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“Seeing” through obstacles such as walls, doors,
and other visually opaque materials using microwave
signals is considered as a powerful tool for a variety
of applications in both military and commercial
paradigms. Through-the-wall imaging (TWI)
has been recently sought out in rescue missions,
behind-the-wall target detection, surveillance, and
reconnaissance. There are several studies on TWI to
detect the presence of persons behind walls and track
their movements with known wall parameters, such as
wall thickness and dielectric constant [1—14]. Ferris
and Currie [1] have reviewed existing microwave
systems that can detect the presence of persons behind
walls and track their movement. Most of the existing
systems provided low two dimensional resolutions
[2—9]. To improve the resolution, sensor network
and coarrays were proposed in references [11], [13,
14], and [23—24], respectively. In practical situations,
however, the wall parameters are not known a priori,
and need to be properly estimated, so that undistorted,
high quality imaging can be obtained. Larger errors
in wall parameters cause smearing of the image
and displace targets away from their true positions.
These effects reduce the accuracy of the TWI and
compromise the integrity and main objectives of the
system.
The degree of smearing and blurriness of
targets can be measured and corrected by applying
auto-focusing metrics [17—19], which include
normalized sum of image intensity, normalized sum
of squared intensity, image entropy, and ratio of
standard deviation to mean amplitude. Although these
metrics provide maximum, or minimum, values at the
correct wall parameters, they are not highly sensitive
to reasonable error values. Further, the associated
nonconvex error function renders the application of
gradient search techniques for the minimum error
value nonapplicable.
The errors in wall parameters impact the imaged
target position more than its intensity profile. The
shifts of targets away from their true positions depend
on the errors in the wall parameters as well as the
target locations with respect to the antenna array.
In this paper, the effect of wall parameter errors on
imaging is delineated. We introduce a new approach
to locate the target without the knowledge or accurate
measurement of the wall parameters. The wall is
assumed to be single and uniform. The transmit and
receive arrays are assumed to have already been
designed to meet the angle resolution specified by
the system. Both arrays can be placed against the
wall or at a standoff distance. A wideband pulse,
meeting the required range resolution, is emitted by
the transmit antennas and coherently combined at
the receive antennas, using different sets of focusing
delays corresponding to different image pixels.
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The proposed approach requires imaging to be
performed under at least two different array structures,
which could simply amount to shifting one or a few
antennas, in the transmit or receive array, to new
locations. For each array structure, imaging through
the wall is obtained using multiple sets of assumed
wall parameters. For each set, a trajectory, tracing the
bias in the target location, is formed. The intersection
of the trajectories, corresponding to the different array
structures, is used as the estimate of the true target
location.
The organization of rest of this paper is as
follows. We provide in Section II the basic theory and
equations of the wide-band through the wall imaging.
The effect of wall parameter ambiguities on target
displacement is discussed in Section III. In Section IV,
a target location estimation approach based on the
use of two or more array structures is proposed.
Simulation results are presented in Section V. The
conclusion is provided in Section VI.

Fig. 1. Geometry for computing distances on receive.

II. FUNDAMENTALS OF THROUGH THE WALL
IMAGING
Consider a single transmitter and a single receiver
subarray, used to synthesize an M-element transmit
and an N-element receive linear array, with known
locations. The region to be imaged is located along
the positive z-axis. Let the transmitter, placed at the
mth transmit location xtm = (xtm , ztm ), illuminate the
scene with a wideband signal s(t). The reflection
by any target located in the region being imaged is
collected at the nth receiver located at xrn = (xrn , zrn ).
For the case of a single point target located at xp =
(xp , zp ) = (Rp sin µp , Rp cos µp ), the output of the nth
receiver is given by
ymn (xp ) = a(xp )s(t ¡ ¿p,mn )

