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ABSTRACT

Inter-channel interference(ICI), which results in an irre-
ducible error floor, can be utilized as a source of Doppler
diversity for OFDM systems in time-varying multipath chan-
nels. The proposed technique can enhance diversity gain by
a new criterion for ICI cancellation in addition to enable the
reduction of computational complexity and total detection
time.

1. INTRODUCTION

Orthogonal Frequency Division Multiplexing(OFDM) is
a promising communication scheme to achieve high data rate
transmission. However, the long symbol duration of OFDM
causes two problems in time-varying channels. Firstly,
the symbol-by-symbol channel variation makes an accurate
channel estimation difficult. Moreover, the time variations
of the channel within an OFDM symbol lead to a loss of
subcarrier orthogonality, resulting in inter-channel interfer-
ence(ICI) that occurs an irreducible error floor in conven-
tional detection schemes.

Most of the previous algorithms to mitigate the effects
of the time-varying channel are to deal with ICI cancella-
tion, which are just focused on mitigating the irreducible er-
ror floor[1]. Recently, the researches that ICI can be utilized
as a source of diversity are presented. In [5], the Doppler
diversity scheme is proposed that combines outputs of sev-
eral receivers with artificially shifted frequency offset. The
algorithm using minimum mean square error(MMSE) equal-
izer and successive detection(SD) is proposed that can obtain
a temporal diversity by time-domain signal processing[3].
However, this algorithm has some limitations that total pro-
cessing time is increased with the number of sub-carriers
and it needs additional arithmetic loads because of the time-
domain approach. Also, it has the enormous computational
complexity due to the update of the MMSE equalizer.

In this paper, we propose an improved Doppler diversity
technique that can overcome the limitation of the process-
ing time and the complexity by parallel signal processing.
Moreover, a Doppler diversity gain can be enhanced by a
new criterion that is based on an intuitive observation for the
time-varying characteristics of fading channels.

The following is an overview of the paper organization.
Section II describes a fundamental concept of Doppler diver-
sity for OFDM systems. Section III develops an improved
Doppler diversity technique and a new criterion to enhance
Doppler diversity gain. In Section IV, the proposed algorithm

is verified by simulation results. We conclude with some dis-
cussions in Section V.
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(a) The ICI-mixed signals
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(b) The ICI-free signal

Figure 1: The covariance matrix in time-varying channels (N
= 64, fdTs =1.0 , fd : maximum Doppler spread, Ts : an
OFDM symbol duration, SNR = 30 dB)

2. THE PRINCIPLE OF DOPPLER DIVERSITY
FOR OFDM

A new diversity concept can be developed in time-varying
channels : “Doppler diversity”. Generally, Doppler diver-
sity is a scheme that obtain a diversity gain by combining the
signals transmitted on a set of frequencies within Doppler
spreads[2]. Because a frequency included in the set can be
a independent replica for the transmitted signal assuming
wide-sense stationary uncorrelated scattering(WSSUS)[4].

In this paper, we utilize the ICI at the FFT output signals
as a source of Doppler diversity in time-varying multipath
fading channels. The Doppler spread invokes an ICI between
sub-carriers for an OFDM symbol. A transmitted power



through a sub-carrier leaks out to the other sub-carriers. In
the consequence, all of sub-carriers for the received OFDM
signal suffer from the ICI leaked by the other sub-carrier. In
Fig. 1(a), the covariance matrix of a received OFDM symbol
has significant off-diagonal terms which denote the correla-
tion between sub-carriers. This mean that the orthogonality
between sub-carriers is lost, resulting in ICI. In Fig. 1(b),
the covariance matrix of ICI-free signal for a specific sub-
carrier is described. It shows that the transmitted signal from
a sub-carrier is received to multiple sub-carriers adjacent to
the sub-carrier without the ICI. If only the power dispersion
for each subcarrier is extracted from the ICI-mixed signals,
the sub-carriers within the power dispersion become inde-
pendent fading channels for diversity.

3. AN IMPROVED DOPPLER DIVERSITY
TECHNIQUE FOR OFDM SYSTEMS

3.1 Doppler diversity technique with hybrid interfer-
ence cancellation and Wiener filter(DHIW)

A block diagram of an improved Doppler diversity tech-
nique is described as shown in Fig. 2. The output signals of
FFT for an OFDM symbol can be presented as

Y = HvarX+W, (1)

where

Hvar =




a0,0 a0,1 . . . a0,N−1

a1,0 a1,1
. . . a1,N−1

...
. . .

