry

else

A

H,=F(F'F,) F'X'R,

where R{" :<F§V“"> [K]=RY[k]-> HO™M [k K]X™[K] k @>

mzi

End
End

We can get H'/" =<ﬁ§j'i) [k.k]:ke@={0,...,N —1}>
Detect data using V-BLAST with MMSE-SIC algorithm: X

Assignv=v+1
End

Assign ﬁo -H

Fig. 5 [ -tracker followed by DF DFT-based channel estimation method in the tracking stage
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4.3 ICI Estimation

In the presence of Doppler caused by high mobility, due to the ICI term of (2.8), using the
estimate of average channel for data detection results in poor performance. This motivates the
need to perform ICI estimation.

In this stage, we adopt a linear model with a constant slope over the time duration of one
OFDM symbol to approximate time variations of each path. When the linear model is applied,
we will derive the frequency domain relationship, similar to (2.8). We first consider the SISO
case with one transmit and one receive antenna by omitting the superscript (Jl) " and

“(i)” , and in the end of this section we will apply.it to MIMO case.
The received signal of SISO case Is:as follows:

Y[K]=S X [m)H [k m]+ Z[k]
X [KJH[kK]+ > X[m]H[km]+Z[K] (420

m=0,mz=k

ICI

where X [k] Is transmitted symbols which we assume it is known, and H [k,m] denotes
the channel frequency response from the mth subcarrier on the kth one which can be

expressed as:

1 N-1 j2zn(k—m) j2zmz,
H[k,m]:ZW h[nle ™ } N (4.21)

Furthermore, we assume H [k,k] is known which can be obtained from /3 -tracker and can

be expressed as
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H[k k] :Z hoe N (4.22)

where 4, is the average channel variation of the Ith path. Through an IDFT, we have

j2zky

N-1
to=> H[kkle ¥ 0<l<L-1. (4.23)
k=0

Let x, denote the slope of the Ith path in the current OFDM symbol. To perform the

linearization, knowledge of the channel at one time instant in the symbol is necessary. As

mentioned in [7], let E[z] represent the average of z. Then for the Ith channel tap,
27 . N N . N

EUM,o—h[”]” is minimized for n=| Z-~1]. Therefore, we approximate | =-~1

with .. We will have

~| N
3 [?_1} - o (4.24)

Consider linearization around h, {%—1} . Then, h[n] can be approximated as follows:

h[n]= y,vl(n—%ﬂjﬂl,yo 0<n<N-1 (4.25)

Inserting (4.25) into (4.21), we will have

L-1 1 N-1 N j2zn(k-m) j2zmz,
H[k,m]= Z{WZ{y,vl(n—Ejtl}ry,vo}e N }e N 0<k,m<N-1  (4.26)

1= n=0

Subtract the non- ICI term from the received signals Y[k] and we will have R[k] as

follows:

R[K]=Y [kK]-X[K]H[k.K]= 3 X[m]H [km]+Z[K] @4.27)

m=0,m=k

Then we can construct an ML cost function and the slope of each path z,, can be found by

minimizing the following cost function:
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2
N-1
4, =argmin > IR[k]- X [m]H [k, m]
AL yeo m=0,m=k
_ N-1 L-1 1N—l N j2zn(k—-m) j2zmzg 2
=argmin Y |R[k]- X[m] Z{_Z{ﬂll(n__"’l}fﬂuo}e N }e N
A1 keo m=0,ms=k o (NSl 2 ’
_ N-1 L-1 1 N-1 N _j2zn(k-m) | j2zmg
=argmin ) IR[k]- > X[m] ZM{—Z(n——HJe N }e N
A1 Keo m=0,m=k -0 N n=0 2