(1)

where a(xp ) is the complex reflectivity of the point
target. The wideband signal s(t) is a narrow pulse that
provides the desired range resolution. As shown in
Fig. 1, the propagation delay ¿p,mn , encountered by
the signal as it travels from the mth transmitter to the
target located at xp , and back to the nth receiver, is
given by
¿p,mn =

rm,p,air + ln,p,air rm,p,wall + ln,p,wall
+
c
v

(2)

where c is the speed of light for traveling in the
air, and v is the speed of the wave traveling in the
material (wall) with a dielectric constant ". In this
paper " = 9 is considered, which corresponds to a
concrete wall [12]. The dielectric constant for other
types of
p walls can be found at [20]. We note that
v = c= " [12]. The variables rm,p,air and rm,p,wall
represent the traveling distances of the electrical
wave in the air and wall, respectively, from the mth
transmitter to the target p, whereas ln,p,air and ln,p,wall
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Fig. 2. Block diagram of post-data acquisition beamformer.

are the traveling distances of the wave in the air and
wall, respectively, from the target p to the nth receiver.
The traveling distances inside and outside the wall,
and subsequently, the delay in (2), can be precisely
computed, given the exact knowledge of the wall
parameters [13, 14].
The process, described by (1) and (2), is repeated
with the transmitter at the mth location until all the
N receive locations have been used sequentially. The
corresponding N outputs are processed as follows.
The region of interest is divided into a finite number
of pixels in range and angle. The complex composite
signal corresponding to the image of the pixel located
at xq (at range Rq in the direction µq ), is obtained
by applying time delays and weights to the data
at the N receivers, and summing the results. The
corresponding imaging system is shown in Fig. 2.
For a single target case, the system output is given
by
zmq (t) =

N
X
n=1

wrn a(xp )s(t ¡ ¿p,mn + ¿q,mn )
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where wrn is the weight applied to the output of the
nth receiver. The focusing delay ¿q,mn is applied to the
output of the nth receiver when the transmitter is at
the mth location. This delay, which is given by
rm,q,air + ln,q,air rm,q,wall + ln,q,wall
¿q,mn =
+
c
v

(4)

synchronizes the arrivals at different receive locations
for the same pixel, and as such allows coherent
imaging of the scene. The variables in (4) are the
same as those in (2), except the target pixel p is
replaced by the focusing pixel q. If xp = xq , then
the focusing delay ¿q,mn becomes equal to the target
propagation delay ¿p,mn . In this case, all signals in (3)
are coherently combined at pixel xp = xq . If xp 6= xq ,
the focusing delay differs from the propagation delay,
and the signals in (3) are incoherently combined.
In essence, the above coherent and noncoherent
combining of target returns is equivalent to forming
a beam at pixel xp in range and angle directions. The
range resolution can be enhanced by using a larger
bandwidth pulse, whereas the angular resolution can
be improved by increasing the transmit or/and the
receive array apertures.
The above process is repeated by sequential
use of the M transmit locations and produces M
complex composite signals, zmq (t), m = 1, 2, : : : , M,
corresponding to the image of the pixel at xq . The
final complex signal corresponding to the pixel
located at xq is obtained by the coherent weighted
linear combination
zq (t) =

M
X

wtm zmq (t)

m=1

=

N
M X
X

m=1 n=1

wtm wrn a(xp )s(t ¡ ¿p,mn + ¿q,mn )

(5)

where wtm is the weight applied to the component
signal zm (t) obtained using the mth transmitter. Unlike
the focusing delays, the weights wrn and wtm are
independent of the pixel location xq , and serve to
define the system point spread function according
to desired specifications. The complex amplitude
image value for the pixel located at xq is obtained by
passing the signal zq (t) through a filter matched to the
transmitted pulse and sampling the output of the filter
at time t = 0,
I(xq ) = (zq (t) ¤ h(t))jt=0

