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Abstract

In this paper, we develop a general reduced-rate orthogonal frequency division multiplexing
(OFDM) transmission scheme for inter-sub-channel interference (ICI) mitigation in a high-mobility
environment. By transmit and receive preprocessing, we transform the original OFDM system
into an equivalent one with fewer sub-carriers and significantly reduced ICI. A general structure
of transmit and receive preprocessing matrices is developed so that all sub-channels in the trans-
formed OFDM system have a common average signal-to-interference ratio (SIR). By utilizing
channel statistics, we further optimize the preprocessing coefficients to maximize the SIR. Nu-
merical and simulation results demonstrate that the proposed reduced-rate OFDM transmission
achieves significant performance improvement over the existing ICI self-cancellation schemes.
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Abstract—In this paper, we develop a general reduced-rate
orthogonal frequency division multiplexing (OFDM) transmission
scheme for inter-subchannel interference (ICI) mitigation in a
high-mobility environment. By transmit and receive preprocess-
ing, we transform the original OFDM system into an equivalent
one with fewer subcarriers and significantly reduced ICI. A
general structure of transmit and receive preprocessing matrices
is developed so that all subchannels in the transformed OFDM
system have a common average signal-to-interference ratio (SIR).
By utilizing channel statistics, we further optimize the prepro-
cessing coefficients to maximize the SIR. Numerical and simula-
tion results demonstrate that the proposed reduced-rate OFDM
transmission achieves significant performance improvement over
the existing ICI self-cancellation schemes.

Index Terms—Inter-subchannel interference, OFDM, rate-
reduction factor, time-varying channel

I. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) mod-
ulation avoids intersymbol interference (ISI) by dividing a
broadband channel into a number of orthogonal narrowband
subchannels. However, variation of the wireless channel within
an OFDM symbol destroys the orthogonality and causes inter-
subchannel interference (ICI) [1], [2], which, if not cancelled,
will degrade system performance and result in an error floor.

In a high-mobility environment, the impulse response of
channel varies with time even within an OFDM symbol. As a
result, the frequency-domain channel matrix is no longer diag-
onal and the off-diagonal elements are the interference gains
among OFDM subchannels. It has been suggested in [3]-[5] to
estimate these interference gains and perform ICI cancellation
accordingly, which usually requires a large amount of pilots,
especially in a high-mobility environment. As an alternative
to pilot-assisted ICI cancellation, various OFDM transmission
schemes with inherent ICI mitigation capabilities have been
proposed. In [6], second-order frequency-domain correlative
coding has been proposed to mitigate ICI by introducing
correlation among transmitted signals over neighboring OFDM
subchannels. In [7], the optimal partial response encoding at
an OFDM transmitter that minimizes the ICI power has been
proposed as an extension of the frequency-domain correlative
coding. However, these pilot-free full-rate OFDM transmission
schemes only have limited ICI mitigation capabilities and still
suffer considerable residual ICI. To deal with this problem,
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an ICI self-cancellation transmission scheme has been devel-
oped in [8], which significantly reduces ICI at the expense
of a halved spectral efficiency. In [9], a general ICI self-
cancellation scheme has been further developed to achieve
tradeoffs between ICI mitigation and spectral efficiency.

In this paper, we extend the existing work in [8] and
[9] and establish a general reduced-rate OFDM transmis-
sion framework with statistics-based ICI self-cancellation. Via
transmit and receive preprocessing, we transform the original
OFDM system into an equivalent one with fewer subcarriers
and significantly reduced ICI level. Without requiring the
instantaneous channel state information, we develop a general
structure of transmit and receive preprocessing matrices to
ensure that all subchannels in the equivalent OFDM system
share a common average signal-to-interference ratio (SIR).
For the developed structure, we further optimize the transmit
and the receive preprocessing coefficients based on channel
statistics so as to maximize this common SIR. Numerical
and simulation results demonstrate that the proposed reduced-
rate OFDM transmission achieves significant performance
improvement over the existing ICI self-cancellation schemes.

