
Novel Algorithm for Real Time Imaging of Objects in a half-space with 
Unknown Characteristics 

 Yanli Liu1,2, Lianlin Li1, Fang Li 1 

1Institute of Electronics, Chinese Academy of Sciences, Beijing, China 
2Graduate School of Chinese Academy of Sciences, Beijing, China 

1,2ylliu04@mails.gucas.ac.cn 
 

Introduction 
 

During the past several decades, electromagnetic inverse scattering techniques grow more 
attractive. It has been widely used in several applications conducted with nondestructive tests 
and evaluations. The sensing of buried targets and landmines detection is an important branch 
of the inverse scattering. Since 1980’s there has been a considerable research interest in the 
diffraction tomography methods for problems associated with subsurface characterization [1-
3]. There also have been a lot of other methods to solve the half-space problems such as 
Distorted Born iterative method (DBIM) [4] and the method of MUltiple Signal 
Classification (MUSIC) [5] etc. 

However the usual algorithms mentioned above require the characteristics of the half-space 
to be known. Relatively small errors in the estimated bε -value may result in large distortions 
of reconstructed profile. In this paper a novel auto-focusing approach has been proposed to 
the reconstruction of dielectric objects in a lossy earth with unknown characteristics. The fast 
Fourier transform has been used to cut down the computing time. An exponential refocusing 
time factor has been introduced. The rule to choose the optimal focusing time is determined 
by the minimum entropy criterion. Numerical results have shown that the proposed algorithm 
can provide a good location of the embedded objects in a short computing time despite the 
inaccurate estimation of earth electrical parameters. 
 

Formulation 
Fig.1 has shown the configuration of the 2-D half-space imaging problem. The upper 

region is a free space ( 1, 0a aε σ= = ). The lower region is a lossy earth characterized by bε  
and bσ . obsD  denotes the observation domain. The transceiver is located in a plane above or on 
the air-earth interface: 0sy y= ≥  and parallel to the interface. ( ),s sx y indicates the position of 
the transceiver and sy is a constant here. The transceiver moves along a scan line ranging 
from ( )/ 2, sL y−  to ( )/ 2, sL y , which is parallel to the surface as shown in Fig.1. 

Suppose that the electric current is a 2-D point source, which is equivalent to a 3-D line 
source directed to z direction. In this case only the z component of the electric field is nonzero 
and the subscript z will be omitted in the following formulations. Under Born approximation 
we have 
                               ( ) ( ) ( ) ( )2; , ; ; ,scat s ab s inc s

Dobs

E k k G k E k dχ′ ′ ′ ′= �ρ ρ ρ ρ ρ ρ ρ                          

(1) 
Here we assume a frequency independency of the objects. 

The incident electric field can be modeled as 
                                             ( ) ( ) ( )0; , ;inc s ab sE k ik P k G kη′ ′=ρ ρ ρ , ρ                                       
(2) 
Using reciprocity theorem ( ) ( ); , ;ab s ab sG k G k′ ′=ρ , ρ ρ ρ  and then applying the exploding-source 
model ( ) ( ) ( ), ; , ; , ;2ab s ab s ab sG k G k G k′ ′ ′=ρ ρ ρ ρ ρ ρ  to Eq.(1) it becomes 
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(3) 
Eq.(3) can be expressed in the form of an operator : scatA Eχ → .By using the Weyl identity, 
the operator A can be expressed as 
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where 2 2
, , 0 ,4ay by a b x a bk k k ikε η σ= − + . 

Then the buried dielectric cylinders can be reconstructed 
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(5) 
HA is the adjoint operator of A . Then  
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(6) 
By using FFT, Eq.(6) can be calculated in a short computation time. In Eq.(5) 

regularization of an ill-posed matrix has been avoided. Since the spectral form of Green’s 
function has been adopted in Eq.(6) it can be applied to multi-layered case easily.  
 