. . .
...

aN−1,0 aN−1,1 . . . aN−1,N−1




=
[
~h0,~h1, . . . ,~hN−1

]
,

(2)

is the time-varying channels matrix, which has column vec-
tors ~hp = [a0,p,a1,p, . . . ,aN−1,p]T (0 6 p 6 N− 1), ai, j is a
channel coefficient of the ith sub-carrier affected by the jth
sub-carrier, N is the number of total sub-carriers, X is the
input data symbol of IFFT, and W is an additive white Gaus-
sian noise (AWGN) with zero mean and variance s 2.

The initially detected signals for Y by Wiener filter can
be written as

Z = GY = [z0,z1, . . . ,zN−1]
T , (3)

where

G =
(
HH

varHvar + s 2IN
)−1

HH
var

= [~g0,~g1, . . . ,~gN−1]
T ,

(4)

is a matrix of Wiener filter, ~g T
q (0 6 q 6 N − 1) is a row

vector corresponding to the qth sub-carrier, and IN is N-by-N
identity matrix. The initial detection plays an important role
in the performance of whole systems. Wiener filter, which is
the optimum linear filter, can improve a reliability of initially
detected signals[6].

At the 2nd step, the initially detected signals are sorted
for the descending order as their signal-to-interference and
noise ratio(SINR). SINR of the mth sub-carrier can be de-
fined as follows

SINRm =
|〈~gm,~hm〉|2

N−1
å

n=0, n 6=m
|〈~gm,~hn〉|2 + s 2‖~gm‖2

, (5)
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Figure 2: The block diagram of Doppler diversity tech-
nique with hybrid interference cancellation and Wiener filter
(DHIW)

where 〈·, ·〉 is an inner product and ‖·‖ is the Euclidean norm.
The sorted signals and a SINR group can be defined as

Z
′
=

[
z
′
0,z

′
1, . . . ,z

′
N−1

]T
,

S(i) =
[

z
′
n | i×P < n < i×P+P−1

]
,

(6)

where Z
′

is the sorted signals of Z for the descending order
as their SINR: z

′
0 > z

′
1 > .. . > z

′
N−1 and the set S(i) is the ith

SINR group (0 6 i 6 Q−1) , which is the ith group dividing
Z
′

into Q groups with each P elements.
At the 3rd step, we extract a power dispersion of each

sub-carrier by hybrid interference cancellation(HIC) as de-
scribed in Section 2. The MMSE-SD receiver needs the up-
date of MMSE filter and the interference cancellation for the
detection of each sub-carrier[3]. It results in the long detec-
tion time and the enormous computational complexity. The
DHIW reduces the computational complexity by parallel sig-
nal detection in addition to enhance Doppler diversity gain
by a new criterion. A block diagram of the HIC block is pre-
sented in Fig. 3. Above all, the power dispersions in the ith
SINR group are extracted by the PIC procedure of the HIC
block as follows where

Z̃(i) =
[
Z̃ T

a , Z̃ T
b , . . . , Z̃ T

z

] T (
∀z

′
a,z

′
b, . . . ,z

′
z ∈ S(i)

)
, (7)

where

Z̃k = Y− å
z′n∈C(i)

k

~hn z
′
n

= [z̃0, z̃1, . . . , z̃N−1]
T ,

(8)

is the power dispersion of the kth sub-carrier and C(i)
k is a

new criterion to enhance a diversity effect for kth sub-carrier
in the ith SINR group (See Subsection 3.2 for further de-
tails). The ineffective extraction, which is feasible because
of the parallel processing of the PIC procedure, can be miti-
gated by the new criterion. The power dispersions of P sub-
carriers in the ith SINR group are extracted simultaneously
by the PIC procedure. A Doppler diversity is obtained as a
consequence that the power dispersions Z̃(i) of the ith SINR
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Figure 3: A block diagram of the HIC block using a new
criterion

are combined by Wiener filter, which can suppress the ICI
modeled to AWGN. The diversity combined signals for the
ith SINR can be obtained as

Ẑ(i) = G(i)Z̃(i)

=
[
Ẑa, Ẑb, . . . , Ẑz

]T
(
∀z

′
a,z

′
b, . . . ,z

′
z ∈ S(i)

)
,

(9)

where

G(i) =




~0T ~g T
b . . . ~0T

... ~0T . . .
...

~g T
a

...
. . .

...
~0T . . . . . . ~g T

z




, (10)

is the combining matrix using the row vectors~g T
q (∀z

′
q ∈ S(i))

of Wiener filter corresponding to the sub-carriers of the ith
SINR group and~0 is N-by-1 null vector. Next, the SIC pro-
cedure can be described as follows

Y = Y− å
d̂k∈S(i)

d

~hk d̂k, (11)

where S(i)
d =

[
d̂k | d̂k = hard decision o f Ẑk,∀Ẑk ∈ Ẑ(i)

]
.

