6th European Conference on Antennas and Propagation (EUCAP)

Accurate Imaging of a Moving Target in Shadow

Regions with UWB Radar Using Doppler Effect

Shuhei Fujita, Takuya Sakamoto and Toru Sato
Graduate School of Informatics, Kyoto University
Yoshida-Honmachi, Sakyo-ku, Kyoto 606-8501, Japan

E-mail: tsato@kuee.kyoto-u.ac.jp

Abstract—This paper presents an imaging method for a target
in blind areas of a room. We have developed an accurate
imaging method for an indoor object in blind areas, but the
estimated range of the imaging is restricted because of the mutual
interference of indoor multi-path echoes [1]. In this paper, we
extend this conventional method for a moving target and resolves
the mutual interference using the Doppler effect. Numerical
simulation shows that the proposed method achieves wide-range
imaging of a target and accurately estimates target velocity.

I. INTRODUCTION

Indoor surveillance systems are indispensable for maintain-
ing a safe society. A system using radio waves is promising
in surveillance systems because it has the potential to avoid
some of the substantial limitations of camera-based systems.
It has been reported that radio waves enable the detection of
targets in hidden places where cameras cannot work. Existing
communication infrastructure like WLAN stations has been
employed for positioning purposes[2] [3]. Although these
methods are capable of providing rough estimates of target
locations in blind areas, the resolution is inadequate.

To obtain more accurate information, ultra-wide band
(UWB) pulse radar is promising for surveillance imaging
because of its high range resolution. Positioning methods using
UWB pulse radar have been proposed for an environment
with multi-path echoes such as the interior of a room[4] [5].
Combining the time-reversal (TR) [5] and interferometry [6]
imaging methods, we proposed an accurate imaging method
using multi-path echoes, which works even if the target is in
blind areas[1].

However, this method provides a limited part of the target
shape because only a small number of echoes are used for
imaging due to mutual interference of the received echoes.
In this paper, we resolve this problem by using the Doppler
effect and assume a moving target. The proposed method
calculates the Fourier Transform of the received signals and
separates out the interference echoes in the frequency domain.

A numerical simulation verifies that the proposed method

extends the range of the estimated image and estimates the
target velocity accurately.

II. SYSTEM MODEL

Figure 1 shows the system model. We consider a two-
dimensional case. The position is expressed with the parameter
r = (z,y). The system is composed of an antenna array, a
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Fig. 1. System model.

perfect-electric-conductor (PEC) target and a room configured
as a known polygonal shape with PEC walls. The target with
a velocity of vy is in the shadow regions, which are areas
not visible from any location along the array antenna line.
The region painted the darkest gray in Fig. 1 reperesents the

shadow region in the system model. The location of the i-th

antenna is expressed as a; = (iAx +xg, Yo ), where Ax is the

interval of the array antenna. The antenna is assumed to have
an ideally uniform beam pattern with a beam width of 180°
and with the main lobe in the direction of the y axis.

Raised-cosine-shaped UWB pulses, with a center frequency

of f. and a bandwidth of By, are transmitted, and the echoes
are received by the same antenna at a time interval of AT.
si(r,nAT)(n =0,---,N) denotes the signal received at the
antenna location a; at time nAT, where N is the total number
of received signals and r is defined with time ¢ and the speed
of the radio wave c as = ct. Note that the observation time
of NAT is sufficiently short that vy is assumed to be constant
during that time. The echoes received when the room is empty
are subtracted from s;(r,nAT), and a filter matched to the
transmitted waveform is applied.

For convenience, mirror image antennas are introduced at
symmetrical positions with respect to the room walls as in
Fig.2. Each multipath wave can be modeled with an imagi-
nary echo from the corresponding mirror image antenna. The
location of the j-th mirror image antenna for the ¢-th antenna
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Fig. 2. Mirror image antennas.

is represented as a; ;.

Unless otherwise noted, f. = 79.0GHz, By, = 1.4GHz
(x0,90) = (0.1m,1.0m), Az = 0.1m, M = 39 and a cir-
cular target with a radius of 0.5m located at (—3.0m, 4.0m)
is assumed in this paper. The velocity of the target is vy =
(0.50m/s,0.87m/s). An ideal environment without noise is
assumed.

III. INTERFEROMETRY IMAGING IN AN INDOOR
ENVIRONMENT

The conventional method employs interferometry and TR
imaging methods for a target in the indoor multi-path
environment[1]. The image is provided as the superposition
of the intersection points of two ellipses:

{ [P —ai [ +|r —aix| =riu, (M
|r — @iv1,j| + |r — @iv1 k] = Tit10, ()
where r; ,, is the u-th range data extracted as the peak position

of s;(r), which is the range from the antenna to the target. r; ,,
and ;41 , satisfy the condition

[Tiw — Tit10] < AR, 3)

where AR is the length of the transmitted pulse in space. The
schematic of this interferometry method is illustrated in Fig. 3,
where an ellipse with foci a; » and a; 5, and another ellipse
with foci a;y12 and a;y15 are used to calculate the target
location.

