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Yu Fu, Witold A. Krzymień*, and Chintha Tellambura

Department of Electrical and Computer Engineering, University of Alberta
Edmonton, Alberta, Canada T6G 2V4

* also with TRLabs, Edmonton, Alberta, Canada
Email:{yufu, wak, chintha@ece.ualberta.ca}

Abstract— This paper presents non-linear precoding design
in closed-loop multiple-input multiple-output (MIMO) orthog-
onal frequency-division multiplexing (OFDM) over spatially-
correlated, frequency-selective fading channels. Our analysis
takes into consideration receiver channel mismatch due to im-
perfect channel estimates, and transmitter channel mismatch
due to estimation errors, channel variations over feedback delay
and feedback noise. We present a general spatially-correlated,
frequency-selective fading MIMO channel model and derive the
conditional means of the channel response. Exploiting the channel
statistics, which are only available at the receiver, we design new
non-linear zero-forcing (ZF) Tomlinson-Harashima precoding
(THP) for uncoded MIMO OFDM. The channel statistics do
not need to be sent back to the transmitter, which avoids
the possible maximum-Doppler-shift transmitter mismatch. Our
proposed precoders are robust against time variations, channel
estimation errors and antenna correlations, and offer a significant
system performance gain over conventional THP.

Index Terms— THP, MIMO, OFDM, frequency-selective fad-
ing

I. INTRODUCTION

Multiple-input multiple-output (MIMO) wireless links, cre-
ated through multiple antenna arrays at both the transmitter
and the receiver, offer high data rates by exploiting spa-
tial dimension of transmission in addition to time and fre-
quency dimensions. Orthogonal frequency-division multiplex-
ing (OFDM) enables spectrally efficient MIMO transmission
on frequency-selective fading channels. If the channel state
information (CSI) is available at the transmitter, precoding can
help to simplify the receiver through interference mitigation
and to improve the data rates or bit error rate (BER) per-
formance. Non-linear Tomlinson-Harashima precoding (THP),
originally proposed for temporal pre-equalization to mitigate
intersymbol interference (ISI) in dispersive channels [1]–[3],
has recently been extended to flat-fading (multiuser) MIMO
systems in order to combat the interference between different
spatial transmission layers [4], [5], and reduce intercarrier
interference (ICI) in MIMO OFDM systems [6], [7].

If perfect CSI (instantaneous or long-term statistics) is avail-
able at the transmitter, minimum mean-square error (MMSE)
or zero-forcing (ZF) THP outperforms its linear counterparts
[8], [9]. The CSI can be either estimated at the transmitter
in time-division duplex (TDD) systems where the forward

and reverse links use the same channel carrier frequency,
or estimated at the receiver and fed back to the transmitter.
Perfect CSI requires accurate channel estimation and time-
invariant channels. However, estimation errors introduce chan-
nel mismatch at both the transmitter and the receiver, i.e.,
the channel information which is available at the transmitter
and the receiver differs from the actual channel at the time
of transmission. The time variations and feedback errors lead
to unbalanced CSI between the transmitter and receiver, and
make CSI transmitter mismatch more serious. As the CSI
mismatch becomes severe, the performance of a TH precoder
is significantly degraded [10], [11].

The problem of imperfect and different CSI at the transmit-
ter and the receiver has been addressed in [8], [11]–[13]. [8]
optimizes THP using a conditional probability density function
for channel parameters given outdated and noisy training
sequences. In [11], an adaptive THP structure is proposed
to combat the interference or channel variations. An MMSE-
TH precoder with estimation errors and a feedback delay has
been studied in single-antenna systems in [12]. A general
system model is investigated in [13], where linear precoding is
designed for MIMO OFDM in spatially-correlated frequency-
selective fading channels with estimation errors at the receiver.
In both [12] and [13], the transmitter and the receiver are
assumed to know a priori statistical channel knowledge, i.e.,
maximum Doppler shift has to be perfectly available at both
the transmitter and the receiver, which, however, may be
difficult to obtain. In the TDD mode, a Doppler-shift estimate
may not be readily available at the transmitter; if a Doppler-
shift estimate is fed back to the transmitter, further errors may
occur due to imperfect feedback.