N-1 L1 1 Nt j2zn(k-m) i2zmz ?
-~ X[m][ D o =D N N
m=0,mz=k 1=0 N n=0

N-1 L-1 1N—1 j2zn(k—m) j2rxmz 2
R[k]- X[m]| D 4, O N

=argmin

M1 keo m=0,m=k 1=0 n=0 (4.28)
1 N-1 _j2zn(k-m)
( for mzk, =>e N =0
N n=0
For simplification, let
1 N _j2zn(k=m)
—>ne N u=alk,m] (4.29)
N n=0
and we can modify the cost function as
_ N-1 = N-1 j2zn(k—m) j2zmz 2
f(r4,)=D [R[K]- > X[m] IZM [ Yhne } N }
ke m=0,m=k n=
J 0 0 (4.30)
- N-1 = _i2zmg ?
SRl 5 xin] Sualenk
ked m=0,m=k | 1=0

Hence, 4, can be determined by

N (m) o 1| Fmy) . Of (s
aﬁi ) :%{a Re((ﬂyl.z) - afim((yyl.z)} =0 (431

Direct calculation yields that (4.31) is equivalent to

Z[R[k le x[m]{gyllla[k,m]e_jzﬁmﬁD Nzl X"[m]a’ km]elzﬁmq =0 (4.32)

keJ =0,m=k m=0,m=k

for 1'=0,1,...,L-1.
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Now we define

N-1 j27me;.
> R[] X"[m]a’[k,m]e ¥ =b[l']
ked m=0,m=k
and
N-1 _j2zmz N1 j2zxmz.
> > X[m]a[k,m]e ™ X" [m]a'[k,m]e N =q[l,I']
ked m=0,m=k m=0,m=k

Then, (4.32) is equivalent to
L-1
> a1 =b[I'] 0<l'<sL-1
1=0

Equation (4.35) can be written in matrix form as

Qm=b
q[0,0] q[10] -4 q[L-10] o
where Q= q[Ol] q[ll] q[Lz—l,l] . m-= ﬂ” cand b=
a[o,.L-1] q[LL-1] - q[t=1,L-1] ey

Hence, the slope of each path can be estimated by

m=Q'b

(4.33)

(4.34)

(4.37)

and with the knowledge of the slope of each path, we can reconstruct the channel frequency

response H [k,m] as shown in (4.26).

Now, with the ICI estimation for SISO case, we can apply it to MIMO case by modifying

the received signal Y [k] in (4.20) and perform the ICI estimation for each antenna pair. In

MIMO environment, received signal at each receive antenna suffers from inter-antenna

interference including intercarrier interference (ICI) as follows:
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HU [k k] X O [k]+ HOD [k, m] X O m] |+29 K]

m=0,m=k

. { . (4.38)

ICI

To let the received signal in MIMO case corresponding to the (j,i)th antenna pair, named it
as refined signal, be the same as Y [k] in SISO case, we need to subtract the inter-antenna

interference including ICI from the received signal RU [k] as follows:

RUV[k]= ;mZOH’" [k,m] X" [k]
N71H“">[k,m]x“>[m]+z[k] (4.39)

m=0

:H(j,i)[k’k]x(i)[k]_'_ %‘i H("")[k,m]x(i)[m]+2[k]

m=0,m=k

ICl
Then the refined signal RU"[k] which, is only the received signal between the “(j,i)”
antenna pair can be treated as Y [k] in"SISO.case. However, in the beginning of this stage,
HU" [k,m] is not available, so we cannot obtain RU"[k]. Therefore, with the simulation in
the following, we use another refined signal Fi(“)[k] which is obtained by subtracting

inter-antenna interference excluding ICI term from the received signal RU [k] as follows to

estimate the slope of each path:

RUV[K]= RV Tk] =2 HU [k, k] X ™ [k]. (4.40)

In the following simulation, we assume that average channel variations y,( )" are known

and inter-antenna interference excluding ICI can be perfectly subtracted from received signal

RUTk]. We adopt the refined signal RV [k], and perform ICI estimation to estimate the
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slope of each path for each antenna pair, and then we have

1 11

A [n] =ﬂ“””(”‘%”]+ﬂ.€a” 0<n<N-1 (441)