The image includes many false image points across the
room because incorrect combinations of antennas and range
data are used in the estimation. Therefore, the conventional
method removes the image points 7, satisfying the following
condition:

|rp - Ttr| <p, (4)

where r, is the p-th image points, 7, is the location esti-
mated using the TR imaging method and the parameter p is
empirically determined.

Figure 4 shows the estimated image by applying this method
to the system model shown in Fig.1. The RMS error and
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Fig. 4. Estimated image with conventional method.

the estimated range of the estimated shape are 0.47 mm and
7.0 %. Although the result verifies that this method estimates
the target shape accurately, only a small part of the target
shape is provided because only a small amount of the range
data is extracted owing to mutual interference of the received
signals.

IV. PROPOSED IMAGING METHOD

To resolve the problem mentioned above, the proposed
method separates the received signals in the frequency domain
using a Fourier transform. This approach is based on the
principle that each received pulse has a unique value of the
Doppler velocity vq formulated as

vy 4 = vg, ®)

where 2 is the incidence vector from the antenna to the target
which is determined by the incidence angle from antenna to
target.

In this section, we describe the procedure of the wide-range
imaging method for an indoor object using the Doppler effect.
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Fig. 5. Raw signal s20(r) and transformed signal Saq(r, mAf).

A. Interferometry Imaging

We define the Fourier transform of s;(r,nAT) as
Si(r,mAf). (riw, fin) is extracted as the peak position of
S;(r,mAf), where f;,, is the u-th frequency data. The image
is obtained as the solutions of Eq.(1) and (2). In addition
to Eq.(3), the combination of r;, and r;11, is adopted by
satisfying the condition

| fiw — fir10] < AF/2, (6)

where AF = 1/NAT is the frequency resolution.

Figure 5 (a) shows so0(7, 31) and (b) shows the transformed
signal Sog(r,nAf) in the system model shown in Fig. 1. The
von Hann window is applied with the Fourier transform and
AF = 100Hz. We set the other parameters AT = 3ms
and N = 64. AR = 0.2m is calculated by AR = c/By,.
It is confirmed that the received pulses are separated in the
frequency domain.

The image estimated by this method is shown in Fig.6.
In this figure, the method reconstructs a wide range of the
target boundary because the proposed method extracts more
range data from the received signals than the conventional
method. However, it also has many false image points due
to the increment of the number of incorrect combinations of
antennas and range data.

B. Velocity Estimation

To obtain a clear image, we propose an effective false image
reduction algorithm using the Doppler frequency of the range
data. In the first step, the proposed method estimates the target
velocity from the image including the false image points. The
velocity of the target v, 4 is calculated as the solution of the
equations

{ Up,q * tp = VUp, )
Up,g* g = Vg, @®)
where the indexes p and ¢ denote a specific image point,
i, is the unit vector parallel to the incident direction from
the antenna to the p-th image point and v, is the Doppler
velocity for the p-th image point. The Doppler velocity vq is
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Fig. 6. Estimated image without false image reduction.
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Fig. 7. Evaluation function F'(v).

obtained from the Doppler frequency f4 for vqg = —(c/2f.) fa-
First, the proposed method calculates v, with all possible
combinations of pairs of image points p and q. Note that
V)¢ includes inaccurate velocity vectors because the image
includes many false image points. To obtain accurate target
velocity, the proposed method estimates the velocity of the
target v as

D = arg mﬁxF(v), )

F(v) =14 (ap+ag)G(v — vy u,a)} . (10)

where G(v; p, o) is a two-dimensional Gaussian function with
a mean and standard deviation of g = 0 and o, and a,, is the
amplitude of the pulse for the p-th image point. It is expected
that F(v) has a high value at the position of true velocity
because the image includes more true boundary points than
false image points.

Figure 7 shows F(v) calculated by the image of Fig. 6. This
figure verifies F(v) has a high value in the vicinity of v =
(0.50m/s,0.87m/s) and the target velocity © is accurately
estimated.
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Fig. 8. [Estimated image.

C. False Image Reduction

In the second step of false image reduction, the proposed
method removes the false image points using the estimated
velocity. Using Eq.(5), the proposed method removes the
image points that satisfy the following condition.

‘vp_i"ip|>77|i"»

Y

where 7 is an empirically determined parameter.
Moreover, the image satisfying the following condition is
removed.

min |7'p - rp’| > Are (p # pl)v (12)

where Ar, is an empirically determined parameter. This is
because experience shows that the false image points are
isolated from other points.