The remainder of this paper is organized as follows. In
Section II, we describe the channel model and ICI in high-
mobility OFDM. Then we present the principle of reduced-rate
OFDM transmission in Section III and design the transmit and
the receive preprocessing matrices in Section IV, respectively.
Numerical and simulation results are presented in Section V.
Finally Section VI concludes this paper.

II. ICI IN HIGH-MOBILITY OFDM

Consider an N-subcarrier OFDM system with sampling
interval T§. Assume that the maximum delay of the multipath
channel is (L — 1)T5s. Without loss of generality, we model
the discrete-time multipath channel as an L-tap one. Denote
hi.n as the channel gain over the [th tap at sampling instant 7.
In a high-mobility environment, h; ,, varies with n randomly
with the time-domain correlation functions given by

ri(m) = E{hintmhi,} = &¢ (mTs), 0<1<L-1, (1)

where E {-} denotes the expectation operator, £ denotes the
average power over the [th tap, and ¢(-) with ¢(0) = 1 de-
notes the normalized correlation function of the time-varying
channel. Furthermore, we assume that channels over different
taps are uncorrelated and normalize the average power gain of
the multipath channel so that Zf;ol & =1
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Fig. 1. Block diagram of the reduced-rate OFDM transmission

Denote X = (Xo, X1, --,Xn_1)" as the frequency-
domain transmitted signal vector and Fpy as the N x N
discrete fourier transform (DFT) matrix with F(ni,ne) =

L o2 () < py,me < N — 1, and then the time-domain
transmitted signal vector is given by x = FIX. Suppose
that ISI is avoided by cyclic prefix, and then the time-domain
received signal vector is given by y = Hx + w, where w
denotes the additive white Gaussian noise vector and H is the
N x N time-domain channel matrix. According to the channel
model described above, H(n1,12) = h(n,—ny)y,n,» Where
()~ denotes the operation modulo N. The corresponding
frequency-domain received signal vector can be obtained as

Y =Fyy =GX+W, @)

where W = F yw denotes the frequency-domain white noise

vector and G = FyHFL denotes the frequency-domain

channel matrix over the N OFDM subchannels. The (m, k)

element of G denotes the channel or interference gain from

the kth to the mth OFDM subchannel and can be obtained as
27rkl N-1

Z e D e )

n=0

which indicates that when m # k, G(m, k) is generally not
zero unless h;, = h;,0 < n < N —1, ie., variation of the
wireless channel within an OFDM symbol causes ICI.

III. PRINCIPLE OF REDUCED-RATE OFDM
TRANSMISSION

A. Frequency-Domain

In reduced-rate OFDM transmission, /X data symbols are
loaded over N subcarriers with 1 = % defined as the rate-
reduction factor (RRF). For a tradeoff between ICI mitigation
and spectral efficiency, we assume that 1 < n < 2. Even so,
the developed schematic framework and the presented analysis
in this paper can be easily extended to the case of n > 2.

Figure 1(a) shows the frequency-domain block diagram of
reduced-rate OFDM transmission, in which S is the transmit-
ted signal vector over K equivalent subchannels, U is the
N x K transmit preprocessing matrix, and the actually trans-
mitted signal vector over N OFDM subcarriers is X = US. At
the receiver, we further perform receive preprocessing to get
the received signal vector over K equivalent subchannels as
R = VY where V denotes the K x N receive preprocessing
matrix and Y is the received signal vector over N OFDM
subcarriers given in (2). Thus we obtain the frequency-domain
system equation over K equivalent subchannels as

R=GS+W, “4)

where G = VGU denotes the equivalent channel matrix and
W = VW is the received noise vector. Equation (4) indicates
that, by reducing the transmission rate via transmit and receive
preprocessing, we transform the original N-subcarrier OFDM
system into an equivalent K -subcarrier one.

