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Abstract 
Cross Borehole Ground Penetrating Radar (XBGPR) has been used extensively in both 

unsaturated and saturated zone researches. However, the possible error of XBGPR images 
generated from inversion and mathematic assumption has not yet been clarified. To improve the 
resolution and accuracy of XBGPR images, it is necessary to know the sources of the error. In 
this research, two steady state models were set up and electromagnetic forward modeling were 
conducted to synthesize XBGPR signals. The synthesized signals were then processed and 
inverted to produce tomograms. By comparing the inverted XBGPR tomograms with the original 
models, we are able to locate the sources of the error of the XBGPR tomograms.
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¬8:®�¯p°J±¬8:®�¯p°J±¬8:®�¯p°J±¬8:®�¯p°J±  ²´³Sµ ¶  �g5[7��������	·�¸��8¹º��»�¥1�¼�½�¦ §K� ������� ��#g$�F�PpQ ¨�©�1J3¾}:~
L�M	F^��ª«hÀ¿JÁÂ�ÃKÄ2,�F��2�:������8ÅÇÆÉÈ¥�ËÊ �ÍÌgÎKÏ	Ð � one-dimension �ÒÑ�ÓKÔ ��Õ�Ö�×1Øy:zp-8MÚÙ�F ÑÛÓÔ ��Ü2Ý8ÞÖ�¥ß�à^���8���Û���¾� Cross Borehole Ground 
Penetrating Radar, XBGPR � @ B2á[â:ã�| ÑÚÓ ��F�z	ä8q�åRhæ1�3¾�èç � ���8_	��F Ï^Ð�

two-dimension �éÑ�ÓgÔ �������S1�y{z��K��:�J�K��@JB��Jê ëgì^í îKïgðgñ ³óò:ô F����� Þg· �Jõð.ö�Ã�÷�!KFK�K�^�.�g� � Ug� �¡c �Jäg����FKzgäpqKåøh
¿.5Ú7 Zúù ,K�.ûü � ���¾�:���J-	;�ý��.û�·�¸g�2¹ú�p� Z FK����_�bø�ÀÅ(Æ

(a)
ÌKÎ +	þ	ÿ	��� Straight Ray Paths � �2� � 1g3 (b)

����Q	��g� � �
Finite Difference Time 

Domain Method � FDTD � ���jK��ä8�.� ��� ��Ã�÷�!�F�������� U��
	
� hvÄ2,.; ý��û^�:���.���^ü � F����j����g�K��:��T�" U V�W�Y�� ����������� ÌJÎ F�L�Mga�� �þ�ÿ���!6a
� �S1.l#" ù�W$ | � c&%(' ù�W ��ï.GKÃ�)+*
,�- h.��¿ ù ,�;	ý	�0/ � F Ì
Î L�Mga���Ã�1�2JF�.� �J��� 3	14�pj 5�6 U V�W�Y�� GK����CKM X�Y F��87��KG�P�QF95:6¾ü � �À?:;8, �=< � Fp�^��Q	�p��� �?> 3^1:���@�BADCA=�E�F�Þ�F¾�����K�p��_b �S1�y{z^�.��TK" ��\��ºB G@H�F I�A X�Y ?6÷�!�a�"�F�1�2øh

Ï ³ G�J����K����F�LK�	5&7p�g�Õ�	��� ��&M8�?Np��2ßà^��Õ���2� ZO
P �
Central Frequency � j

100MHz Q�R Þ<�TS9UJF�àWVº·?X�Y Zpj  2.5m
��[@\ G��9� ]�^8_9` ü � jL��a
b&c�ü

� �
Multi-Offset Gathers, MOG’s � �d]8^�e�f�g�h�Y�Z�j 0.25m

F�:���J� � Q8R hS����Q�����LG�J	���BM?iÄÕ,
Holliger and Bergmann (2002)

F V�W � �Új ù^W 6 O � Ä[,
MATLAB

Y� �LKA���gF
j�k�G�l mgÜ�Ý�c	ÿon ù W h
Holliger and Bergmann (2002)

