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Abstract: In block transmission systems such as or-
thogonal frequency division multiplexing (OFDM), when
there are multipaths with delays exceeding cyclic prefix
(CP) length, performance degrades due to inter-block in-
terference (IBI). Channel shortening is a promising tech-
nique for reducing the effect of IBI. Most channel short-
ening methods presented before can be applied only to
single-user communications. In this paper, we propose to
apply a channel shortening method, which exploits the
second order statistics (SOS) of the received signals, to
multiuser communications. Computer simulation results
are presented to show that the SOS method is superior to
a conventional method in asynchronous multiuser com-
munications.

1. Introduction

In recent years, high-speed wireless communication
technologies based on block transmission have been stud-
ied actively. In block transmission systems, cyclic pre-
fix (CP) is inserted between transmitted blocks to pre-
vent inter-block interference (IBI). However, the insert
of a long CP reduces spectral efficiency. When there are
multipaths with delays exceeding CP length, residual IBI
severely degrades the system performance.

To overcome this disadvantage, there are several ap-
proaches. Examples include interference cancelation[1],
and an adaptive array antenna[2]. We focus on channel
shortening methods[3]. Channel shortening methods try
to shorten the impulse response of the effective channel,
which is a convolution of a physical channel and linear
equalizer referred to as time-domain equalizer (TEQ), to
within the CP length.

There have been many studies on channel shortening.
In most of these studies, however, single-user commu-
nication systems are considered[3]. Recently, multiuser
communication systems, such as multiuser multiple in-
put multiple output (MU-MIMO) and orthogonal fre-
quency division multiple access (OFDMA), are attract-
ing attention. They can use limited frequency resources
effectively and offer high transmission rate. To the best
of our knowledge, there is only a channel shortening
method[4] that can be applied to multiuser communi-
cations. In [4], all the users are assumed to be synchro-
nized, i.e., downlink. When the transmission timing of
each user differs from each other, i.e., uplink, this method
cannot be applied.

In this paper, we consider the application of a chan-

nel shortening method [5], which is originally developed
for single-user communications, to asynchronous (up-
link) multiuser communications. The method exploits
only the second-order statistics (SOS) of the received
signal and does not need the training sequences which
waste bandwidth. The most remarkable feature of this
method is that it does not need symbol synchronization.
This motivates us to apply the SOS method to asyn-
chronous multiuser communications. We evaluate the
performance of the SOS method in asynchronous mul-
tiuser communication systems by computer simulation.

2. Problem formulation

2.1 Communication model

Figure 1. Multiuser communication system using time-
domain equalizer.

Figure 1 shows a multiuser system using a TEQ where
there are J users. The jth user transmits an OFDM sig-
nal uj,k at arbitrary timing τj . A transmitted signal uj,k

is obtained by applying the inverse fast Fourier trans-
form (IFFT) to a data block and inserting CP of length
P between the resulting blocks. The transmitted signals
are assumed to be uncorrelated with each other. Assume
that each user uses all subcarriers. A physical channel
from a transmitter to a receive antenna can be modeled
as an FIR filter whose impulse response length is M +1.
The received signal at S antennae can be written as

rk = [r1,k · · · rS,k]T =
J∑

j=1

r̃k,j + wk (1)

where (·)T represents the transpose of a matrix. The
input to a TEQ of length L can be described in a matrix
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form as

r[k] =

⎡
⎢⎣

rk

...
rk−L+1

⎤
⎥⎦ = Hu[k] + w[k] (2)

where u[k] = [u1,k−τ1 · · ·uJ,k−τJ
· · ·u1,k−(L+M)−τ1+1 · · ·

uJ,k−(L+M)−τJ+1], w[k] is a noise vector, and H ∈
CLS×(L+M)J can be written as

H =

⎡
⎢⎢⎢⎢⎣

H[0] · · · H[M ] 0 · · · 0

0
. . . . . .

...
...

. . . . . .
...

0 · · · 0 H[0] · · · H[M ]

⎤
⎥⎥⎥⎥⎦

(3)

H[i] =
[

h1[i] · · · hJ [i]
]
, (4)

hj [i] =
[

hj,1[i] · · · hj,S [i]
]T

. (5)

The output of the TEQ is given by

yk = gHr[k] = cHu[k] + gHw[k] (6)

where g is a parameter vector of the TEQ, the effective
channels is c = HHg ∈ C(L+M)J×1, and (·)H represents
the Hermitian transpose of a matrix. The TEQ output
can be rewritten as

yk =
J∑
j

gHHjuj [k] + gHw[k]

=
J∑
j

gjHD,juD,j [k] +
J∑
j

gjHI,juI,j [k] + gHw[k]

where Hj =

⎡
⎢⎣

hj [0] · · · hj [M ] 0
. . . . . .