B. Time-Domain

Denote F i as the K x K DFT matrix, s and r as the time-
domain transmitted and received signal vectors, respectively,
and then the time-domain system equation of the equivalent
K-subcarrier OFDM system can be obtained from (4) as

r:ﬁs—i—ﬁ (5)

where H = FH GF K 18 the equlvalent time-domain channel
matrix and W = FHW Since H = FHGFK, G = VGU,
and G = FyHFZ ~» the mapping from the original to the
equivalent time-domain channel matrices can be expressed as

H = BHA, (6)

where A = FEUF i denotes the N x K time-domain transmit
preprocessing matrix and B = FgVF ~ is the K x N time-
domain receive preprocessing matrix. Denote ﬁl}n, 0<,n<
K —1, as the channel gain over the [/th tap at the nth sampling
instant of the equivalent K -subcarrier OFDM system, and then

H(n1,m) = hny,—ng)enys 0<nme <K =1 (7)

Based on (5) and (6), we show the time-domain block diagram
of reduced-rate OFDM transmission in Fig. 1(b).

IV. DESIGN OF PREPROCESSING MATRICES

In this section, we will design the transmit preprocessing
matrix, U or A, and the receive preprocessing matrix, V
or B, so that the equivalent K-subcarrier OFDM system has
significantly reduced ICI.

A. Common SIR over Equivalent Subchannels

According to (4), the frequency-domain received signal over
the mth (0 <m< K —-1) equivalent subchannel is given by

k=0,k#m G(m7 k)Sk + Wm7 (8)

= G(m,m)Sm + Z
where the first and second terms denote the desired signal and
the ICI, respectively. Assume that the transmitted signals over
different equivalent subchannels Sk’s, are independent with
zero mean and variance o2, and then the average SIR over the

mth equivalent subchannel can be obtained as

p{ [ m|'| P (m,m)

Zk 0,k#m {‘é(m,k)f} Zk 0,k#m P (m, k)
9)

where P (m, k) denotes the average power gain from the kth
to the mth equivalent subchannel. Because of the circular and
symmetric structure of the OFDM modulation, it is expected
that, with the optimal preprocessing matrices, the average
power gain from the kth to the mth equivalent subchannel

SIR,, =

)



only depends on the distance between the two subchannels,
ie, P(m,k) = p((m—k)), where p(-) denotes a one-
dimensional function, and all of the K equivalent subchannels
have the same SIR given by

p(0)

25;11 p (n) .

Since G = FxHF Y and H(n1,12) = A(n, —na)semns

SIR = (10)

M-1M-1
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n1=0n,=0
which indicates that P (m, k) generally depends on both m
and k. However, if {Bll-,milfzmz} = 0 for any [ # lo, it
can be shown that P (m, k) will only depend on (m — k).
Thus we obtain the following proposition.

Proposition 1: The equivalent subchannels have a common

SIR if different taps in the time-domain channel of the
transformed K -subcarrier OFDM system are uncorrelated.

B. Structure of A and B for a Common SIR

According to Proposition 1, we need to design the time-
domain preprocessing matrices, A and B, so that different
taps in the transformed time-domain channel, H = BHA,
are uncorrelated. From H = BHA, it can be obtained that

N—-1 N-1

H (i, )= Z Z B (i,11)H (n1,n2) A (n2, j),

n1=0mn2=0

(12)

for any 0 < 4,j < K — 1. Define i = (j + 1)k and n; =
(nga + A)ny where [ and A denote the tap indexes in H and
H, respectively, and then (12) can be rewritten as

L—1 N—1
H((G+Dk.0) =Y, Y B((+ D)k, (n2+A)y)
AIOTLQZO
H((n2 +A)y,n2) A(ng,j), (13)
where L denotes the number of taps in H, i.e.,

H ((n2 + A)y ,n2) = 0 for any ny if A > L. Since L is
usually much smaller than NV, we assume it is also smaller than
K. Equation (13) indicates how tap A in H is mapped to tap
! in H via transmit and receive preprocessing. Since different
taps in the original time-domain channel, H, are uncorrelated,
taps in the transformed time-domain channel, H, will be still
uncorrelated if any tap in H is mapped to at most one of the
taps in H. Thus we obtain the following proposition.

