
As an alternative to the traditional pilot-aided orthogonal 
frequency division multiplexing (OFDM), the time-domain 
pseudonoise (PN)-padded OFDM provides a higher spectral 
efficiency. However, the carrier frequency offset (CFO) 
attenuates peaks of the conventional PN correlation output, 
which limits the CFO estimation range of the OFDM 
synchronizer. An improved correlation is proposed in this letter 
to remove the CFO-induced amplitude attenuation of 
correlation peaks. For a synchronizer adopting the designed 
correlator, a larger range of CFO acquisition is obtained 
through using wider correlation windows with a smaller 
interval between them. The proposed method of CFO 
acquisition is verified in a digital terrestrial multimedia 
broadcast receiver, in which the synchronizer is able to acquire 
CFOs up to ±320 kHz in the DVB-T F1 channel. Furthermore, 
the acquisition range can be expanded in more favorable 
channels. 

Keywords: Orthogonal frequency division multiplexing 
(OFDM), carrier frequency offset (CFO), composite PN 
correlation (CPC), DTMB. 

I. Introduction 
Pseudonoise (PN)-sequence-padded orthogonal frequency 

division multiplexing (OFDM), also known as time-domain 
synchronous OFDM (TDS-OFDM) [1], [2], removes pilot 
overhead from the transmitted spectrum, resulting in a higher 
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spectral efficiency than that of the conventional cyclic prefix 
(CP) OFDM [3]. PN-padded OFDM is now considered a key 
modulation technology in the digital terrestrial multimedia 
broadcast (DTMB) standard [4].  

In the PN-padded OFDM, the PN sequence replaces the CP 
as the time guard interval (TGI). Due to the no-pilot signaling, 
the receiver parameters regarding channel state and 
synchronization are estimated only by making full use of the 
inserted PN. A majority of PN correlation-based estimation 
schemes can be found in [5]-[10] for synchronization or in [11], 
[12] for channel estimation. However, the carrier frequency 
offset (CFO) attenuates correlative gain, which leads to a poor 
accuracy of parametric estimation, degrading the performance 
of the PN-padded OFDM receiver.  

The acquisition of a large CFO is a real challenge for the 
TDS-OFDM synchronizer. In [6], [7], some synchronization 
recovery methods based on a long PN correlation were 
examined, while the CFO endurance in the synchronizers is 
limited to a couple of subcarrier intervals [8]. A scheme of 
three-level estimation was proposed in [9] to deal with an initial 
CFO within a range of about ±10 kHz, that is, a few subcarrier 
intervals. In [10], a noncoherent summation of segmented PN 
correlation was introduced to acquire the frame timing in the 
presence of about ±50-kHz CFO. A method of composite PN 
correlation (CPC) was constructed in [5] to estimate a large 
CFO up to ±160 kHz, which significantly enforces the 
robustness against CFO compared with the conventional 
methods. In the CPC-based scheme, however, there exist 
parametric constraints preventing the synchronizer from further 
expanding the CFO estimation range. In this letter, a novel 
correlation method is proposed to remove the constraints so 
that the improved CFO estimator can maximize the acquisition 
range in a flat fading channel. Even in a hostile channel, the 
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proposed method doubles the CFO estimation range compared 
with the CPC-based scheme.  

II. Proposed CFO Estimation Scheme 

1. CPC in PN-Padded OFDM  

In the l-th OFDM symbol with Nc subcarriers, the inverse 
fast Fourier transform implements the modulation of frequency 
domain data and yields the time-domain signal xl(n). Variable 
LPN denotes the PN length. The LPN modulated complex 
sequence {PN(n)} is inserted at the start of {xl(n)}, producing  
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where N=Nc+LPN. For simplicity, we only consider the effects 
of the CFO in the received signal; thus, 
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where j2= –1 and εc is the CFO normalized to the tone spacing 
Δf. The CPC is defined in [5] as follows: 
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where  stands for the linear correlation and k⊗ 0 and P are the 
correlation offset and the interval of the right to the left 
correlation window, respectively. The CPC as (3) calculates the 
point-wise conjugate product of two phase-shifted PN 
correlations of L. Using (2) as a substitute in (3), we obtain the 
correlation peak at n=k0 as 
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where σ2
pn is the averaged PN power and the SINC function is 

sinc(x)=sin(πx)/(πx). The CFO is estimated as 
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where angle(x) denotes the phase angle of the complex 
argument x. In (4), the amplitude of R(k0) depends not only on 
the correlation L but also on the CFO εc. The interval P 
between two correlation windows determines the CFO 
estimation range, ±Nc /2P, which can be expanded by 
decreasing P. However, the amplitude attenuation caused by εc 
necessitates the condition L≈P to maximize the correlative gain 
in the CFO acquisition stage [5]. Consequently, sufficient 
correlative gain requires an appropriate correlation L, which 

restricts the CFO acquisition range.  