 Auto-focusing Technique 
In Eq.(6) the permittivity of the earth are needed. However sometimes there is no a priori 

exact information about the earth permittivity. Inspired by the concept of time reversal 
imaging (TRI), Eq.(6) can be interpreted as 
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(7) 
If the permittivity of the earth is not estimated exactly the optimal focusing time will not be at 

0t = . Thus the reconstruct formula of the object function can be modified into 
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(8) 
According to Eq.(8) a series of images can be obtained with different t values. Employ the 
minimum entropy criterion [6] to determine the most optimal focusing time. The entropy of 
one image is defined as 
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(9) 
Minimizing the entropy the corresponding instant t0 is the optimal focusing time. Reviewing 
the imaging process describe above we can find that the auto-focusing process is in a way 



similar to time reversal which consists of two steps. First reverse the received signal in time 
domain. Second retransmit the reversed signals in the same medium. Likewise in the 
proposed auto-focusing algorithm if the optimal time is adopted the signals will be refocused 
at the true location of the target and vice versa. 
 

Reconstruction Results 
In the numerical simulations considered in this section, let 6,bε = 0.1mS/ mbσ = . The 

reconstruction domain obsD  is a 1m×1m square region whose top side is 0.5m below the air-
soil interface. The height of transceivers is 3msy = and 10mL = . There are 100 transceiver 
positions with a step of 0.1m. The working frequency is between 200MHz-1.2GHz with a 
step of 50MHz. The scattered data are simulated using CG-FFT algorithm. 

First, we will see distortions in the reconstructed images caused by the errors in the 
estimated bε ′ and bσ ′ -value. The prime represents the estimated value distinct from the true one. 
We consider a square dielectric object ( 10, 0.2mS/ mr rε σ= = ) of 4cm×4cm centered at (0,-
1.02m).The original object profiles to be reconstructed are shown in Fig.2(a). Fig.2(b-d) 
show the images with different estimated values 4, 5mS/ mb bε σ′ ′= = 6, 0.1mS/ mb bε σ′ ′= =

12, 5mS/ mb bε σ′ ′= =  respectively. In Fig.2(b) and (d) there exists obvious position deflection 
and image blurring. Only Fig.2(c) achieves a satisfactory image with the exact values of 

bε and bσ . Second, we explore the cause of the image degradation in the concept of TRI. Put 
the exact bε and bσ values into Eq.(6). The degradation of the image caused by the inaccurate 
estimation of bε can be explained as the focusing time is unsuitable chosen in the sense of 
TRI, shown in Fig.3(a-c). Only at 0t =  we can obtain a satisfactory reconstructed image. If 
we choose another time 0t ≠  it will result in image degradation which is similar to the image 
position deflection caused by inaccurate estimation of bε ′ and bσ ′ . Third, apply the auto-
focusing technique to remove the degradation caused by the inaccurate estimation of 

bε ′ and bσ ′ . Here 10, 5mS/ mb bε σ′ ′= = is adopted. Fig.4(a) shows the result without auto-focusing. 
Fig.4 (b) shows the entropy curve. The optimal time t0 can be easily extracted from Fig.4(b). 
Then we can get the final satisfactory image as shown in Fig.4(c) regardless of the estimation 
inaccuracy of bε ′ and bσ ′ . 
 

Discussion and Conclusions 
From Fig.2 (b-d) we can see that the estimation error results in a distorted image in which 

the object is located in a wrong position. By employing auto-focusing technique the image 
distortion will be removed, which has been shown in Fig.4(c). Numerical results have 
displayed that the proposed algorithm can provide a good locations of the object embedded 
under a lossy earth despite the inaccurate estimation of earth electrical parameters in a very 
short computing time. 
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        Fig.1 Physical configuration of half-space imaging problem                                   Fig.2 (a) 
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                        Fig.2 (b)                                           Fig.2(c)                                              Fig.2(d) 
Fig.2 reconstructed results with different estimated values bε ′ and bσ ′  (no auto-focusing):(a) original profile(b) 

4, 5mS / mb bε σ′ ′= = , (c) 6, 0.1mS/ mb bε σ′ ′= = , (d) 12, 5mS/ mb bε σ′ ′= =  

 
                          Fig.3 (a)                                          Fig.3(b)                                               Fig.3(c) 
Fig.3 imaging results with the exact parameters of earth 6bε ′ = and 0.1m / mb Sσ ′ =  at different focusing time:(a) 
t=4ns, (b) t=0, (c) t=-4ns 

  
                       Fig.4 (a)                                              Fig.4 (b)                                             Fig.4 (c) 
Fig.4 reconstructed results with 10bε ′ = 5mS/ mbσ ′ = : (a) without auto-focusing(b) entropy curve (c) optimal image 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