Proposition 2: The equivalent subchannels have a common
SIR if any tap in the original time-domain channel is mapped
to at most one of the taps in the transformed one.

Equation (13) indicates that, to guarantee that the channel
sequence over tap A in H, H((n2 + A)y ,n2) 0 <np <
N —1, is mapped to only one channel sequence in H, we need
to ensure that each row of A and each column of B have at
most one non-zero element. Without loss of generality, we let
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Fig. 2. Channel mapping over tap [.

the first tap in H be mapped to only the first tap in H and
construct A as

T
Qo K

) (14)
aN—-1
Q1

and B as
Bo Br

(15)
Br-1
Br-1

Given the tentative structure of A and B in (14) and (15),
respectively, the following proposition can be proved [10].

Proposition 3: When K = %, there exists a one-to-one tap
mapping from H to H expressed in (16) and a common SIR
over K equivalent subchannels for arbitrary o, a1, ,an—1
and ﬂOvﬂla e aﬁN—l-

Based on (16), we show the channel mapping when K = %
in Fig. 2(a). As indicated, the equivalent channel sequence is
obtained by dividing the original one into two segments with
equal length and then performing a weighted summation of
the two segments. Since the original channel over each tap
usually varies with time linearly within an OFDM symbol,
it is possible to design these weights appropriately so that
the equivalent channel has the least time-domain variation.
Therefore, with K = %, the reduced-rate OFDM transmission
is expected to mitigate ICI dramatically.

To guarantee a common SIR over all equivalent subchannels
in the case of a fractional RRF, we design K so that L < N —
K+1andlet o, =0 forany N—(L—1) <n < N—1. Then,
given the structure of A and B in (14) and (15), respectively,
the following proposition can be proved [10].

Proposition 4: When % < K < N, there exists a
one-to-one tap mapping from H to H expressed in (17),
where Ij<ny_g_1 denotes the indicator function, and a
common SIR over K equivalent subchannels for arbitrary



H((G+)k,7) =08+ HG+L7)+Licvek—rajyxBj+xk+HG+K+1L,j+K),0<jl <K -1

(16)
7)

ag, a1, ,an—r and Bo, B, , By 1.

Based on (17), we show the channel mapping when % <
K < N in Fig. 2(b). As indicated, only the first part of the
equivalent channel sequence is a weighted summation of two
original channel segments while the second part is not. As a
result, even if the original channel over each tap varies with
time linearly, the variation of the equivalent channel in the
second part cannot be eliminated entirely. Therefore, with K >
%, the reduced-rate OFDM transmission increases the spectral
efficiency at the expense of degraded ICI mitigation capability.

C. Optimization of A and B

For the developed structure of A and B, the common

average SIR over equivalent subchannels is given by
P (m,m)

K-1 ’
Zk:o,k;émP(mvk)
By utilizing the channel statistics, we further optimize the
preprocessing coefficient vectors, & and 3, to maximize the
SIR over equivalent subchannels. Without loss of generality,
we consider the first equivalent subchannel over which the
average desired signal and ICI powers (P; and Pr) are given
by (19) and (20), respectively, where f(ri,c1,7r2,¢2) =
E{G (r1,c1) G* (r2,c2)}, which, based on the channel statis-
tics described in Section II, can be obtained as in (21). Thus
the optimization problem can be formulated as

SIR = 0<m<K-—1. (18)

max SIR = %
h N-1 ' 2 N-1 2 (22)
s.t. Yomeo lan|"=Nand >, 5 |Bu]" =N

where the first constraint on o guarantees a constant total
transmit power over N OFDM subcarriers and the second con-
straint on 3 ensures that all K equivalent subchannels share
a constant received noise power. Since the above optimization
problem is rather complicated, a closed-form solution cannot
be obtained analytically. Therefore, we apply the gradient-
based steepest descent algorithm to search for the optimal
a and B numerically. Since the optimization of A and B
is based on long-term channel statistics, it can be conducted
offline, thus relieving the burden of computation complexity.