In this paper, we develop a TH precoder for MIMO OFDM
in spatially-correlated frequency-selective fading channels,
when channel is estimated at the receiver. The receiver im-
perfectly estimates the channel impulse response, resulting in
a channel mismatch at the receiver, and sends the erroneous
channel estimates back to the transmitter via a feedback chan-
nel, which further introduces delay and noise. Consequently,
the channel mismatch at the transmitter is caused by estimation
errors, feedback noise, channel time-variations and feedback
delay. In the system model considered in [13], however, the
mismatch effect is only assumed due to an additive noise
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and the solution for correlated antennas is not provided. We
consider a more general OFDM system model with erroneous
channel estimates, multiplicative time-varying effects, noisy
feedback, and transmit and receive antenna correlations. We
derive the conditional expectation of the channel matrix and
design a new TH precoder using a statistical model for
estimation errors and time variations. The statistical channel
model, which requires the maximum Doppler shift estimate, is
only available at the receiver. Our design avoids the possible
maximum-Doppler-shift transmitter mismatch present in [12]
and [13], and reduces feedback requirements. Our precoder
also significantly reduces system degradation due to channel
mismatch at both the transmitter and the receiver, and is robust
on fast time-variant channels.

II. SYSTEM DESCRIPTION

This section will introduce an N -subcarrier OFDM with
MT transmit antennas and MR receive antennas in spatially-
correlated frequency-selective fading MIMO channels. We
then describe THP with perfect CSI at both the transmitter
and the receiver.
A. System Model

We assume that the channel for each transmit-receive an-
tenna pair has L resolvable paths. At the time i, the l-th path
gain can be represented by an MR × MT complex-valued
random matrix h(l, i) with entries hu,v(l, i), u ∈ [1,MT ] and
v ∈ [1,MR], which has a fixed complex component h̄(l) and
a zero-mean Gaussian random component h̃(l, i) with time-
invariant variance σ2

l ,

h(l, i) = h̄(l) + h̃(l, i), l = 0, . . . , L − 1, (1)

where the specular component h̄(l) is defined by (6) in [14];
the channel is Rayleigh fading if h̄(l) = 0, ∀ l. The impact of
transmit and receive antenna correlation is modeled as in [14]

h̃(l, i) = σlrRh̃w(l, i)rT , (2)

where h̃w(l, i) is an MR × MT matrix with independent and
identically distributed (i.i.d.) zero-mean and unity-variance
complex Gaussian random variables; rT =

√
RT and rR =√

RR. As in [15], the MT × MT RT and MR × MR RR

are the transmit and receive antenna correlation matrices with
entries

RT (m,n) = J0 (2π|m − n|ζT ) ,

RR(m,n) = J0 (2π|m − n|ζR) ,
(3)

where J0 is a zero-order Bessel function of the first kind.
ζT = ∆dT

λ and ζR = dR

λ is the normalized distance between
the receive antennas; λ = c/fc is the wavelength of a narrow-
band signal with center frequency fc, ∆ is the angle spread,
and the transmit and receive antennas are spaced by dT and
dR, respectively.

After reception and discarding the cyclic prefix, the channel
matrix for the k-th subcarrier in a MIMO OFDM system can
be given as in [14] and [16],

H[k, i] =
L−1∑
l=0

h(l, i)e− 2π
N kl

= h̄
(
F[k] ⊗ IMT

)
+ rRh̃w(i)rT [k], .

(4)

where h̄ =
[
h̄(0), . . . , h̄(L − 1)

]
and h̃w(i) =[

h̃w(0, i), . . . , h̃w(L − 1, i)
]

are MR × MT L matrices.