25 R P .
—HE— Fd*T=0.1 for 6 path
—A— Fd*T=0.1 for 2 path
0 1 —l— Fd*T=0.02 for 6 path
—A— Fd*T=0.02 for 2 path

Y

A0l NG NG T

MSE (dB)

A5 L NA

o ) R

-55

Eb/No (dB)

Fig. 6 NMSE of the channel estimation with the assumption that the average channel

variations )" for 1=0,..., L") are known versus E, /N,

Fig. 6 shows the normalized mean square error (NMSE) of channel estimation with the
assumption that the average channel variations 41" for 1=0,...,L"" are known by using
refined signal F?“’i)[k] in the two- path and six-path channel for normalized Doppler
frequency f,-T equalsto 0.02 and 0.1, respectively. As can be observed in Fig. 6, the MSE

of channel variations are all quite small even in low E_ /N, region. Hence, to perform ICI

estimation for MIMO case, we just need to modify (4.20) as follows:
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Y [k]=RU k] = ZH [k, k)X K] (4.42)
In the above derivation, we have assumed that the transmitted signals for each antenna are

known. However, in reality, the transmitted signals are obtained by applying the V-BLAST

detection as shown in chapter 3 to received signals.

4.4 Two Dimensional V-BLAST Detection

In section 2.4, we have known that the ICI effect on OFDM systems and its mathematic
representation. Now, we change the mathematic representation in section 2.4 into matrix form
which is convenient to be used in this section.

Define R = (RV[0],...,RV[N <2}y R=(RY;.sRE),
X0 = (xOf0],..., XV [N 1), "X = (XU x™),
HUYT0,0] - HUY[O,N-1] > ... H®W
HUY = : s ,and H= .
HOV[N-10] - HUI[N-1L,N-1] g gt
Then the received signals R suffer not only from inter-antenna interference but also from
intercarrier interference and (2.8) can be expressed as follows:
R=HX+Z (4.43)
In this section a two-dimensional V-BLAST method is utilized to perform ICI cancellation

and data detection. From [13], we know that most of the ICI effect on a subcarrier comes

from neighboring subcarriers, so we assume the group size of the ICI effect is A=2a+1
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which means that X(i)[n] causes interference to R(")[((n—a))d~ R“)[((n+a))N} for

j=L.Ng o Let SU=(XOn Al XO[(n+1)A-1]) be a segment of X"

Y,f”:<R(”[n-A],...,R(”[(n+1)A—1]> be a segment of RY, and for any nzm,

SV ASY =(0} and Y’ NY!) ={0}where A is the size of one segment which is the same

as the group size of the ICI effect. Accordingly, S will induce the interference on Y!/,

Y and YU) for j=1,...,N,.AsshowninFig.7, YV suffersthe interference from S",
SsYand S". or even more segments for i=1,...,N,, so performance of solving S by

Y directly may not be acceptable.

A
() (i) (1)
Sn—l | Sn Sn+1
- 1'% / \\\\
~ /// /// \\\ \\\\
(1) (1) j (1) (1)
Yn—JZ Yn—Jl Yn( L Yn+J1 Yn+12
— Affected by S, —
— Affected by S —
-— Affected by S,E?l e

Fig. 7 ICI effect from neighboring subcarriers with group size A

The basic idea here is to cancel the component of S® ~S™)  n=m in Y. And treat

the ICI effect in Y,f” as inter-antenna interference in another dimension. Again, from [8],

most of the ICI effect on a subcarrier comes from neighboring subcarriers. So Yn(” IS

affected by S, S¥and S")., and the relationship of them can be represented as follows:
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Ny L S S
Y=Y (HSY, +HSY + s\, ) (4.44)

n,n-1~n
i=1

where H'") isablock of H''" denoted as
HOO((n-A), . ((m-A), ] = HOD [((n-A))N (((m +1)A—1))N}
- : -. :

(A, (o), | B () A), (e A-),
(4.45)