��p
j�q ù Wr s ��K«��t VKW � F?u�v�w:x�Y�Z �?y z v:B�u�vK��{
|g��F ² 1JÞ��>1}:~F#����g�h#� W FÚ�Ú� �p�Õ�#u�vÚ�#{��¾j

0.9m
���¿���5ø7�F Î aDwBxÚÄi,

0.0625m×0.0625m
F?��v 1:��K ù	W F r s h

�85 7�N[Ä ,·Û¸8�ø¹�� �ÚFD�B���Õ·��BG�J G��B���8! ����� j��Ú�^|
�
Conductivity � 1J3 µ �@��Gp� Dieletric Constant � !:�G»��  � r
s�ù ,�Ký��6�^��� ����_K���K��F r
s hó¿Jû�� �@3���B M���1�3 H��	F�¤�� G J�Ã����gF�·�¸g�8¹�� �6���
G9��N����	�

Petrophysical Model � h>�J5¾7AF���·@�(� µ �+N�G����g���N�Ä^,  Topps(1980)�?� H�������� U \ �
(Time Domain Reflectometer, TDR)

GB��
��·��KH���Ã���p�F��
� h ?���·��(�����:|��� > Ä^, Ì ö�F  Archie’s Law (Archie, 1942)

� � h
LaBrecque et al. 

(2002)
5¾7�[�_

Archie’s Law
3�1�, ² Ì ö�F���G@� �( 
¡ �o����·@��GB���:|KFB��N«h¿�}���N
3�,�Þ �: 
¡ È

 
ba θσ ⋅=  �Z �

σ
j �o�@¢�-L����|

(bulk conductivity)
�

θ
j �o�@£:¤���·@� �

a
0

b
> j��AH�

�Ç5¾76Ã�¥�K�FK¤��&��G»�¡�J5¾7`Ä^,
LaBrecque et al. (2002)

��� _8¦�`�@§ �L¨ ��G��
��:�L©�ª�¢.@�E �p�FKÃ

11.0=a
1.3

81.0=b
�pjo��� ��·@�JG�����|�FB��N���� h
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« ³ 587.! s
(1) ÌJÎ�Ï�Ð.Ñ^ÓgÔ �����RÈ¬ Ê:j��A� Ì�ÎgÏ Ð ����F�LK«�>1.3 ��� ¿.�����S1 FDTD

G�Jg�K�^ü � �K�8�
��g� ��G U	V�W �

Inversion � CKMKE	F �J���K�	T�"»�óÅÇÆ U8 F µ �
�4G��(®	TK"p1�3���
¯@°�±
(attenuation)

�®�T�"<h ¿
}8² � NjÕyúz U�V WKX�Y @KB��¾¹�©oª 38�����
� TK"�F
³:s	�KT�´øhµt Z

(a)
FJ�p��Å{Æ2�A�9¶`B

8m
ã Ñ � Z F 1m

ã Ó �»�¡;g��F Ó�2��·Kì�F��K��:�J
�� ¨ ío¸�¹�º�� Ê¼»¾½À¿ hSÞJ� F Ó � > jJ·
X��(®�Á
Â(¢J�g������o·�ìF�
2� ¨ ¹�º y ¸ ìpF 
2� ¨ h¥-
(b)
F��2� Z �Ã�2x

(a)
�2� Z Ó �pF�ã|&Ä�j

0.5m
� 1�ÿ
}
ÅÕyÇz��	�2�J���g��� ��
^��@�B^á2âdãp| �K�	F z�ä^q å hk��5Ú7 µ ���G U V�W F��M ³ Y�Æ G� � N
� Ç Chang et al. (2004)

F�C�M XKY G� � ÿ+n�h ¬ ÊSF
� �8�J� U�V W ����T "�È ¡ - ÌgÎ�Ï	Ð �^� Z �v���2���	�����	�2ü �8É 3p1 t _Ú]
0.5m

3
1m
F Ó � F^î�ï��:®�h - (a)

�p� Z F U�VKW C�MKE F�������KTK" t _�;�M G
Þ8M Ó ��F�îKï:�:®�G�H	IA���8�LK4S�AR�ÊÈ ¡ Ä^, 100MHz

P ±�3
0.25m

]8^(_�`�	�
FK����.��
��R��3 t _�· X8¹�º�� QgFË�M Ó �1:3�· X¹ Ì���Í�F Ó �Rh ¤ X�U VKWÎ  FK;�M Ó � µ � ��G (Dielectric constant, Ka)

�Kj
16
· ¸ � £ H	I(J

(Ka=20)
j(Ï �k?