The SIC to Y using Ẑ(i) suppress the ICI of signals in next
SINR groups, resulting in more reliable signal detection. Fi-
nally, the matrix of Wiener filter G is updated as follows

G =
(
H̃H

varH̃var + s 2IN

)−1
H̃H

var, (12)

where H̃var =
[
. . . ,~ha−1,~ha+1, . . . ,~hz−1,~hz+1 . . .

]
. The ma-

trix update of Wiener filter can improve an effect of combin-
ing Doppler diversity because the ICI of the remained sub-
carriers can be more suppressed by removing the channel
vector~h corresponding to the detected signal.

The HIC procedure is repeated until the last Q SINR
group.

3.2 A new criterion for the Doppler diversity enhance-
ment

An inefficient power extraction is possible due to the par-
allel processing of the HIC block. Because the linear PIC
cannot cancel out the ICI. We propose a new criterion to
solve an inefficient ICI cancellation of the linear PIC pro-
cedure. If the PIC detector cannot guarantee a reliable initial

kR

ICI Dominant Region ICI Dominant Region 

kR

ICI Dominant Region ICI Dominant Region 

Figure 4: The ICI distribution to the kth sub-carrier in time-
varying multipath channels (k = 32 : the index of the ICI-
corrupted sub-carrier, fdTs : normalized Doppler frequency)

detection, this can cause an additional interference for the
following decision. We define this as the ICI enhancement.
The proposed criterion makes efforts to choose proper sub-
carriers for the efficient PIC without the ICI enhancement.
The proposed criterion C(i)

k for the kth sub-carrier in ith SINR
group can be described as follows

Rk = [ zp | p = ((a))N , |a− k|6 N/J ,and p 6= k ] ,

C(i)
k = S(i)∩Rk,

(13)

where J is a ranging factor, S(i) is the ith SINR group de-
fined in Eq. (6), the set Rk consists of sub-carriers close to
the kth sub-carrier, and ((a))N = a in case of a > 0, or N +a
in case of a < 0. The PIC using all initially detected signals
in S(i) can commit to the ICI enhancement. We utilize the set
Rk as a constraint for S(i). The propose criterion C(i)

k choose
only sub-carriers which cause a significant ICI for the kth
sub-carrier because Rk consists of sub-carriers which cause
most of the ICI for the kth sub-carrier as shown in Fig. 4.
OFDM system in time-varying channels has the character-
istic that the sub-carriers to cause most of the ICI for the
kth sub-carrier is limited in a specific range (i.e. Rk) even in
high mobility. The PIC can cancel out ICI efficiently without
the ICI enhancement by regenerating the reliable information
signals in C(i)

k , resulting in an efficient power extraction for
the kth sub-carrier. In consequence, we improve a Doppler
diversity gain.

4. SIMULATION RESULTS AND DISCUSSIONS

For simulations, an OFDM system with N = 64 and cyclic
prefix = 8 is considered. Data bits are BPSK-modulated and
the time-varying three-ray channel is considered.

In fig. 5, the average BER performance of the DHIW
is compared with basic detection schemes and MMSE-SD
receiver[3]. Among two linear schemes(i.e. least square(LS)
and Wiener filter(WF)), LS can cancel out ICI by the chan-
nel matrix inversion, resulting in a noise enhancement, which
cause the performance degradation. The performance of WF
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Figure 5: The comparison of average BER performance ;
least square(LS), Wiener filter(WF), coherent BPSK in time-
invariant channels(TI), Doppler diversity technique with hy-
brid interference cancellation and Wiener filter(DHIW), min-
imum mean square error with successive detection(MMSE-
SD) (N = 64, P : a number of sub-carriers detected at each
stage, Q : total number of stages, fdTs : normalized Doppler
frequency)

is slightly better than coherent BPSK by the ICI suppres-
sion, however, exhibits an error floor at high SNR. The small
gap between the BER of DHIW and the MMSE-SD receiver
shows that we can extract the power dispersion for Doppler
diversity by the new criterion in spite of the parallel detection
with the linear HIC.