0 hj [0] · · · hj [M ]

⎤
⎥⎦, uj [k] =

[uj,k−τj · · ·uj,k−(L+M)+1−τj
]T , HD,j consists of the first

P columns of Hj , HI,j is its remaining part, uD,j [k] is
the first P element of uj [k] and uI,j [k] is its remaining
part. In the above equation, the first term is the desired
component and the second term contains the IBI and
multiple access interference.

The problem is to find g such that the impulse re-
sponse of all effective channels c, which are composed of
physical channels and a TEQ, is shortened.

2.2 FRODO

Forced redundancy with optional data omission
(FRODO) is a channel shortening method for multiuser
communications [4]. FRODO tries to restore the CP
property at the output of TEQ. The cost function to be
minimized is

J(g) = E[|yP+1 − yQ−1|2]. (7)

In the case of synchronous systems, FRODO can shorten
the effective channels, because yP+1 and yQ−1 contain

the CP part of all users. However, in the asynchronous
systems, FRODO may fail to shorter all the channels
since they contain the CP part of only synchronized
users.

3. Multiuser channel shortening

3.1 SOS approach

In [5], a single-user channel shortening method which
exploits the second- order statistics of the received sig-
nals was proposed. The SOS method does not need sym-
bol synchronization at the receiver, so that it can be ex-
pected to be successfully applied to asynchronous mul-
tiuser communications. In this section, we extend the
method in [5] to multiuser communications.

Since the transmitted signals are uncorrelated with
each other, the correlation matrix of the transmitted sig-
nal vector E[u[k]uH [k + ν + 1]] becomes (JT )ν+1 where

JT =

⎡
⎢⎢⎢⎢⎣

0 I · · · 0

0
. . . . . .

...
...

. . . . . . I
0 · · · · · · 0

⎤
⎥⎥⎥⎥⎦

, (8)

ν + 1 is the length which the effective channel impulse
response is shortened to. In the absence of the noise, the
correlation matrix of the received signal vector becomes

Rν+1 = E[r[k]rH [k + ν + 1]] = σ2
sH(JT )ν+1HH . (9)

If we find the parameter vector of TEQ g from the null-
space of Rν+1, then we have

H(JT )ν+1HHg = 0, (10)

If H has full column rank, (10) can be rewritten as

(JT )ν+1HHg = 0 (11)

and thus,

(JT )ν+1c = [cνJ+1 · · · c(L+M)J−10 · · · 0]T = 0. (12)

This implies that the length of each channel impulse re-
sponse is shortened to within ν + 1.

3.2 Algorithm

The algorithm is summarized as follows:

step 1 Obtain the time average estimate of Rν+1

over B blocks as

R̂ν+1 =
1
B

B∑
k=1

r[k]r[k + ν + 1].

step 2 Compute the singular value decomposition of
Rν+1 as

R̂ν+1 = Q1ΣQ2.

step 3 Set the last column of Q2 to the parameter
vector g.
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4. Simulation results

To evaluate the performance of the SOS method,
we carried out computer simulation. Unless otherwise
stated, the following parameters are used: the number
of blocks B=1000, the number of users J=2, the size
of FFT N=64, the CP length P=4, the length of win-
dow ν +1=4, and the length of channel impulse response
M+1=9. The received signal-to-noise ratio (SNR) is de-
fined as

SNR =
E[||r̃k,1||2]
E[||wk||2] =

σ2
u

∑M
i=0 ||h1[i]||2

σ2
n

. (13)

Signal-to-interference-and-noise power ratio (SINR) is
used as a performance measure. SINR for the jth user
defined as

SINRj =
E[|gHHD,juD,j [k]|2]

E[|gHHI,juI,j [k]|2] + E[|gHw[k]|2]

=
σ2

s ||cD,j ||2
σ2

s ||cI,j ||2 + σ2
n||g||2

(14)

where cD,j is the first ν elements of cj = HH
j g which is

effective channel impulse response of jth user, and cI,j

is its remaining part.
The performance of FRODO is also evaluated. In

FRODO, the receiver is assumed to be synchronous to
the first user.