Þ8M Ó ��F µ � ��G > ��A�B	H	I(J h (b)
��� > È ¡ @�BKã	|�ÏgB�Ð��

0.5m
F Ó �»�Ñ�U VKW C�M X�Y �vÞ8M Ó ��F µ � ��G�ÐL��� Êèç8·
¸<�ÊÒÏgB	H	I(J �k�ºB µ � ��G�G�o����·@��Ó�! ² rS��6FB��N (Topps, 1980)

�Ô�:¿LÕÖÏ�×K£&Ø Ó �p�éã	|Ï�B 1m
1�Þ �F�H	I(��·��øhÑÙ�� � µ � ��G�F U8 T�"�Ú?È ¡ -��@A ]^ ¨ à�M	��F Ó �»�  ×�F µ� ��G
ÛJ£ ¨�Ü ïAFLÝA��j(Ï�c�Þ�Z�H	I(J«hµÈ ¡ ß�à��K�^�.�J
p�g@JB��@A ]^ ¨ à�F

Ma	zgä |g£�QR�Ñ�:¿JG�H I(J�F�P	QJ£?� h
ß�= ¬

1
Z ¸gì FK�K�^�.�J��� F�� ��¯ °?±K�

attenuation � TK" É = t _g; Þ Ï � Ó��F���Ó�a�cR�¥=�?:t�z�ä�|?Ò�Ï�BB��ý�F µ ���+G��®�T�"Rhd�BA@]�^g
�� ¨ à	F M�R� Ó ��� ��¯ ° t _:Ë M?à Z _^b � �	¨ ��á ìíoâ Ì�F Ó �»�äãK-�� ��¯ °?±�T�" ZB�
^� ¨ à8ï t _�á�â?Ì�F	_8b h
(a)
G

(b)
F �8¹º� Z F Ñ ��G Ó �	F2���K����¯?°@±��¤^�:Þ � Á W E»�äå�æ.�p� Z Ñ ��F�� ��¯ °?±�j 0.42Np/m

�k? Ó � > j 0.84Np/m
h ?

-
(a)
Z ¤ U�V�W F��	� ¯@°�±�T�" Z � Þ�� Ó ��F��	� ¯?°L±�F�ç���J > "p]�yºH�IJ���
0.4Np/m

�k?6;�M Ó � > " ]dH	I(J�� 0.8Np/m
FB� � y B Ñ ��F�� ��¯ ° > �@AJB��¨.���gF�H I(JRh�- Ó ��ã	|ÐL� 0.5

F
(b)
����3@t�C�M r�s > È ¡ � ù ,.����.���

��� ��¯ °	ü � ��@JB�£�Ø6F Ó ������¯ °
±  ×pooè9" ]`H I(JL��� 1.0Np/m
1:;<�Ñ�

¿(é&Ø6F Ó �»��� ��¯ °?± � U	V�W F�T�"KÃ  ×�F Ó ��� ��¯ °�F�P	Q8é
� h  �`B���5Ú7:F��	��¯@°�± U�V W N�Ä2,�@gB����K�	� $ | U�V�W F¾â:}�ê V�W � Y
� � ¿Kjg_�ë �8M����K�^�.���J���K��
��JÃKn^,.F�ü � �>=	?K�g1:;KF�587 r s È ¡ ¿
} VKW ü � c�á�ì�,.;�ýg����¯
°
± U	V�W �Ñ�:¿g4 ¨ ��á 
 í�n�,A����¯ °
± U V�W�Y
� F?ì	,.��G
³.s�� h