In Table 1, the computational complexity of the DHIW
is compared with the MMSE-SD receiver by a number of
the arithmetic calculation(i.e. +,-,×, and ÷) to update the
Wiener filter matrix, which has the complexity of O(n3)[7].
The numbers of arithmetical operation for two systems can
be presented as follows

CMMSE−SD = N

(
N(N−1)(N +1)

3
+N2(2N−1)+3N2

)
,

(14)

CDHIW =
Q−1

å
a=0

[ (N−Pa)(13(N−Pa)2−2)
3

−2(N−Pa)2
]
,

(15)

where P is the number of sub-carriers detected simultane-
ously and Q is the number of stages for the parallel process-
ing. Although the Eb/N0 gap between the DHIW with P = 4
and Q = 16 and the MMSE-SD is less than 0.3 dB, the com-
putational complexity of the DHIW with P = 4 and Q = 16 is
less than the a seventh of the MMSE-SD. The total detection
time of the DHIW is also smaller than that of the MMSE-SD
by the parallel signal detection. Moreover, if P is increased,
the computational complexity can be decreased dramatically.

5. CONCLUSIONS

We have proposed an improved Doppler diversity tech-
nique that can utilize the ICI as a source of diversity for
OFDM systems in time-varying multipath channels. The
DHIW has enhanced the diversity gain by the new criterion
in spite of the reduction of the computational complexity and
the total detection time by the parallel signal detection. Sim-
ulation results have shown that the DHIW and the MMSE-
SD receiver have the diversity gain in opposition to the se-
vere degradation of the basic detection schemes. Although
the BER performance of the DHIW is vary close to that of
MMSE-SD, the DHIW has be able to reduce the computa-
tional complexity and the total detection time dramatically
compared with the MMSE-SD. The future work is the study
that considers the effect of imperfect channel state informa-
tion.
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Table 1: The comparison of computational complexity (P :
the number of sub-carriers detected at each stage, Q : total
number of stages)

Algorithm Complextity
MMSE-SD 39,669,760

DHIW(P = 2, Q = 32) 9,573,696
DHIW(P = 4, Q = 16) 5,082,048
DHIW(P = 8, Q = 8) 2,849,472

DHIW(P = 16, Q = 4) 1,759,680


	Index
	EUSIPCO 2005

	Conference Info
	Welcome Messages
	Sponsors
	Committees
	Venue Information
	Special Info

	Sessions
	Sunday 4, September 2005
	SunPmPO1-SIMILAR Interfaces for Handicapped

	Monday 5, September 2005
	MonAmOR1-Adaptive Filters (Oral I)
	MonAmOR2-Brain Computer Interface
	MonAmOR3-Speech Analysis, Production and Perception
	MonAmOR4-Hardware Implementations of DSP Algorithms
	MonAmOR5-Independent Component Analysis and Source Sepe ...
	MonAmOR6-MIMO Propagation and Channel Modeling (SPECIAL ...
	MonAmOR7-Adaptive Filters (Oral II)
	MonAmOR8-Speech Synthesis
	MonAmOR9-Signal and System Modeling and System Identifi ...
	MonAmOR10-Multiview Image Processing
	MonAmOR11-Cardiovascular System Analysis
	MonAmOR12-Channel Modeling, Estimation and Equalization
	MonPmPS1-PLENARY LECTURE (I)
	MonPmOR1-Signal Reconstruction
	MonPmOR2-Image Segmentation and Performance Evaluation
	MonPmOR3-Model-Based Sound Synthesis ( I ) (SPECIAL SES ...
	MonPmOR4-Security of Data Hiding and Watermarking ( I ) ...
	MonPmOR5-Geophysical Signal Processing ( I ) (SPECIAL S ...
	MonPmOR6-Speech Recognition
	MonPmPO1-Channel Modeling, Estimation and Equalization
	MonPmPO2-Nonlinear Methods in Signal Processing
	MonPmOR7-Sampling, Interpolation and Extrapolation
	MonPmOR8-Modulation, Encoding and Multiplexing
	MonPmOR9-Multichannel Signal Processing
	MonPmOR10-Ultrasound, Radar and Sonar
	MonPmOR11-Model-Based Sound Synthesis ( II ) (SPECIAL S ...
	MonPmOR12-Geophysical Signal Processing ( II ) (SPECIAL ...
	MonPmPO3-Image Segmentation and Performance Evaluation
	MonPmPO4-DSP Implementation

	Tuesday 6, September 2005
	TueAmOR1-Segmentation and Object Tracking
	TueAmOR2-Image Filtering
	TueAmOR3-OFDM and MC-CDMA Systems (SPECIAL SESSION)
	TueAmOR4-NEWCOM Session on the Advanced Signal Processi ...
	TueAmOR5-Bayesian Source Separation (SPECIAL SESSION)
	TueAmOR6-SIMILAR Session on Multimodal Signal Processin ...
	TueAmPO1-Image Watermarking
	TueAmPO2-Statistical Signal Processing (Poster I)
	TueAmOR7-Multicarrier Systems and OFDM
	TueAmOR8-Image Registration and Motion Estimation
	TueAmOR9-Image and Video Filtering
	TueAmOR10-NEWCOM Session on the Advanced Signal Process ...
	TueAmOR11-Novel Directions in Information Theoretic App ...
	TueAmOR12-Partial Update Adaptive Filters and Sparse Sy ...
	TueAmPO3-Biomedical Signal Processing
	TueAmPO4-Statistical Signal Processing (Poster II)
	TuePmPS1-PLENARY LECTURE (II)

