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Abstract: This paper presents a semi-blind channel
estimation scheme for OFDM systems with multiple re-
ceive antennas. Using the statistical property of the re-
ceived signal, we combine the pilot-based least-squares
estimator with the subspace-based blind estimator. To
improve the performance of the subspace-based method,
we reduce the effect on the residual error which affects
the accuracy of the noise subspace. Simulation results
show that the proposed method is effective and improves
the performance.

1. Introduction

In wireless communication systems for OFDM, a co-
herent signal detection requires a reliable estimate of the
fading channel. One method to estimate the channel is to
insert pilot symbols among transmitted data symbols [1],
but the use of pilot symbols decreases the transmission
bandwidth. Blind channel estimation techniques do not
require any pilot but need to have many sample blocks to
obtain reliable channel information [2]. A rather promis-
ing method consists of combining pilot-based and blind-
based channel estimation, which is often referred to a
semi-blind channel estimation. The semi-blind approach
may allow a significant reduction in the number of pilot
symbols and reduce the bit error rate in severe recep-
tion conditions. Thus, a semi-blind channel estimation
for OFDM systems has been studied extensively in the
recent years [3]-[4].

In this paper, we propose a semi-blind channel esti-
mation scheme for OFDM systems with multiple receive
antennas. To overcome the shortcoming of the subspace-
based blind channel estimation approach, the pilot-based
least-squares estimator is combined with the subspace-
based blind estimator. Thus, both the statistic of the
received signals and the known information of pilot sym-
bols are used to estimate the channel. In addition, to
improve the performance of the subspace-based method,
we reduce the effect on the residual error which affects
the accuracy of the noise subspace.

2. System Model

We consider an OFDM system with Ny receive anten-
nas. Let the number of subcarriers be N, where Np sub-
carriers are reserved for pilot symbols and Np = N —Np
subcarriers are used for data symbols. The transmitted
symbols of the frequency domain are denoted by X =
[2(0),-- ,z(N — 1)]T and the received symbols are de-
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noted by Y& = [[Y?D(0))T,---, [YO(N — 1)]7]T with
YO (k) = [y (k)48 (B), -y (k)] where 3\ (k) is
the received signal by the j-th receive antenna on subcar-
rier k£ of the i-th block. Then, the transmitted symbols
are fed to an inverse discrete fourier transform (IDFT)
to produce the OFDM signal, and a cyclic prefix (CP) is
inserted in front of the IDFT output vector, which is a
cyclic extension of the IDFT output sequence in order to
eliminate the inter-block interference (IBI). The guard
interval is chosen to be longer than the maximum delay
spread of the channel. Let us define the DFT matrix as

F(i) = V%[efﬂmm)/zv?...,eszmwfl)/N]T 1)
F o= [F(O), F(N - 1) o

This results in the time domain signal of the i-th OFDM
symbol written as

s = pHx® (3)

where (-)¥ denotes complex conjugate transpose of (-).
The transmitted signal passes through a dispersive chan-
nel and is corrupted by a spatially and temporally zero
mean uncorrelated complex Gaussian noise with variance
o2, At the receive antenna, the received signal is ex-
pressed as

L
r@(n) = > hD0)s(n—1)+29(n),
=0

n=0,--,N—1 (4)

where L is the maximum channel order, z(i)(n) is an
additive white Gaussian noise vector, and

r@Om) = ), r (n)]” (5)
W) = [P, 6 01" (6)

where hg-l)(l) is the channel impulse response from the
transmit antenna to the j-th receive antenna. Note that
s((n) for n < 0 are symbols from the CP. For notational
simplicity, we will drop the block index (i) in the sequel
except where it is needed for clarification to show the
explicit dependence on the block sequence.

3. Channel Estimation

3.1 Subspace-based Blind Estimation

In order to consider the i-th block of N transmitted
symbols, the received signal (Y (n) in (4) can be written



in a matrix-vector form as

r=Hd+z=HFIX+z=GX+z

where
r e, -, (v = DT,
d = [S(N_L)a vS(N 1)’8(0)’ aS(N_]-)]Ta
F [F(N—-L),---,F(N—1),F(0), ,F(N —1)]
and
h(L) h(0) 0 0
H - 0 h(L) h(0) (8)
: 0
0 0 h(L) h(0)

From (7), the data model is applicable to both a block
stationary channel and a static channel, and does not
impose any constraints on the number of CPs. Then,
the statistical covariance matrix of r is written as

E{rrH}
GE{XX"YGH + oIy,
GR, G + 0% Inn, 9)

If G is of full column rank, the rank of GR,GH is N.
Since the rank of R, has full rank, the covariance ma-
trix R, has two mutually orthogonal subspaces, i.e., a
signal subspace with dimension N and a noise subspace
with dimension d = NNr — N. Here, the noise eigen-
vectors are denoted by V; where ¢ = 1,2,--- /d. Using
the techniques in the standard subspace method [3], we
have