2. Proposed Approach of CFO Acquisition 

Theoretically, the estimation range of the CPC-based method 
reaches ±Nc /2 when P=1. According to the constraint L≈P, a 
small L is chosen; therefore, the correlation peak is 
“submerged.” Consequently, the CFO estimation cannot be 
implemented. To expand the acquisition range, we must 
remove the peak amplitude’s dependence on the CFO. Here, an 
improved CPC (ICPC) is defined as 
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The correlation peak can be searched at n=k0, thus 

( ) ( )

0

0

*21 ( )
*

1 0 0 0
0

2 ( )
*

0 0

2 21 2 22 2

0

( ) ( ) ( )

            ( ) ( )

          .

c
c

c
c

c c
c c

L j lN k i
N

i

j lN k P i
N

L j P j P
N N

pn pn
i

R k PN i k PN k i e

PN i k P PN k P i e

e L e

π ε

π ε

π πε ε
σ σ

− + +

=

+ + +

−

=

⎡⎛ ⎞
⎢= + +⎜ ⎟⎜ ⎟⎢⎝ ⎠⎣

⎤⎛ ⎞
⎥+ + + +⎜ ⎟⎜ ⎟⎥⎝ ⎠⎦

= =

∑

∑

i

(7)

 

Through searching peaks of the ICPC, the CFO is acquired by 
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In (7), the correlative gain is determined only by L, which 
removes the dependence of the gain on the CFO. To compare 
the gain of the ICPC with that of the CPC, we choose L1 and L2 
as the correlation L of the CPC and the ICPC, respectively. 
Thus, the gain ratio of the ICPC to the CPC is expressed as 
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Considering the maximized CFO as εc =±Nc /2P, we have 
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In (10), the gain ratio is related to L1 as a sinusoidal law. We 
obtain the minimized ratio as (11) by choosing L1=P. 

2
min 2 (2 ) .L Pγ π −=               (11) 

According to (11), the ICPC provides a higher correlative 
gain only if γmin≥1, that is, 2 / 2P Lπ≤ , indicating that the 
ICPC is a more appropriate scheme than the CPC for the CFO 
acquisition when 2/ ( )c cN Lε π≥ . Therefore, the proposed 
method makes it possible to break through the maximum range 
limit of the CFO estimation in the CPC-based synchronizer.  
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However, in pursuing a large acquisition range, the CFO 
estimation precision inevitably worsens. From (8), it follows 
that the variance of the CFO estimate is proportional to 1/PP

2 if 
we assume a certain variance of phase-shift estimation. A 
smaller P means a larger acquisition range but more noticeable 
CFO estimation errors. Therefore, a robust CFO estimator 
cannot be realized only by decreasing the correlation interval P. 
The tradeoff between the range and the precision demands a 
multistage scheme to realize a robust estimator with a large 
acquisition range and high-level precision.  

For the small-scale acquisition of the CFO, that is, 
2/ ( )c cN Lε π< , the CPC can yield higher correlative gain 

than the ICPC. Hence, the multistage scheme can be designed 
as the combination of two correlation methods, that is, the 
initial CFO acquisition by the ICPC combined with the small-
scale CFO tracking by the CPC. The ICPC is used to acquire 
the CFO in the initial stage, in which what really counts is the 
estimation range. When the initial CFO is reduced to a degree 
that the CPC-based method can handle, the initial stage comes 
to an end. In the following stages, the CPC-based CFO 
estimation is invoked. Regarding the configuration of the 
estimator, refer to [5]. In the CFO tracking stage, the CPC with 
L=Lm and P=N, which can be shared with the channel 
estimator in [12], is adopted to provide accurate CFO tracking. 
Note, Lm is the m-sequence length in the middle of the TGI.  

III. Numerical Results 

We set up a PN-padded OFDM system compatible with the 
DTMB standard to evaluate the ICPC-based CFO acquisition. 
As detailed in [5], the main parameters are set as follows: 
Nc=3,780, Lm=255, LPN=420, Δf = 2 kHz, and the constellation 
type is 64-QAM. Since the ICPC-based acquisition is 
combined with the CPC-based tracking with L=255 and 
P=LPN+Nc, the open-loop performance is simulated to examine 
the acquisition range of the CFO, and estimates are averaged 
over 100 trials. Regarding the accuracy of CFO tracking, refer 
to [5].  

Due to the more hostile time dispersion in the DVB-T F1 
channel, the synchronizer performs worse than in other tested 
channel models [5]. We hence choose DVB-T F1 as our main 
channel to test the worst case. Figure 1 gives S-curves of the 
ICPC-based acquisition with different values of P, and the 
result in [5] is listed as a reference. Parameter L is limited to 20 
for the CPC-based curve but set as 230 for the ICPC-based 
curves when 2 / 2 230 / 2 24P Lπ π≤ = ≈  to obtain 
higher correlative gains. Therefore, the ICPC-based method 
can work in the case of smaller correlation intervals. Given 
P=10, the CFO acquisition range is doubled compared with 

 

Fig. 1. S-curve of CFO estimator in DVB-T F1 channel with
SNR = 0 dB. 
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Fig. 2. S-curve in case of P=1 over different channels. 
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the result in [5]. We also examine the low bound P=1; as 
shown in Fig. 2, the estimator cannot converge in the DVB-T 
F1 channel. For more favorable channels, such as the tested 
additive white Gaussian noise (AWGN) and single frequency 
network (SFN) channels, CFOs within ±Nc/2 can be acquired, 
which indicates that the acquisition range of the ICPC method 
is close to the theoretical limit of CFO estimation, that is, the 
transmission bandwidth.  