F[k] =
[
e− 2π

N k0 . . . e− 2π
N k(L−1)

]T
is an L-dimensional

vector. rT [k] = rT
P F[k] ⊗ rT is an MT L × MT matrix

with rP = diag
[
σ0, . . . , σL−1

]
; rP =

√
RP and

RT [k] = rH
T [k]rT [k].

Let Xu[k, i] be the M -ary QAM symbol sent by the u-th
transmit antenna on the subcarrier k of the i-th OFDM symbol.
The received signal vector on the k-th subcarrier of the i-th
OFDM symbol can be given by

Y[k, i] = H[k, i]X[k, i] + W[k, i], (5)

where Y[k, i] is an MR-dimensional vector. The W[k, i] is
the noise vector where the entries Wv[k, i] =

∑MT

u=1 Wu,v[k, i]
are additive white Gaussian noise (AWGN) samples with zero
mean and variance σ2

W , and Wu,v[k, i], ∀ k, i, are assumed
i.i.d.. Stacking all the received signals, we get

Y[i] = H[i]X[i] + W[i], (6)

where Y[i] =
[
YT [0, i] . . .YT [N − 1, i]

]T
and X[i] =[

XT [0, i] . . .XT [N − 1, i]
]T

; the NMR×NMT channel ma-
trix H[i] is given by

H[i] = diag
[
H[0, i] . . .H[N − 1, i]

]
. (7)

The model in [12] is a special case only when N = 1 and
MT = MR = 1. In this paper, we consider the structure
described by (5). MMSE or ZF THP can therefore be designed
individually for each subcarrier.

B. Tomlinson-Harashima Precoding with Perfect CSI
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Fig. 1. Tomlinson-Harashima precoder in a MIMO OFDM link.

This subsection briefly reviews the operation and matrix
design of THP with perfect CSI at both the transmitter and
the receiver. For simplicity, in this subsection we omit the
time index of the matrices. We assume that MR ≥ MT for
convenience of signal detection.

The structure of a TH precoder in MIMO OFDM links is
depicted in Fig. 1. It consists of a feedforward matrix D,
a scaling matrix P and a modulo arithmetic device at the
receiver and a modulo arithmetic feedback structure B at the
transmitter. Given the channel matrix at both the transmitter
and the receiver, we design the feedforward filter at the
receiver and the feedback filter at the transmitter separately.
A QR factorization of the channel matrix yields

H[k] = DH [k]T[k], (8)

where the feedforward matrix D[k] is an MT × MR unitary
matrix; D[k]DH [k] = IMT

. The T[k] =
[
Tk(m,n)

]
is an

MT × MT upper triangular matrix. An MT × MT diagonal
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scaling matrix at the receiver is given by P[k] =
[
1/Tk(n, n)

]
.

The feedback matrix at the transmitter B[k] = P[k]T[k] pre-
equalizes the channel matrix and the feedforward filter accord-
ing to the ZF criterion. The MMSE design and detailed discus-
sion of THP can be found in [5]. The overall precoding ma-
trices can be written as B = diag

[
B[0] . . .B[N − 1]

]
, D =

diag
[
D[0] . . .D[N − 1]

]
, and P = diag

[
P[0] . . .P[N − 1]

]
.

The modulo reduction 2
√

M at the transmitter is ap-
plied separately to the real and imaginary parts of
the input for �{MOD2

√
M (X)

} ∈
(
−√

M,
√

M
]

and

�{MOD2
√

M (X)
} ∈

(
−√

M,
√

M
]
, such that a transmitted

signal has constrained power. At the receiver, the transmitted
data symbols are recovered using the same modulo operation
as that at the transmitter. If the input sequence a[k] is a
sequence of i.i.d. samples, the output of the modulo device
is also a sequence of i.i.d. random variables, and the real and
imaginary parts are independent [5]. We therefore can assume
E
[
X[k]XH [k]

]
= EsIMT

, ∀ k.
Note that the THP design is based on the assumption that

both the transmitter and receiver have high-quality channel in-
formation such that the feedback filter B can pre-equalize the
cascade PDH. In a practical system, the transmitter and the
receiver have imperfect CSI due to time variations, feedback
noise and estimation errors, which introduces residual inter-
ference. The non-zero interference limits the output signal-
to-interference-plus-noise power ratio and severely degrades
system’s performance [10], [11].