	Wednesday 7, September 2005
	WedAmOR1-Nonstationary Signal Processing
	WedAmOR2-MIMO and Space-Time Processing
	WedAmOR3-Image Coding
	WedAmOR4-Detection and Estimation
	WedAmOR5-Methods to Improve and Measures to Assess Visu ...
	WedAmOR6-Recent Advances in Restoration of Audio (SPECI ...
	WedAmPO1-Adaptive Filters
	WedAmPO2-Multirate filtering and filter banks
	WedAmOR7-Filter Design and Structures
	WedAmOR8-Space-Time Coding, MIMO Systems and Beamformin ...
	WedAmOR9-Security of Data Hiding and Watermarking ( II  ...
	WedAmOR10-Recent Applications in Time-Frequency Analysi ...
	WedAmOR11-Novel Representations of Visual Information f ...
	WedAmPO3-Image Coding
	WedAmPO4-Video Coding
	WedPmPS1-PLENARY LECTURE (III)
	WedPmOR1-Speech Coding
	WedPmOR2-Bioinformatics
	WedPmOR3-Array Signal Processing
	WedPmOR4-Sensor Signal Processing
	WedPmOR5-VESTEL Session on Video Coding (Oral I)
	WedPmOR6-Multimedia Communications and Networking
	WedPmPO1-Signal Processing for Communications
	WedPmPO2-Image Analysis, Classification and Pattern Rec ...
	WedPmOR7-Beamforming
	WedPmOR8-Synchronization
	WedPmOR9-Radar
	WedPmOR10-VESTEL Session on Video Coding (Oral II)
	WedPmOR11-Machine Learning
	WedPmPO3-Multiresolution and Time-Frequency Processing
	WedPmPO4-I) Machine Vision, II) Facial Feature Analysis

	Thursday 8, September 2005
	ThuAmOR1-3DTV ( I ) (SPECIAL SESSION)
	ThuAmOR2-Performance Analysis, Optimization and Limits  ...
	ThuAmOR3-Face and Head Recognition
	ThuAmOR4-MIMO Receivers (SPECIAL SESSION)
	ThuAmOR5-Particle Filtering (SPECIAL SESSION)
	ThuAmOR6-Geometric Compression (SPECIAL SESSION)
	ThuAmPO1-Speech, speaker and language recognition
	ThuAmPO2-Topics in Audio Processing
	ThuAmOR7-Statistical Signal Analysis
	ThuAmOR8-Image Watermarking
	ThuAmOR9-Source Localization
	ThuAmOR10-MIMO Hardware and Rapid Prototyping (SPECIAL  ...
	ThuAmOR11-BIOSECURE Session on Multimodal Biometrics (  ...
	ThuAmOR12-3DTV ( II ) (SPECIAL SESSION)
	ThuAmPO3-Biomedical Signal Processing (Human Neural Sys ...
	ThuAmPO4-Speech Enhancement and Noise Reduction
	ThuPmPS1-PLENARY LECTURE (IV)
	ThuPmOR1-Isolated Word Recognition
	ThuPmOR2-Biomedical Signal Analysis
	ThuPmOR3-Multiuser Communications ( I )
	ThuPmOR4-Architecture and VLSI Hardware ( I )
	ThuPmOR5-Signal Processing for Music
	ThuPmOR6-BIOSECURE Session on Multimodal Biometrics ( I ...
	ThuPmPO1-Multimedia Indexing and Retrieval
	ThuPmOR7-Architecture and VLSI Hardware ( II )
	ThuPmOR8-Multiuser Communications (II)
	ThuPmOR9-Communication Applications
	ThuPmOR10-Astronomy
	ThuPmOR11-Face and Head Motion and Models
	ThuPmOR12-Ultra wideband (SPECIAL SESSION)


	Authors
	All authors
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z
	Ö
	Ø

	Papers
	Papers by Session
	All papers

	Search
	Help
	Browsing the Conference Content
	The Search Functionality
	Acrobat Query Language
	Using Acrobat Reader
	Configurations and Limitations

	Copyright
	About
	Current paper
	Presentation session
	Abstract
	Authors
	Hyungjoon Song
	Daesik Hong