Figure 3 shows S-curves of P=10 with different values of L. 
The stability of the CFO estimator becomes worse as L 
decreases. The CFO acquisition becomes invalid when L=120. 
Accordingly, if the LPN permits, we choose the longest possible 
L to maximize correlative gains. In the DTMB system, the 
ICPC-based synchronizer of the PN595 mode or the PN945 
mode outperforms that of the PN420 mode since L can be 
increased further. 

The verification of the closed-loop CFO tracking is 
illustrated in Fig. 4. The ideal CFO is set to 160 × 2 = 320 kHz. 
The three-stage CFO estimation scheme is adopted as follows:  
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Fig. 3. S-curve of CFO estimator with different correlation widths
in DVB-T F1 channel with SNR = 0 dB. 
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Fig. 4. Closed-loop tracking of CFO. 
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The first stage is the ICPC with L=230 and P=10; The second 
stage is the CPC with L=230 and P=250; The third stage is the 
CPC with L=255 and P=4,200. The closed-loop tracking of the 
CFO is examined in five channel models, as was in [5]. As 
shown in Fig. 4, the estimator converges very rapidly. The 
precision is ideal for OFDM demodulation [5], even though an 
obvious fluctuation is observed in the fast fading channel.  

IV. Conclusion 

To expand the acquisition range of a CFO estimator, an 
improved CPC was presented to obtain correlation peaks, of 
which the magnitude is independent of the CFO. By removing 
the parameter’s dependence between P and L, a significant 
CFO acquisition range was achieved by an ICPC-based CFO 
estimator with a small P and a large L. Simulation results show 
that the improved scheme is quite effective and overcomes the 

shortcomings of the CPC-based method. 

References 

[1] J. Song et al., “Technical Review on Chinese Digital Terrestrial 
Television Broadcasting Standard and Measurements on Some 
Working Modes,” IEEE Trans. Broadcast., vol. 53, no. 1, Mar. 
2007, pp. 1-7. 

[2] W. Zhang et al., “An Introduction of the Chinese DTTB Standard 
and Analysis of the PN595 Working Modes,” IEEE Trans. 
Broadcast., vol. 53, no. 1, Mar. 2007, pp. 8-13. 

[3] G. Liu et al., “Low-Complexity Iterative Equalization for Symbol-
Reconstruction Based OFDM Receivers over Doubly Selective 
Channels,” IEEE Trans. Broadcast., vol. 58, no. 3, Sept. 2012, pp. 
390-400. 

[4] Framing Structure, Channel Coding and Modulation for Digital 
Television Broadcasting System, Chinese Standard of Digital 
Terrestrial Television Broadcasting (DTTB), GB20600-2006, 
Aug. 2006. 

[5] G. Liu and S.V. Zhidkov, “A Composite PN-Correlation Based 
Synchronizer for TDS-OFDM Receiver,” IEEE Trans. 
Broadcast., vol. 56, no. 1, Mar. 2010, pp. 77-85. 

[6] J. Wang et al., “A Combined Code Acquisition and Symbol 
Timing Recovery Method for TDS-OFDM,” IEEE Trans. 
Broadcast., vol. 49, no. 3, Sept. 2003, pp. 304-308. 

[7] Z.W. Zheng, “Robust Timing Recovery for TDS-OFDM-Based 
Digital Television Terrestrial Broadcast Systems,” IEEE Trans. 
Consum. Electron., vol. 52, no. 3, Aug. 2006, pp. 750-756. 

[8] G. Liu, “Comments on ‘A Combined Code Acquisition and 
Symbol Timing Recovery Method for TDS-OFDM,’” IEEE 
Trans. Broadcast., vol. 52, no. 4, Dec. 2006, p. 585. 

[9] L. Gui, B. Liu, and B. Song, “A Novel Method of Frequency-
Offset Estimation Using Time Domain PN Sequences in OFDM 
Systems,” IEEE Trans. Broadcast., vol. 54, no. 1, Mar. 2008, pp. 
140-145. 

[10] S. Tang et al., “Robust Frame Synchronization for Chinese DTTB 
System,” IEEE Trans. Broadcast., vol. 54, no. 1, Mar. 2008, pp. 
152-158. 

[11] L. Gui et al., “Low Complexity Channel Estimation Method for 
TDS-OFDM Based Chinese DTTB System,” IEEE Trans. 
Consum. Electron., vol. 55, no. 3, Aug. 2009, pp. 1135-1140. 

[12] G. Liu and J. Zhang, “ITD-DFE Based Channel Estimation and 
Equalization in TDS-OFDM Receivers,” IEEE Trans. Consum. 
Electron., vol. 53, no. 2, May 2007, pp. 304-309.  

 

ETRI Journal, Volume 35, Number 4, August 2013 Guanghui Liu et al.   709 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 1.3
  /CompressObjects /Tags
  /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 false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /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 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