III. TOMLINSON-HARASHIMA PRECODER WITH CHANNEL

MISMATCH

In this section, we propose a TH precoder with transmit-
ter and receiver channel mismatch in a spatially-correlated
frequency-selective fading MIMO channel. For simplicity, we
only consider ZF THP. In our case, the receiver has erroneous
channel estimates HR[k, i] of the current actual, but unknown,
channel H[k, i]; the imperfect channel estimates are sent to
the transmitter via a feedback channel which introduces noise
and delay τu,v . In principle, each transmit-receive antenna pair
may have different time delay if the collocated antennas do
not share the same oscillator. Consequently, the transmitter
has the noise-corrupted estimate HT [k, i − τ ] of the actual
(unknown) but outdated channel matrix H[k, i − τ ], in which
the {u, v}th channel is τu,v seconds older than that in the
current channel matrix H[k, i]. The actual channel matrices
H[k, i] and H[k, i−τ ] are unknown at both the transmitter and
the receiver. Therefore, due to estimation errors, the receiver
possesses an imperfect channel matrix HR[k, i], while the
transmitter has an erroneous estimate HT [k, i − τ ] of an
outdated channel matrix due to estimation errors, channel time-
variations and feedback noise.

A. Channel Statistics

In this subsection, we give a statistical channel model for
the current actual channel H[k, i], outdated channel H[k, i−τ ]
and their estimates HR[k, i] and HT [k, i− τ ]. The vec(A) is
a vectorization of the matrix A, and is denoted as �A.

Without loss of generality, we build up the time-variant
channel model as follows:

• The tap vector for the {u, v}th antenna pair hu,v(i) =[
hu,v(0, i), . . . , hu,v(L − 1, i)

]T
has the same statistical

distribution with hu′,v′(i), ∀ i, u �= u′, v �= v′. The
taps are time-varying according to Clarke’s 2-D isotropic
scattering model with maximum Doppler shift fDu,v

[17].
Since hu,v(i− τu,v) is a delayed version of hu,v(i), they
are jointly Gaussian with an autocovariance matrix

E
[(

hu,v(i) − h̄u,v

) (
hu,v(i − τu,v) − h̄u,v

)H] = Ju,vRP ,

(9)
where Ju,v = J0(2πεu,v), and εu,v = fDu,v

τu,v; fDu,v

is the maximum Doppler shift of the {u, v}th channel.
Here, we consider the most general case of εu′,v′ �= εu,v ,
∀ u′ �= u, v′ �= v. The time-varying channel can hence
be written as

hu,v(i) = h̄u,v + Ju,vh̃u,v(i − τu,v) + gu,v, (10)

where gu,v has entries gu,v ∼ CN (0, Ωgu,v
), and

Ωgu,v
=
[
Ωgu,v

]
= (1 − J2

u,v)RP ; gu,v is independent
of hu,v(i), ∀ i, u, v.

• The channel matrix H[k, i] satisfies

C−→
H

−→
H

[k] = E
[
vec
(
H[k, i] − H̄[k, i]

)
vec
(
H[k, i] − H̄[k, i]

)H]
= E

[−→̃
H[k, i]

−→̃
HH [k, i]

]
= RT

T [k] ⊗ RR.