R,

vViEg=0, i=1,2---,d (10)

That is, V; spans the left null space of G. To find the
signal and noise subspaces, the true R, is required. How-
ever, in practice, R, is estimated over N, OFDM blocks
as R, N%) EZV:L’I r[r®)H | Thus, when a channel is es-
timated by the orthogonal relationship in (10), only esti-
mate Vz of the eigenvectors spanning the noise subspace,
which are obtained by the eigenvalue decomposition of
R,, is available in practice. R

In order to use the Sylvester structure of H, V;
is divided into blocks as V; = [vi(0),---,v] (N —
1)]T where v;(m) is a N x 1 vector. Denote h =
7 (0),--- ,h"(L)]T as the Ng(L+1)x1 channel impulse
response vector. Then, (10) can be expressed equiva-
lently as

VEh = 05y, (11)
where
I e
vi=| ,
(L) “((N —1+ L))
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where (k)n denotes the residue of k¥ modulo N.
By stacking across d vectors from the noise subspace,
(11) is generalized as

]A/Hh:Odel (12)
where V = [V, -+, V4] is an Ng(L + 1) x dN matrix.
When the number of OFDM blocks is insufficient to
estimate the covariance matrix R,, it causes the resid-
ual error which affects the accuracy of the noise sub-
space and degrades the performance of the subspace-
based blind estimation [5]. To improve the performance
of the subspace-based estimation method, it is needed to
reduce the residual error. In order to reduce the effect
on the residual error, we present a method to improve
the accuracy of v composed of the noise subspace.
Then, the weighting factor ¢() is defined to consider
the orthogonality between vectors a, b € V. Using
the weighting factor c(i), we propose a blind channel
estimation algorithm based on the weighted vector set.
First, we obtain an initial decision matrix D through
the existing channel estimation method. Note that the
decision matrix D has the same dimension as that of h.
Using the decision matrix D and equation (12), we define
the weighting factor ¢(i) between V(i) and D as follow

c(i)
cos Oc(V(i), D)

1 —1lcosOc(V(i),D)||2, (13)
) Dic
[V(@)]l2 - |IDll2

(14)

where V(i) denotes the i-th column vector of the matrix
V in (12). We introduce the modified V as

V={VE)| V(@) =c(i)V(E), 1<i<dN} (15)
Then, using the obtained V, we reconstruct equation (12)
as follow

VIh = 04y 1 (16)
In the semi-blind estimation, we can use pilot symbols
to obtain the decision matrix D.

3.2 Semi-Blind Estimation

In this section, we propose the simple semi-blind chan-
nel estimation method for OFDM systems. The idea
for devising a semi-blind channel estimation consists of
the pilot-based least-squares estimator and the subspace-
based blind channel estimator, and it is given as the fol-
lowing cost function :

Coemi = M[Y — Wh||2 + (1 = )T VVHh (17)
where A is a scalar weight coefficient that determines
the contribution of the pilot-based estimator and the
subspace-based blind estimator of the cost function Cgepmn;
and A € [0, 1]. Taking the derivative of the cost function
with respect to h| the semi-blind channel estimator is
obtained.



By letting a set of Np pilot tones be P =
{P(1),---,P(Np)}, the p-th received symbol at the r-th
receive antenna Y,.(p) is expressed as follows

L

Yo(p) = Y a(p)e ¥ Ph () + Z.(p), p e P(8)
=0

Note that h = [h”(0),--- ,h”(L)]”. Thus, we obtain

Y(p) = Wph +Z(p) (19)
where Y(p) = [Yi(p), - ,Yny(®)]T and W, =
Wp.’gwp’R with 42Wp,L = x(p) ® INR, Wp,R =
[e=3F O ... eI FLIP]® [y,. Then, we can form the

NpNpg x Nr(L + 1) system of linear equations as

Y=Wh+7Z (20)
where
Y(P(1)) Z(P(1))
Y= 5 Z= (21)
Y(P(Np)) Z(P(Np))
and
Wpa).L Wpea),r
Wpnp).L Wp(Np).R

Thus, the estimate of channel coefficient matrix h is ob-
tained by

h = arg Hrﬁl‘lizll[)\n? —Wh|?+ (1 - )h7Yyin] (23)

When we find h satisfying OCsemi/ ohl = 0, the semi-
blind channel estimator is obtained as

h = ALy, (141) + (1= HVVH]7IY (24)

With the proposed semi-blind algorithm, a complete
channel estimate scheme is obtained over a block sta-
tionary channel as well as a static channel.

4. Identifiability

For the channel to be identified by the noise subspace
method, the matrix G in (7) should have full column
rank as shown in [2], [3]. Since F is a unitary matrix,
rank(G) where G = HFH is equal to rank(H). Therefore,
the condition for H to have full column rank guarantees
that G has full column rank. For the identifiability of
blind scheme, refer to [2].