(6)

where h(t) = s¤ (¡t) is the impulse response of the
matched filter. The process described by (3)—(6)
is performed for all pixels in the region of interest
to generate the composite image of the scene. The
general case of multiple targets can be obtained
by superposition of target reflections. For a wave,
traveling from wall material with dielectric constant "
to air with dielectric constant "2 = 1 and incident at an

angle µ, the angle of refraction ' is given by Snell’s
law,
p
sin ' = " sin µ:
(7)
The loss of signal power, changing in propagation
speed, and the bending effect of the wave as it
propagates through and out of a dielectric medium are
important factors that must be taken into account for
reliable and accurate imaging. Failure to do so would
result in errors in the focusing delays for a designated
pixel which, in turn, cause errors in determining the
locations of the targets.
III. EFFECT OF WALL PARAMETER AMBIGUITIES
In practical situations, the values of the wall
parameters are not exactly known. Below, we discuss
the effects of wall parameter ambiguities, namely, the
wall thickness and dielectric constant, on imaging
through the wall. Errors in these two parameters
impact the traveling time both inside and outside the
wall, and subsequently, lead to corresponding errors
in the applied focusing delays for coherent imaging,
given by (4). Using estimated, rather than true, values
of the wall parameters, (4) changes to
¿˜q,mn =

r̃m,q,air + l̃n,q,air r̃m,q,wall + l̃n,q,wall
+
c
ṽ

(8)

where ṽ = c=n"¯e , r̃m,q,wall and r̃m,q,air are the estimated
traveling distances of the wave in the wall and
air, respectively, from the mth transmitter to the
q image pixel, whereas l̃n,q,wall and l̃n,q,air are the
estimated traveling distances of wave in the wall
and air, respectively, from the image pixel q to the
nth receiver, using estimated wall thickness de and
dielectric constant "e . Comparing (4) to (8), it is clear
that due to errors in the propagation speed and wave
refraction angle, ¿˜p,mn 6= ¿p,mn , ¿˜q,mn 6= ¿q,mn . A pure
shift in target position due to wall parameter errors
will require ¿˜q,mn = ¿p,mn , 8m, n, in which case one set
of focusing delays in the presence of wall errors must
equal to the target propagation delays, given by (2).
A. Effect of Wall Thickness Errors
If the estimated, or assumed, wall thickness is
de = d + ¢d, then the time required to travel from
the mth transmit antenna to the nth receive antenna,
reflected at p, is
¿˜p,mn,d = ¿p,mn + ¢¿p,mn,d :

(9)

Rewriting (2) as
p
p
"d
"d
h
h
+
+
+
¿p,mn =
c cos('tm ,p ) c cos('rn ,p ) c cos(µtm ,p ) c cos(µrn ,p )
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where h = zp ¡ d, then we can obtain
Ã
!
¢d sin('tm ,p ¡ µtm ,p ) sin('rn ,p ¡ µrn ,p )
¢¿p,mn,d =
+
:
c
sin(µtm ,p )
sin(µrn ,p )
(11)
The derivation of (11) is given in Appendix A. It
is clear from the above equation that the change
in the time delay is a linear function of ¢d, and
is a nonlinear function of the incident angles. This
implies that the change in the propagation delay is
generally antenna dependent. If " > 1, then 'tm ,p >
µtm ,p and 'rn ,p > µrn ,p . It follows from (11) that if the
wall thickness is overestimated, i.e., ¢d > 0, then
¢¿p,mn,d > 0. Therefore, when de is larger than the
true value d, the applied focusing delays are greater
than those required to coherently combine the signal
returns for a target at pixel p, i.e., ¿˜p,mn > ¿p,mn . Now,
consider imaging pixel q that is closer to the wall than
p, and where there is no target. Under the assumption
of wall thickness, de > d, the applied focusing delays
are typically greater than those required if there are no
wall errors, i.e., de = d. In this case, ¿˜q,mn > ¿q,mn . The
above two time delay inequalities suggest that there
could be a pixel q where ¿˜q,mn ¼ ¿p,mn , rendering a
displacement of the target from location p to location
q. We note that a pure shift in the target position
requires ¿˜q,mn = ¿p,mn , for all values of m and n,
otherwise a shift is accompanied with blurriness.
The above argument is illustrated in Fig. 4.
Fig. 4(a) considers three targets at different locations
behind the wall. The transmit antennas and receive
antennas are symmetric around their center point,
and are placed against the wall, as shown in Fig. 3.
The transmit array consists of four antennas with
inter-element spacing of 0.6 m. The receive array
consists of eight antennas with inter-element spacing
0.065 m. Both the transmit and receive arrays are
located along the x-axis at positions listed in Table I.
The wall thickness is d = 0:4 m and the dielectric
constant is " = 9. We use a rectangular pulse with