(11)

The channel estimates at the receiver are maximum
likelihood (ML) estimates and can be expressed as

HR[k, i] = H[k, i] + e[k], (12)

where e[k] is the estimation error with entries eu,v[k] ∼
CN (0, Ωeu,v

), ∀ i, k. The covariance of
−→
HR[k, i] hence

is

C−→
HR

−→
HR

[k] = E
[−→̃
HR[k, i]

−→̃
HH

R [k, i]
]

= RT
T [k]⊗RR+diag

(
�Ωe

)
,

(13)
where Ωe =

[
Ωeu,v

]
is the MR × MT estimation-error

matrix; �Ωe = vec(Ωe). And the covariance of the
−→
H[k, i]

and
−→
HR[k, i] is

C−→
H

−→
HR

[k] = E
[−→̃
H[k, i]

−→̃
HH

R [k, i]
]

= RT
T [k]⊗RR. (14)

• The transmitter channel matrix HT [k, i − τ ] is a noise-
corrupted estimate of the actual but unknown H[k, i−τ ],
which can be modeled by

HT [k, i − τ ] = H[k, i − τ ] + e[k] + q[k], (15)

where q[k] is feedback noise with entries qu,v[k] ∼
CN (0,Ωqu,v

), ∀ i, k. The e[k] and q[k] are independent
of all other stochastic processes. Combined with (9), we
obtain the covariance

Cτ [k] = E
[−→̃
H[k, i]

−→̃
HH [k, i − τ ]

]
= FT [k]RP F∗[k]

(
rT

T ⊗ rR

)
diag

(−→
J
) (

r∗T ⊗ rR

)
,

(16)

where J =
[
Ju,v

]
is the MR × MT time-varying

coefficient matrix. Obviously, the time variations have
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a multiplicative effect. A proof of (16) is given in
the Appendix. Similarly, we can obtain C−→

HT
−→
HR

[k] =

Cτ [k] + diag
(

�Ωe

)
and C−→

HT
−→
HT

[k] = RT
T [k] ⊗ RR +

diag
(

�Ωe

)
+ diag

(
�Ωq

)
.

B. New THP Design

At the transmission time i, we design the non-linear TH
precoder based on the receiver channel matrix HR[k, i], which
is the imperfect estimate of the current actual and unknown
channel H[k, i], and the transmitter channel matrix HT [k, i−
τ ], which is a noise-corrupted estimate of H[k, i − τ ]. The
H[k, i] and H[k, i−τ ] are unknown at both the transmitter and
the receiver, and HR[k, i] �= H[k, i] �= H[k, i−τ ] �= HT [k, i−
τ ]. The channel statistics knowledge, including the Doppler
shift and error variances, is only available at the receiver.

Exploiting the above statistical channel model, the receiver
can obtain the statistics of

−→
H[k, i] given

−→
HR[k, i] with expec-

tation and variance [18]

H−→
H|−→HR

[k, i] =
−→̄
H[k] + C−→

H
−→
HR

[k]C−1−→
HR

−→
HR

[k]
−→̃
HR[k, i]

C−→
H|−→HR

[k] = C−→
H

−→
H

[k] − C−→
H

−→
HR

[k]C−1−→
HR

−→
HR

[k]C−→
HR

−→
H

[k].
(17)

In our case, substituting (11), (13), and (14), the conditional
expectation of

−→
H[k, i] becomes

H−→
H|−→HR

[k, i] =
−→̄
H[k, i]

+
(
RT

T [k] ⊗ RR

) [
RT

T [k] ⊗ RR + diag
(

�Ωe

)]−1 −→̃
HR[k, i].

(18)

The conditional covariance which gives the degree of the
channel uncertainty can be given by

C−→
H|−→HR

[k] =(
RT [k] ⊗ RR

) [
RT

T [k] ⊗ RR + diag
(

�Ωe

)]−1

diag
(

�Ωe

)
.

(19)

Similarly, we can obtain the conditional expectation of−→
HT [k, i − τ ] given the receiver channel matrix HR[k, i]

H−→
HT |−→HR

[k, i − τ ] =
−→̄
H[k]

+
[
Cτ + diag

(
�Ωe

)] [
RT

T [k] ⊗ RR + diag
(

�Ωe

)]−1 −→̃
HR[k, i].