Now, we consider the identifiability conditions for the
pilot-based least-squares channel estimation. From (24),
h is determined uniquely when W is full column rank,
which is given as

Np > (L+1) (25)
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Let x denote the space spanned by the solution of

arg‘lghianY — Wh|? and the null space of V¥ denote

null[V#]. For the semi-blind identifiability, we have
dim(nullP¥]nx) =1 (26)

Because of the existence of pilot symbols, the ambiguity
caused by the null space of V¥ is eliminated.

5. Simulation Results

To demonstrate the performance of the proposed
semi-blind channel estimation algorithm, we compare the
performance with the work of [6] (which we refer to as the
Muquet’s algorithm in the results that follow) and the
work of [5] (which we refer to as the Ding’s algorithm).
We consider a multipath channel with order L = 2. The
number of subcarriers N is set to 16 and a OFDM system
with the 3 receive antennas is considered. Data symbols
are chosen from a quadrature phase shift keying (QPSK)
constellation and a guard interval is chosen to be longer
than the maximum delay spread of the channel in order
to eliminate the inter-block interference. In our simula-
tions, the covariance matrix R, is estimated to find sig-

Ny
1 . )
nal and noise subspaces as R, = — 3 @ [rD17 where
D N, E 1 ]

=
Ny is the number of OFDM blocks. Note that N, = 1
in a block stationary channel and N, = 30 in a static
channel. For the comparison purpose with a block sta-
tionary channel, the pilot symbols are transmitted at the
first OFDM block in a static channel. Figures 1 and 2
show the bit error rate (BER) to compare the perfor-
mance with the existing semi-blind channel estimation
schemes, in which we consider a block stationary chan-
nel and a static channel. As shown in Figs. 1-2, the
performance of the proposed semi-blind algorithm is bet-
ter than those of the existing estimation methods. The
reason of this improvement is that the proposed semi-
blind algorithm considers the orthogonality for the noise
eigenvectors by using the weighting factor. To evaluate
the estimation error, the normalized root mean squared

error (NRMSE) [3] is used and defined as

N. ¢ () (3)12

1 h™" —h"[]3
NRMSE = - 27
NN o

where N is the number of simulation times, IAl(Z) and h®
are the estimated channel and the true channel (without
ambiguity) respectively. To obtain the NRMSE perfor-
mance as shown in Fig. 5, we execute the simulation of
10000 times to obtain the averaged results and set the
E,/N, to 10 dB.

6. Conclusion

In this paper, we proposed a semi-blind channel esti-
mation algorithm for OFDM systems with multiple re-
ceive antennas, which is characterized by its simplicity
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Figure 1. BER performance of channel estimation
schemes for block stationary channel
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Figure 2.  BER performance of channel estimation
schemes for static channel (number of OFDM
blocks = 30)

and better performance. In order to reduce the residual
error for the noise eigenvectors, we consider the orthog-
onality by using the weighting factor which is obtained
by the Hermitian angle. Thus, our proposed semi-blind
channel estimation algorithm is robust to the limited
amount of available data. Simulation results show that
in a block stationary channel and a static channel, the
proposed semi-blind algorithm is able to achieve better
performance as compared with other algorithms.
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Figure 3. Convergence rate vs. number of OFDM blocks
Ny, for channel with Ej,/N, = 10 dB

7. Acknowledgment

This work was supported by the Brain Korea 21
Project, the School of Information Technology, KAIST
in 2008.

References

[1] Y. Li, “Pilot-Symbol-Aided Channel Estimation for
OFDM in Wireless Systems,” IEEE Trans. on Veh.
Technol., vol. 49, no. 4, pp. 1207-1215, July 2000.

[2] S. Roy and C. Li, “A Subspace Blind Channel Es-
timation Method for OFDM Systems without Cyclic
Prefix,” IEEE Trans. on Wireless Commun., vol. 1,
no. 4, pp. 572-579, Oct. 2002.

[3] C. Shin, R. W. Heath, and E. J. Powers, “Blind
Channel Estimation for MIMO-OFDM Systems,”
IEEFE Trans. on Veh. Technol., vol. 56, no. 2, pp. 670-
685, Mar. 2007.

[4] Y. Zeng and T. Ng, “A Semi-Blind Channel Estima-
tion Method for Multiuser Multiantenna OFDM Sys-
tems,” IEEFE Trans. on Signal Processing, vol. 52, no.
5, pp. 1419-1429, May 2004.

[5] Z. Ding and D. B. Ward, “Subspace Approach to
Blind and Semi-Blind Channel Estimation for Space-
Time Block Codes,” IEEE Trans. on Wireless Com-
mun., vol. 4, no. 2, pp. 357-362, Mar. 2005.

[6] B. Muquet, M. de Courville, and P. Duhamel,
“Subspace-Based Blind and Semi-Blind Channel Es-
timation for OFDM Systems,” IEEE Trans. on Signal
Processing, vol. 50, no. 7, pp. 1699-1712, July 2002.




<<
  /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