From section 4.2, we have solved X by using V-BLAST detection. Now, we use the

result X = <5((1),...,5((NT)> to do ICI cancellation by following equation:

n,n-1~n

NT .. . . .
Y=y - (S, +Hh S, ) (4.46)

i=1

The ICI effect comes from SU, and SU.:for i=1,...;N, inY!” have been cleaned, and

n+l

we can treat the remainder ICI effect in Y,fj) as inter-antenna interference in another

e
dimension. Then using <§{,fl),...,§(r$”“)> and S : to do V-BLAST
HE]NHR 1) HI(']”\‘nRvNT)

detection, which we call it as two-dimensional V-BLAST data detection, we can expect that
the more accurate S” ~S™) can be obtained. Using the procedure described above

n

iteratively, we expect that the recovery performance will be better.
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Chapter 5 Performance Simulation

5.1 System Parameters

Simulations are carried out for the proposed iterative receiver architecture. We consider a
MIMO OFDM system with two transmit antennas and two receive antennas. The carrier
frequency is 2.5 GHz and the system occupies a bandwidth of 5 MHz. OFDM effectively
divides the entire bandwidth into N =256 subcarriers among which |Q|+|J|=200
subcarriers are used to transmit data symbols and pilot tones respectively, while pilot tones are
alternatively inserted into the available pilot subcarriers to avoid inter-antenna interference at
the receiver side. The subcarrier indices of pilot subcarriers are uniformly assigned within the
available subcarriers. And the rest 56 subcarriers are used as either a DC subcarrier or virtual
subcarriers at the two edges. In the simulation; the' QPSK modulation scheme is adopted for
the data symbols, and the pilot tones use the BPSK modulation scheme. Each pilot subcarrier
transmits the same power as each data subcarrier. The length of the CP is 64 sample periods,
i.e., one quarter of the useful symbol time. Each OFDM frame starts with a CP-added
preamble which occupies one OFDM symbol and is followed by 50 consecutive OFDM data
symbols. In order to avoid the preambles transmitted from different antennas interfering with
each other at the receiver, the preambles transmitted from the first and second antennas utilize
even and odd subcarriers respectively with a 3 dB power boost, and the values of those

subcarriers are set according to [14]. Both a conventional two-path channel and an
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International Telecommunication Union (ITU) Veh-B channel are simulated with the relative
path power profiles set as 0, 0 (dB) for the two-path channel and -2.5, 0, -12.8, -10, -25.2, -16

(dB) for the ITU Veh-B channel [15], where the delay of the first path set as 0 and the others

are uniformly distributed from 1 to r,,,, (<64 sample periods). The system performance is
demonstrated with normalized Doppler frequency F,*T equals to 0.02 ~ 0.05 on mobile
radio environments, for which Rayleigh fading is generated by Jakes’ model [16]. The
multipath observation window W, is set as [0,108] and the presumed number of paths N
is set as 4 and 8 for the two-path channel and the ITU Veh-B channel. In the tracking stage,
the value of the maximum iteration number V' is set as 5. In the final stage, the group size of
ICI effect is set as 5 to perform ICI cancellation and data detection. The entire simulations are
conducted in the equivalent baseband with an assumption that both symbol synchronization

and carrier synchronization are perfect. Finally, through the simulation, the parameter E_ /N,

is defined as a ratio of received bit energy to the power spectral density of noise.

5.2 Simulation Results

In the simulations, we demonstrate the performance of the proposed channel estimation
methods with two methods as described in the following. Method | performs channel
initialization and channel tracking, then detect data by conventional V-BLAST detection;

Method Il performs channel initialization, channel tracking, and ICl estimation and
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cancellation with two-dimensional V-BLAST detection.