V. NUMERICAL AND SIMULATION RESULTS

In this section, we present numerical and simulation re-
sults to demonstrate the performance of reduced-rate OFDM
transmission. A 32-subcarrier (N = 32) OFDM system is
considered. We let L = 4 and assume that the average power
gains over the 4 taps decay with delay exponentially with
the exponent factor A = 0.5. Furthermore, we assume the
classical Jakes’ Doppler spectrum over all of the taps with
the normalized Doppler frequency defined as Fy; = fa where
fa is the absolute Doppler frequency and f; is the subcarrier
spacing. The performance of the proposed reduced-rate OFDM
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Fig. 3. SIR versus the normalized Doppler frequency (Fy)

transmission is demonstrated in comparison with the ICI self-
cancellation scheme proposed in [8] for integer RRFs, denoted
as the Zhao’s scheme, and the improved one proposed in [9]
for general RRFs, denoted as the Chang’s scheme.

Figure 3(a) shows the SIR versus Fy; curves of the proposed,
the Zhao’s, and the Chang’s schemes when K = % Such
a half-rate transmission scheme is suitable for high Doppler
frequencies to trade transmission rate for ICI mitigation in
a high-mobility environment. It can be shown that both the
Zhao’s and the Chang’s schemes have a common SIR over all
equivalent subchannels in the special case of half-rate trans-
mission [10]. As shown in Fig. 3(a), the proposed reduced-rate
transmission achieves significant SIR gains of around 15 dB
over the Zhao’s scheme and around 5 dB over the Chang’s
scheme, respectively. Moreover, we observe that the SIR gain
over the Chang’s scheme increases with F}; slowly.

Figure 3(b) shows the SIR versus F; curves of the proposed
and the Chang’s schemes when K = %N . In contrast with the
half-rate scheme suitable for high Doppler frequencies, such a
%-rate one is suitable for low Doppler frequencies to achieve a
tradeoff between ICI mitigation and spectral efficiency. Since
the Chang’s scheme does not guarantee a common SIR for
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Fig. 4. BER versus SNR
fractional RRFs, we plot the minimum SIR over the equivalent
subchannels in Fig. 3(b) since it restricts the overall system
performance. Figure 3(b) indicates that for fractional RRFs,
the performance of the Chang’s scheme degrades significantly
in low Fj regions. As a result, the SIR gain of the proposed
reduced-rate transmission over the Chang’s scheme increases
considerably as F,; decreases. Moreover, it is observed that
the %-rate scheme has a much lower SIR than the half-rate
one. As explained in Section IV-B, time-domain variation of
the wireless channel cannot be well eliminated by a fractional
RRF. Therefore, the %—rate scheme increases the transmission
rate at the expense of degraded ICI mitigation capability.
Figure 4(a) shows the BER versus SNR when K = % and
F; = 0.30; Figure 4(b) shows the BER versus SNR when
K = %N and Fy; = 0.06. For both half-rate and %-rate

schemes, 4 equally spaced equivalent subchannels are loaded
with pilots for channel estimation. Furthermore, the 64-QAM
and the 16-QAM modulation means are applied in the half-rate
and the %—rate schemes, respectively. At the receiver, the zero-
forcing detection is applied and no error-correcting coding
is implemented. From Fig. 4, we observe that the proposed
reduced-rate transmission effectively lowers the BER floor for
both the half-rate and the %-rate schemes. Moreover, an SNR
gain of around 2 dB over the Chang’s scheme is observed even
before the BER floor occurs.

VI. CONCLUSIONS

In this paper, we have developed a general reduced-rate
OFDM transmission scheme for ICI mitigation in a high-
mobility environment. By transmit and receive preprocessing,
we have transformed the original /N-subcarrier OFDM system
into an equivalent K -subcarrier one with significantly reduced
ICIL In particular, we have developed a general structure of
transmit and receive preprocessing matrices to ensure that all
equivalent subchannels share a common average SIR, which
is further maximized based on the channel statistics. Both
numerical and simulation results have demonstrated the signif-
icant performance improvement of the proposed reduced-rate
transmission over the existing ICI self-cancellation schemes.
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