(20)

The MRMT -dimensional vectors H−→
H|−→HR

[k, i] in (18) and
H−→

HT |−→HR
[k, i − τ ] in (20) can be reshaped to the MR × MT

conditional channel matrices HH|HR
[k, i] and HHT |HR

[k, i−
τ ].

The conditional channel matrices HH|HR
[k, i] and

HHT |HR
[k, i − τ ] can be seen as equivalent channels

exploiting the channel statistics and uncertainty structure to
mitigate the impact of CSI mismatch. They are calculated
at the receiver given HR[k, i] and are unknown at the
transmitter. At the transmitter, the feedback matrix
BT [k, i − τ ] = PT [k, i − τ ]TT [k, i − τ ] is constructed
with the transmitter channel matrix HT [k, i − τ ], where

TT [k] is an upper triangular matrix obtained by the QR
factorization of HT [k, i − τ ]. Since through (20) the receiver
knows the matrix HHT |HR

[k, i − τ ], which is the equivalent
channel of the transmitter channel matrix HT [k, i − τ ], we
therefore can estimate BT [k, i − τ ] at the receiver,

BTR[k, i − τ ] = PTR[k, i − τ ]TTR[k, i − τ ], (21)

where TTR[k, i − τ ] is an upper triangular matrix obtained
by the QR factorization of HHT |HR

[k, i − τ ]. Under the ZF
criterion, the feedforward matrix can be designed as

DR[k, i] = TTR[k, i − τ ]H†
H|HR

[k, i] = TTR[k, i − τ ]×
E−1

(
HH [k, i]H[k, i] | HR[k, i]

)
HH

H|HR
[k, i],

(22)

where E
(
HH [k, i]H[k, i] | HR[k, i]

)
is an MT × MT matrix

with entries C(m,n) =
∑MR

v=1 C ′((n − 1)MR + v, (m −
1)MR + v), where the C ′(j, p) is the {j, p}th entry in
C−→

H
−→
HH |−→HR

[k],

C−→
H

−→
HH |−→HR

[k] = E
(−→
H[k, i]

−→
HH [k, i] | HR[k, i]

)
= C−→

H|−→HR
[k] + H−→

H|−→HR
[k]HH−→

H|−→HR
[k].

(23)

After modulo reduction at the receiver, the end-to-end cascade
channel is

PTR[k, i − τ ]DR[k, i]H[k, i]B−1
T [k, i − τ ] =

PTR[k, i − τ ]TTR[k, i − τ ]H†
H|HR

[k, i]H[k, i]

× T−1
T [k, i − τ ]P−1

T [k, i − τ ],

(24)

where the matrix HH|HR
[k, i] is an equivalent channel matrix

of the actual H[k, i], PTR[k, i − τ ] and TTR[k, i − τ ] are
the predicted matrices of PT [k, i − τ ] and TT [k, i − τ ] at
the receiver, respectively. As the quality of CSI approaches
perfect, (24) approaches IMT

.
In our THP design, the receiver calculates the equivalent

channels based on the channel statistics, estimates the trans-
mitter feedback matrix, and designs the feedforward matrix
according to the equivalent channel matrices. The channel
statistics are not needed at the transmitter. This avoids the
impact of feedback errors on Doppler shift and the resulting
further degradation.

IV. SIMULATION RESULTS

We show how the new TH precoder mitigates the effect of a
spatially-correlated frequency-selective fading environment. A
64-subcarrier QPSK OFDM system is considered. We consider
time variations in terms of the normalized Doppler shift εu,v in
the interval of [−0.15, 0.15], where values of εu,v are assumed
to be uniformly distributed. The maximum possible number
of distinct normalized Doppler shift values is MT × MR. In
this interval, the time-variation coefficient Ju,v ∈ [1, 0.79).
The variance of estimation errors can be controlled around
Ωe = σ2

W

10 . The angle of arrival spread is 12◦, i.e., ∆ ≈ 0.2.
Since the feedback channel capacity is usually much smaller
than that of the downlink traffic channel, we assume the noise
variance of the feedback link to be Ωq = σ2