Fig. 3. (a) Transmit array. (b) Receive array.
TABLE I
Transmit and Receive Array Locations
Element
#

1

2

3

4

5

6

7

8

Transmit
(m)
¡0:9
¡0:3
0.3
0.9
Receive
(m)
¡0:2625 ¡0:1875 ¡0:1125 ¡0:0375 0.0375 0.1125 0.1875 0.2625

bandwidth 1 GHz and center frequency of 2 GHz.
These radar signal characteristics are maintained
throughout the paper. The dielectric constant is
assumed known, i.e., "e = ", but the wall thickness
is unknown and assumes the values de = 0:6, 0.4,
0.2 m. The second value is equal to the true wall
thickness, whereas for the other two values, de 6= d.
The images corresponding to different pairs of wall
parameters (", de ) are superimposed. It is evident
from Fig. 4(a) that there is no significant changes
in imaging qualities, even when the incorrect wall
parameters are used. On the other hand, the targets
are clearly shifted away from their true positions.
B. Effect of Dielectric Constant Errors
Similar to the wall thickness errors, errors in
the dielectric constant also impair imaging. If the
estimated, or assumed, dielectric constant is "e = " +
¢", then the corresponding focusing delay becomes
¿˜p,mn," = ¿p,mn + ¢¿p,mn,"
where
d¢"
¢¿p,mn," = p
2 "c

Ã

1
cos(µt

m

(12)

1
+
)
cos(µ
,p
r ,p )

!

: (13)

n

Fig. 4. Changes in imaging for different wall assumptions. (a) Effect of wall thickness errors. (b) Effect of dielectric constant errors.
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as shown in Fig. 5, the traveling time ¿p,m between the
mth transmit antenna to the target p, is expressed as
p
zp ¡ d
"d
¿p,m =
+
:
(14)
c cos('t ,p ) c cos(µt ,p )
m

m

Assume that under the wall error ¢d = de ¡ d, the
target, whose true position is p, appears at point q
at (xq , zq ). Denote ¢xpq = xq ¡ xp and ¢zpq = zq ¡ zp .
The relationship of ¢xpq , ¢zpq , antenna and the target
locations is shown in Fig. 5. For small values of ¢d,
the estimated time delay from the mth antenna sensor
to point q is expressed as
¿˜q,m = ¿p,m + ¢¿pq,m

(15)

where
Fig. 5. Geometry for computing imaged position q corresponding
to target p.