The estimated image after false image reduction is shown in
Fig. 8, where we set p = 0.8m, n = 0.1 and Ar, = 0.02m.
The root-mean-square (RMS) error and the estimated range
of the proposed method are 10.5 mm and 23.1 % respectively.
Although the RMS error of the proposed method deteriorates
20-fold compared with the conventional RMS error, the esti-
mated range is extended about 3-fold.

V. PERFORMANCE EVALUATION
A. Noise Tolerance

This subsection discusses the imaging accuracy of the pro-
posed method with noisy data assuming the same scenario as
in the previous section. To produce a noisy signal numerically,
white Gaussian noise is added to the raw signals. We define
S/N as the ratio of the peak instantaneous signal power to the
averaged noise power after applying the matched filter. The
RMS error and estimated range of the estimated shape using
the proposed method is shown in Fig.9.

This figure shows that the RMS error and is relatively
small, less than 40.0 mm, and the estimated range is relatively
large, more than 20.0 % for the S/N > 33.8dB. The image
estimated in noisy environments is shown in Fig. 10 for
S/N = 33.8dB. In Fig. 10, although there are inappropriate
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Fig. 9. RMS error and estimated range of the proposed method vs. S/N.
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Fig. 10. Estimated image for S/N = 33.8dB.

false points, most of the estimated points are located on the
target surface, giving an accurate estimation of the image.

B. Performance Evaluation with Other Models

This subsection discusses the performance of the proposed
method with different models. We apply the proposed method
to the two system models shown in Figs. 11 and 12.

Figures 13 and 14 shows the images obtained from the mod-
els shown in Figs. 11 and 12. The estimation RMS error and
estimated range are 2.04mm and 29.8%, and 3.28 mm and
5.09 %, respectively. In the system model shown in Fig. 11,
the estimated range of the proposed method is extended about
3-fold compared with the conventional method and the RMS
error of the proposed method is virtually the same as for the
conventional method. In the system model shown in Fig. 12,
the estimated range of the proposed method is extended about
1.5-fold compared with the conventional method and the RMS
error of the proposed method improves 10-fold. These results
verify that the region containing images is extended compared
with the conventional interferometry method because the pro-
posed method uses more multi-path echoes for imaging.
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Fig. 13. Estimated image for system model B.

VI. CONCLUSIONS

(1]

(2]

(3]

(4]

(5]

(6]

This paper proposed a wide-range imaging method for a
moving target in a shadow region. Numerical simulation veri-
fied that the proposed method separates the received signals in
the frequency domain and accurately estimates the target shape
and velocity. Moreover, we confirmed the proposed method

works in several room

shapes.

2134

105
True Target Shape -
Estimated Target Shape
10F e
E o5t |
> i .
“‘\‘ E
9+ \ ........ -t
85 L L L )
-4 -35 -3 -25 -2
x[m]
Fig. 14. Estimated image for system model C.

REFERENCES

S. Fujita, T. Sakamoto and T. Sato, “2-Dimensional Accurate Imaging
with UWB Radar Using Indoor Multipath Echoes for a Target in Shadow
Regions,” IEICE Trans. Commun., vol. E94-B, pp. 2366-2374, 2011.

S. Ikeda, H. Tsuji, and T. Ohtsuki, “Indoor event detection with Eigenvec-
tor spanning signal subspace for home or office security, ” IEICE Trans.
Commun., vol. E92-B, pp. 2406-2412, 2009.

K. Pahlavan, F. O. Akgul, M. Heidari, A. Hatami, J. M. Elwell, and
R. D. Tingley, “Indoor geolocation in the absence of direct path,” IEEE
Wireless Communications, vol. 13, no. 6, pp. 50-58, 2006.

P. Meissner, T. Gigl, and K. Witrisal, “UWB Sequential Monte Carlo
Positioning using Virtual Anchors ” International Conference on Indoor
Positioning and Indoor Navigation, pp. 355-364, 2010.

Y. Jin, J. M. F. Moura, Y. Jiang, D. D. Stancil and A. G. Cepn, “Time
Reversal Detection in Clutter: Additional Experimental Results ” IEEE
Trans. Aero. Electron. vol. AES-47, pp. 140-154, 2011.

D. Massonet and K. L. Feigl, “Radar interferometry and its applica-tions
to changes in the Earth’s surface, ” Rev. Geophys., vol. 36, no. 4, pp. 441—
500, 1998.




<<
  /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 1.4
  /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 1
  /Optimize false
  /OPM 0
  /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
    /SABAEN44
    /SAKURAalp
    /Shruti
    /SimSun
    /STSong
    /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