Figure 2 shows an example of original channel impulse
responses and effective channel impulse response ob-
tained by the SOS method and FRODO, when transmis-
sion timing of first user and second user is synchronous
(τ = τ2 − τ1 = 0). Both SOS method and FRODO
shorten the channel response. Figure 3 shows an exam-
ple of original channels and effective channel obtained
by channel shortening methods in the asynchronous case
(τ = 4). Although both methods can shorten the chan-
nel of the first user, the effective channel of the second
user obtained by FRODO disappears.

Figure 4 compares the SINR performance of the SOS
method and FRODO when the difference of transmit
timing varies. The SINR of FRODO depends strongly
on the timing difference. On the other hand, the SINR
of the SOS method remains high irrespective of the tim-
ing difference. This result supports the effectiveness of
the SOS method in asynchronous multiuser communica-
tion systems.

In Figs. 5 and 6, the SINR performances of the second
user are shown when SNR varies in the asynchronous
case (τ = 4). The SINR of the SOS method improves
as SNR increases. On the other hand, the second user’s
SINR of FRODO is extremely low.

Figure 7 shows the SINR performance as a function
of the number of blocks. SINR converges within about
1000 blocks.

Figure 8 shows the SINR for various number of users.
The SOS method can be applied to systems with more
than two users.
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Figure 2. Magnitude of impulse response of original chan-
nels and effective channels obtained by SOS method
and FRODO in synchronous case (τ = 0).
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Figure 3. Magnitude of impulse response of original chan-
nels and effective channels obtained by SOS method
and FRODO in asynchronous case (τ = 4).

5. Conclusion

In this paper, we proposed to extend a channel short-
ening method proposed in [5] to asynchronous multiuser
communications, and showed its effectiveness by com-
puter simulation. It should be noted that the output of
TEQ still contains the multiple access interference and
thus signal separation is needed to demodulate the data.

Acknowledgment

This research was partially supported by International
Communications Foundation(ICF).

References

[1] D. Kim and G. L. Stuber, “Residual ISI cannella-
tion for OFDM with applications to HDTV broadcast-
ing,hIEEE J. Selected Areas in Commum., vol. 16, no.
8, pp. 1590-1599, Oct. 1998.

1383



0 1 2 3 4 5 6 7 8 9 10
−15

−10

−5

0

5

10

15

20

25

30
SI

N
R

 [
dB

]

transmit timing difference τ

SOS method
FRODO [4]

Figure 4. Influence of transmit timing difference.

0 5 10 15 20 25 30 35 40 45 50
−10

0

10

20

30

40

50

SNR [dB]

SI
N

R
 [

dB
]

SOS method
FRODO [4]

Figure 5. SINR performance for first user.

[2] S. Hori, N. Kikuma, and N. Inagaki, “MMSE adap-
tive array suppressing only multipath waves with delay
times beyond the guard interval for fixed reception in
OFDM systems,h Electronics and Communications in
Japan, Part 1, vol. 87, no. 9, pp. 1-8, Sep. 2004.

[3] R. K. Martin and C. R. Johnson, Jr.,“Adaptive
equalization: transitioning from single-carrier to mul-
ticarrier systems,”IEEE Signal Process. Mag., Vol. 22,
pp. 108-122, Nov. 2005.

[4] R. K. Martin, J. M. Walsh, and C. R. Johnson,Jr.,
“Low-Complexity MIMO Blind,Adaptive Channel
Shortening,”IEEE Trans. Signal Process., Vol. 53, NO.
4, pp. 1324-1334, Apr. 2005.

[5] T. Miyajima and Z. Ding,“Second-Order Statisti-
cal Approaches to Channel Shortening in Multicarrier
Systems,”IEEE Trans. Signal Process., Vol. 52, NO.
11, pp. 3253-3264, Nov. 2004.

0 10 20 30 40 50
−15

−10

−5

0

5

10

15

20

25

30

SNR [dB]

SI
N

R
 [

dB
]

SOS method
FRODO [4]

Figure 6. SINR performance for second user.

0 500 1000 1500 2000 2500 3000
−20

−10

0

10

20

30

40

number of blocks

SI
N

R
 [

dB
]

SOS method
FRODO [4]

Figure 7. Influence of the number of blocks.

2 3 4 5 6
−15

−10

−5

0

5

10

15

20

25

30

number of users

SI
N

R
 [

dB
]

SOS method
FRODO [4]

Figure 8. Influence of the number of users.

1384



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