 
(2) ÌJÎ�Ï�Ð.Ñ^ÓgÔ ������È¬ ç j ���

Chang et al.(2004) î�ï �K�^�.��G ¨ à��(�	��ä�ðoñ�Ã�� ��F�· ¸��2¹_�������
field model � � 1�3
ò � ¿ }����c�¤¾�.·�¸K�¾¹4� �6�B��G#�4N��^��� W F ���:�g����¯ °
± hS_g���g��F r�s È ¡ ��Þ?�Wóô¿g� }:£�ØÖË�M Ó � � c�-��õ½ y÷ö ¿
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� }�£�ã Ó ���(® � ¿�} Ó ��cg- Z Z�O ¸gì�����¿JC8øK-�}��úù ¨ û4ü Ã�÷�!KFË�M	áâ?Ì«h>G��ËÊ � Z Ì�Î�Ï ÐJÑ^Ó�Ô ����gÃ�á�â�+���� Ï	Ð�Ñ�Ó�Ô �K�p� Z ��������F�ý��¨ > aK- Z�O �¼þ¾»ÿþÿþ��×C � 1:3p�Aì�a9cg�èçÿ» çÿ½��×3�� ç¾»Ëçÿ½��×C � h  
 

�������
	�������������������������� �!#"%$�&('%�*)+���-,�.#/�0�1�2�3
4%�657���
¬98 > j8;p, ¬ ç FK·	¸���¹ú���R� ����1

(a) Ì�Î +�þKÿ�� � Straight Ray Paths � ��G
(b)FDTD

G Jg�K�^ü � �K�¾�d�p�������  K¤K� ~ þKÿK� U VKW �
Inversion � C�M�E�F	������ T�";:>1.3

(c)
1

FDTD
G�Jg�K�^ü � �K�8�d�p������� c�1�<o^��

Curved Ray Paths �=?> U VKW �
Inversion � CKMKE�F	�J����� TK"«h t Z (a)

F�� � j:;, ÌJÎ LKM�a �1g��@U VKWJY�� FKzgä	|�G�rgs Y |<� ¬
3(a)
È ¡ �J587AÃ�Ä^,:F U VKWJY�� 3 V�WgX�Y 3�1

r�s2+:È ¡ ]º·��L��F^î�ï:��õ �BA	��ºB VKWJY�� Ã,.FB©�ª�¨�C×£�ÏDCd|FE [
\?]^
G8�B��]8^�¶GC�v�B 8 þ�|IHúFKßKà�����.��
��R�Ñ�:¿�@�B�ìí�zgä |�á8Í � c�4�È ¡
]� û4ü ?A÷�!�F á8â ÌKF8øK- ��4�¨�J�wgl�"`ßKà��K��:�J
��gFgìí�zgä |<�vu�w%K
�ML	f	£ "NC�|�F�
8�&©8ªOE�ß2=�&A �   F�"NC�|�
8��©:ª��L� U \^�GP7Q ?��	ë
�RH h y B��	�2����F ��� ¯@°�±�� > È ¡ ] UpV�WgY^� ßp=�3
� Ó t _ Ó ��F��8®
ac´�SA @JB�ìí+â
Ì Ó � FKzgä	|:ã�£�Q«�BT �aKB�e�| óô¿+· ¸�FBØ Ó �»� £�"6F�� �¯ °G�J?à Z BK
p� ¨VU A�� ¨ ï`����¯ ° ù	W Jã8¢.H I:J
Û8Ï«hÃJåXWXYg+����Tß�=
·��L��T�"Kìí:z�ä |�Q�� =	?6����¯
°gT�"�ã@3�È ¡ ]� ¨ Þ û+ü Ã�÷�!�F�áâ Ì´h

(a) 

(b) 
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�
2(a) Z�[�\�]�^`_ !`a ]?b�c%d�e ,gfih�j�k#l�m+n#o%p�!#q�r ]7s ��t�vuV��w�x ]�y q#z{�| ^ � Volumetric water content