W

100 .
Fig. 2 and 3 give the BER as a function of signal-to-

noise power ratio (SNR) for different values of the normalized
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Doppler shift in 2× 4 and 4× 4 OFDM systems. A Rayleigh
fading channel with only transmit antenna correlations is
considered. The vehicular B channel specified by ITU-R
M. 1225 [19], is used where the channel taps are zero-
mean complex Gaussian random processes with variances
of −4.9 dB, −2.4 dB, −15.2 dB, −12.4 dB, −27.6 dB, and
−18.4 dB relative to the total power gain. [12] and [13] assume
the maximum Doppler shift information at the transmitter,
which may have possible Doppler-shift mismatch. The perfor-
mance of ZF-THP with the maximum Doppler shift known
at the transmitter is shown as a reference (Case 1). The
BERs of conventional THP with channel mismatch and THP
with perfect CSI at both the transmitter and the receiver are
also shown for comparison. Obviously, THP in Case 1 is
sensitive to the imperfect knowledge of Doppler shift at the
transmitter. Our TH precoder thus significantly outperforms

THP in Case 1, if the feedback link is noisy. The proposed
THP improves the system performance significantly compared
with conventional THP. Furthermore, as the transmit antenna
spacing increases (the spatial correlation is weaker), the BER
improvements increase.

In Fig. 4, a Ricean fading channel with only transmit an-
tenna correlations is considered. The Ricean channel specified
by ITU-R M. 1225 [19], is used where the channel taps
are complex Gaussian random processes with variances of
−0.44 dB, −14.42 dB, −15.74 dB, −16.52 dB, and −19.51 dB
relative to the total power gain. The first tap is Ricean fading
with the Rice factor of 3 dB. Similarly, our THP outperforms
THP in Case 1, where the transmitter needs to know Doppler-
shift information. Since the transmitter Doppler-shift mismatch
introduces uncertainty at the transmitter, THP in Case 1 has
only marginal BER gain over conventional THP.
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Fig. 4. BER with proposed THP as a function of the SNR for 2×4 and 4×4
64-subcarrier QPSK OFDM systems in transmit-antenna-correlated Ricean
fading channels. ζT = 0.25 and ζT = 0.4.

In Fig. 5, both transmit and receive antenna correlations
are considered; ζT = 0.25 and ζR = 0.4. The proposed THP
has substantial BER gain over conventional THP. Our THP
in spatially-correlated Ricean channels perform better than in
Rayleigh channels. However, the BER gap between THP with
perfect CSI and our THP in Ricean channels is larger than
that in Rayleigh channels, i.e., Ricean fading channels have
more detrimental impact on imperfect-CSI THP than Rayleigh
channels.

V. CONCLUSION

We have proposed a new TH precoder for OFDM in
spatially-correlated frequency-selective fading MIMO chan-
nels. The MIMO receiver estimates the channel and conveys
an imperfect estimate of channel response to the transmit-
ter through a feedback link introducing delay and noise.
Consequently, the receiver mismatch is caused by imperfect
estimates, and the transmitter mismatch is introduced by time
variations, estimation errors and feedback noise. We have
exploited statistical knowledge of the channel at the receiver
for the new THP design. Our THP avoids the possible Doppler
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shift transmitter mismatch due to imperfect feedback links and
considerably improves the system performance.
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VI. APPENDIX

Proof of (16). Note that vec(ABC) = (CT ⊗ A)vec(B).

Cτ [k] = E
[−→̃
H[k, i]

−→̃
HH [k, i − τ ]

]
=
(
rT

T [k] ⊗ rR

)
E
[−→̃
hw(i)

−→̃
hw

H(i − τ)
] (

r∗T [k] ⊗ rR

)
,

(25)

where the vector can be given by

−→̃
hw(i) =

[
h̃w1,1(0, i) . . . h̃wMT ,MR

(0, i) . . . h̃wMT ,MR
(L − 1, i)

]T

.