For comparison purpose, two performance curves with ideal channel estimation are
provided for reference and served as performance lower bounds in each simulation figure.
One of the performance curves is the ideal channel estimation with the assumption of that
channel is quasi-static in one OFDM symbol duration, which is the simulation giving the
midpoint of fading patterns of each path, and it is the performance lower bound of performing
the method I, denoted as one tap equalizer (perfect CSI); the other is the ideal channel
estimation with the knowledge of all fading patterns, which is the performance lower bound
of performing the method I, represented as 2-D V-BLAST (perfect CSI).

Fig. 8 and Fig. 9 shows the BER performance in the two-path channel and the ITU Veh-B
channel, respectively, for normalized Doppler frequency F, *T=0.02. As can be observed in
Fig. 8 and Fig. 9, the performance of the method I can almost achieve the performance curve
of one tap equalizer with ideal channel estimation. However, an error floor is visible when
SNR is high, which is due to the ICI effect resulting from channel variations. Method 11 which
performs ICI cancellation can eliminate the phenomenon of error floor and achieve the
performance lower bound of 2-D V-BLAST (perfect CSI). In Fig. 9, there is only 1dB
degradation in the required E,/N, for method 1l at BER =10 compared with the
performance curve of the 2-D V-BLAST (perfect CSI).

Fig.10 and Fig.11 shows the BER performance in the two-path channel and the 1TU
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Veh-B channel, respectively, for normalized Doppler frequency F,*T=0.05. As shown in
Fig. 10, at BER =107, the required E, /N, for the method Il is about 5dB less than that for
the method I, and only 0.6dB degradation compared with the performance curve of the 2-D
V-BLAST (perfect CSI). Similarly to the above results, the performance of method I can
almost achieve the performance curve of one tap equalizer (perfect CSI) with slightly
degradation in the required E, /N, . Asthe SNR is high, an error floor is clearly visible. Then
with ICI cancellation, the method 11 significantly outperforms the method I. In Fig. 11, with
ICI cancellation, the method |1 also provides a substantial gain in E, /N, whereas it has 2dB
gapin E,/N, compared with the 2-D V-BLAST (perfect CSI).

Fig. 12 shows the BER versus normalized Doppler frequency F,*T in the two-path
channel at E, /N =25dB. Clearly, the BER performance gap between the method | and the
method Il becomes larger as normalized Doppler frequency increases up to 0.07. But as the
normalized Doppler frequency increases higher, the gap between the method Il and 2-D
V-BLAST with perfect CSI becomes larger too. As the normalized Doppler frequency
increases, the linear model for ICI estimation might not be enough to estimate the channel
variations.

Fig. 13 and Fig. 14 show the BER performance in the two-path channel and the ITU

Veh-B channel for normalized Doppler frequency F,*T=0.05 with different group size. We

can observe that with greater group size, the BER performance gets better. Fig. 13 shows that
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in the two-path channel with group size = 7, the BER performance can achieve the
performance curve of the 2-D V-BLAST (perfect CSI). In Fig. 14, with greater group size, the
BER performance also gets better, but the improvement of BER performance becomes smaller.
We can also observe that with the ici iteration equals two, which performs ICI estimation and

cancellation iteratively, the BER performance gets better too.
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Chapter 6 Conclusions

In this paper, we present an iterative receiver architecture based on joint channel
estimation and data detection for MIMO OFDM systems in mobile wireless channels. It
mainly consists of three-stage processing. In the initialization stage, an MPIC-based
decorrelation method is used to roughly estimate multipath delays and multipath complex
gains. In the tracking stage, a [ -tracker, followed by decision-feedback (DF) DFT-based
channel estimation which is based on V-BLAST data detection is proposed, we can estimate
the average channel variations of each path. In the final stage, we adopt a linear model to
approximate time variations of each path; and a two-dimensional V-BLAST method is utilized
to perform ICI cancellation and “data. detection. The: simulation results show that the
[ -tracker, followed by decision-feedback (DF) DFT-based channel estimation performs well
in high mobility channels, and its BER performance can even approach the case with ideal
CSI assumption. Furthermore, the ICI estimation and cancellation can effectively alleviate the

error floor and thus significantly improve the performance.
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