�-!V}#~�j+�g�
�����
2(b)
w#x
qgr ]7s ��+n#o%p�!+���#a ]?b

c .#/#0�1�2�!V}�~ij����
E

b
H � ��>?��� �

FDTD
G�J����^ü � �K�¾î�ïg�d��J���<�>1 ï !J-�rgs LKM�a�	Þ�F��JH�.���������¥,�¨K��@ U VKW�X�Y 3�� � @JBN��HgLKM N OJF�zgä | h ¬

3(b)È ¡�U V�W E�FK·�����TK" t _�GK· ¸g��¹ S���� F�îKï:�:® � =�? U VKW E�Ã�å F Ó �·��B�oã £�H�I.���Ï�×��
5%
�µÙ��:J�å�W�YK+�� AK�   F�M�i[�dB^¨ C.îV�o� ��� µ�AF U \�P�Q ��eK|?�

1m
1G�6FKTK"�� j�ë��«h ����¯
°
±�TK" > È ¡ G

(a)
���	N O«�

U�V�W�Y� @KB Ó �	F �	� ¯@°@±gzKäp|	Q��S=?���q�z�ä Ó ��F	á�â?Ì r?� h¥G (a)
�

@ Z áâJ+���� ��A�
�� ¨ F Ó ������¯ °
±A'����
"�× ��� X H	I(J�F ²g� 1�;<� ?d-ã Ó �p� 5~6m
e � Z FK� ��¯
°?± U�V�W J Ú �:S[â6F Q�R �ÊÈ ¡�U VKWgYp� -��.@��gHLKM Q OgÞ���� � r�s�È ¡ Ó � F�����¯ °
±(G�J h

(c)
� � j��?@ ù ,G<:^ =7> ü � ��� �I�gH�L	M	N�OKÞ^�6����+M��Û8n2ÿ =7> F U

V�W ü � F�zgä | h ¬
3(c)
È ¡ ¤ X�U	V�W E F���·���G�� ��¯ °?±�T�"»����·���T�"?È

¡ UV�W�Y2� 3^1�� 7 t _ �·9��HI	��õpF Q R �¡ Lt�×�Á@J�£ (b)
qo j�9A�H^I

J«hµÈ ¡ ß�à��K�^�.�J
p�@©�ª»�¡¤ X 1�<+^ =%> VKW ��j U V�W ü � 3�1A£�þ^ =%> V
W o#¢gs t _K_g��F�H I:��·@� hk=	?d- ¬

3(c)
Z FK����¯
°
± U	V�W TK"ã t _J£?��F

P	Q8J � Ø Ó � Z�O F�� ��¯ °?±6'����4Ï�×L� 0.8Np/m
1�;<�ÊÈ ¡ Jp1M<+^ VKW ��j U

V�W ü � � ��o����.G�H	I(J�FKP	Q«�ÑÕ?£
¤�T�"�FKPM¥´h
 

 ¦ ³ r �  
 

�J5¾7Ö[�_ ù ,Aß�à��K�^�.��<o^ =%> U V�W � �Ê3�1J�87+.r�s U8 ��HKN O�Þ
4�/ ï ��F���Þg·�����F	�(®Rh =	?�âÖh+ U	V�W�XKY @JB ����¯
°
±�F U8 ã�� � åLær�s�F�J �¨§A�
p� ¨ + Ó ��FK����¯
°
±6'#"�× �k? µ B�
�� ¨ ï6F Ó ������¯ °
± >'
Ï�×«h ��¿J�J5¾7Ö[�_�ß�= ù ,7<+^ =%> VKW F U	V�WJYp� 3	1ì	,`B	·����JF  × �
ã�á ì	,`B ����¯
°
±�F  × h �:¿@)Jÿ�}�Åg©�r U	V�WJYp� F�� ��¯ °?±�F VKW � �S1
r�s  q ù	W ]ú� ��¯ °?±�F^î�ï:�(® ��4�¨�F 	 � ��ª _��gF Yp��« �G¬.F U	V�W �7

(a) (b) 
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®X¯V°#±V²M³;´�µ7¶9·¹¸Gº�»%¼�½#¾7¿GÀ?Á�®�¯gÂMÁ?Ã7Ä�°�±ÆÅ#ÇÈ´�É�ÊVË#Ì�ÍVÎ�ÏMÐ�Â
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