(26)
Since h̃wu,v

(l, i) are i.i.d. zero-mean and unit-variance com-
plex Gaussian random variables, the LMRMT × LMRMT

auto-correlation matrix of (26) is

E
[−→̃
hw(i)

−→̃
hw

H(i − τ)
]

= diag

(
J1,1 . . . JMT ,MR︸ ︷︷ ︸

l=0

. . . J1,1 . . . JMT ,MR︸ ︷︷ ︸
l=L−1

)
= IL ⊗ diag

(
J1,1 . . . J1,MR

. . . JMT ,MR

)
= IL ⊗ diag

(−→
J
)

.

(27)

Substituting (27) into (25), we have

Cτ [k] =
(
rT

T [k] ⊗ rR

) (
IL ⊗ diag

(−→
J
)) (

r∗T [k] ⊗ rR

)
=
((

FT [k]rP

)⊗ rT
T ⊗ rR

) (
IL ⊗ diag

(−→
J
))

× ((rH
P F∗[k]

)⊗ r∗T ⊗ rR

)
= FT [k]RP F∗[k]

(
rT

T ⊗ rR

)
diag

(−→
J
) (

r∗T ⊗ rR

)
.

(28)
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ICI reduction in closed-loop MIMO OFDM systems,” to appear in the
IEEE Trans. Veh. Technol.

[7] ——, “Non-linear limited-feedback precoding for intercarrier interfer-
ence reduction in multiple-antenna OFDM systems,” in Proc. IEEE
Globecom’05, vol. 5, St. Louis, MO, Dec. 2005, pp. 3087 – 3091.

[8] F. A. Dietrich, P. Breun, W. Utschick,, “Tomlinson-Harashima pre-
coding: a continuous transition from complete to statistical channel
knowledge,” in Proc. IEEE Globecom’05, vol. 4, St. Louis, MO, Dec.
2005, pp. 2379 – 2384.

[9] O. Simeone, Y. Bar-Ness, and U. Spagnolini, “Linear and nonlinear
preequalization/equalization for MIMO systems with long-term channel
state information at the transmitter,” IEEE Trans. Wireless Commun.,
vol. 3, no. 2, pp. 373–378, Mar. 2004.

[10] W. Shi and R. Wesel, “The effect of mismatch on decision-feedback
equalization and Tomlinson-Harashima precoder,” in Proc. 32nd Asilo-
mar Conference on Signal, Systems and Computers, Pacific Grove, CA,
Nov. 1998, pp. 1–5.

[11] J. E. Smee and S. C. Schwartz, “Adaptive compensation for commu-
nications systems with Tomlinson-Harashima precoding,” IEEE Trans.
Commun., vol. 51, no. 6, pp. 865–869, June 2003.

[12] A. P. Liavas, “Tomlinson-Harashima precoding with partial channel
knowledge,” IEEE Trans. Commun., vol. 53, no. 1, pp. 5–9, Jan. 2005.

[13] F. Rey, M. Lamarca, and G. Vazquez, “Robust power allocation algo-
rithm for MIMO OFDM systems with imperfect CSI,” IEEE Trans.
Signal Processing, vol. 53, no. 3, pp. 1070–1085, Mar. 2005.

[14] H. Bölcskei, M. Borgmann, and A. J. Paulraj, “Impact of the propagation
environment on the performance of space-frequency coded MIMO-
OFDM,” IEEE J. Select. Areas Commun., vol. 21, no. 3, pp. 427–439,
Apr. 2003.

[15] D. Shiu, G. J. Foschini, M. J. Gans and J. M. Kahn, “Fading correlation
and its effect on the capacity of multi-element antenna systems,” IEEE
Trans. Commun., vol. 48, no. 3, pp. 502–512, Mar. 2000.

[16] E. Yoon, J. Hansen, and A. J. Paulraj, “Space-frequency precoding for
an OFDM based system exploiting spatial and path correlation,” in Proc.
IEEE Globecom’04, vol. 1, Dallas, TX, Nov. 2004, pp. 436–440.
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