¢¿pq,m =
The derivation of (13) is given in Appendix B. It
is evident from the above equation that the change in
the propagation delay is dependent on d, ", and the
incident angles. Further, when " > 1, then ¢¿p,mn," > 0
for ¢" > 0. Therefore, if "e is larger than the true
value ", the corresponding speed of signal traveling in
the wall ṽ < v, and ¿˜p,mn > ¿p,mn . Similar to the case of
de > d discussed in Section IIIA, for "e > ", the target
at location p may be displaced to some pixel q closer
to the wall. For illustration, we consider the same
wall characteristics and targets used in Section IIIA.
In this case, however, we assume knowledge of the
true wall thickness, de = d, but use different values of
the wall dielectric constant, "e = 6:25, 9, 12.25. The
second value is equal to the true value of the dielectric
constant, whereas for the first and third values, "e 6= ".
The images corresponding to different pairs of wall
parameters are superimposed in Fig. 4(b). It is evident
that the image quality under different assumed values
of the dielectric constant are almost the same, but the
targets are shifted away from their true positions.
IV. NEW APPROACH FOR TARGET LOCATION
Depending on the applications, large target
shifts can be undesirable and must be corrected.
The shift in the target position depends on the wall
parameter errors and the relative position of target
with respect to the wall. It is easy to understand the
target displacement in range due to wall errors. Below,
we consider the effect of the wall parameter errors on
targets in angle.
A. Shift of Target in the Image Results with Wall
Thickness Error
Now, we consider target shifts due to different wall
thickness errors. For simplicity of analysis, we focus
on the simple case of one way traveling from transmit
array to a target p located at (xp , zp ), where the mth
transmit antenna is located at (xt , 0). In this case, and
m

=

_
@¿
@¿pq,m
@¿pq,m
pq,m
¢xpq +
¢zpq
¢d +
@d
@xq
@zq
¢d sin('t

m

,p

c sin(µt

¡ µt

m

m

,p )

¢zpq cos('t

m

+

,p )

c

,p )

+

¢xpq sin('t

:

m

,p )

c
(16)

_
Note that @¿
pq,m =@d = sin('tm ,p ¡ µtm ,p )=c sin(µtm ,p ),
obtained from (41), has considered the subsequent
change of the incident angles due to the change in d.
_
In here, @¿
pq,m =@d is used to distinguish this operation
from @¿p,m =@d operation in (41) which assumes fixed
incident angles. For the array antenna to synthesize
an image at position q of a target physically present
at location p, the difference between ¿˜q,m and ¿p,m
should ideally be zero for all M antennas (Note that,
theoretically, blurness will occur if ¢¿pq,m 6= 0 for
any m). To simplify the problem, we assume that the
array aperture is small, and consider the following two
conditions at the center of the array antenna (it is not
necessary that an antenna should exist in the center of
the array). First, the time delay ¿˜q,0 should be equal to
¿p,0 , that is,
(17)
¢¿pq,0 = 0
where the subscript 0 denotes the center of the array.
Second, the above time difference is invariant with the
antenna, i.e.,
(18)
@¢¿pq,0 =@'t ,p = 0:
0

From (16),
¢¿pq,0 =

¢d
[sin('t0 ,p ) cos(µt0 ,p ) ¡ sin(µt0 ,p ) cos('t0 ,p )]
c sin(µt0 ,p )
+

=

¢xpq sin('t0 ,p )
c

+

¢zpq cos('t0 ,p )
c

¢d £p
c

+

" cos(µt0 ,p ) ¡ cos('t0 ,p )

¢xpq sin('t0 ,p )
c

+

¤

¢zpq cos('t0 ,p )
c
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where µt ,p and 't ,p , are respectively, the incident and
0
0
refraction angles in the wall and air, related to the path
from the center of the transmit array to the target p.
Accordingly,
!
Ã
sin(µt ,p ) cos('t ,p )
@¢¿pq,0
¢d
0
0
=
¡
+ sin('t ,p )
0
@'t ,p
c
cos(µt ,p )
0

0

+

¢xpq cos('t ,p )

¡

0

c

¢zpq sin('t ,p )
0

c

:

(20)

From (19) and (20), we obtain
¢xpq = ¡¢d(" ¡ 1) tan(µt ,p )
0
Ã
!
cos('t ,p ) p
0
¢zpq = ¡¢d
"¡1 :
cos(µt ,p )

(21)
(22)

0

From (21) and (22),
(" ¡ 1) sin(µt ,p )
(" ¡ 1) tan(µt ,p )
¢xpq
0
0
=p
=
cos('
)
¢zpq
" cos('t ,p ) ¡ cos(µt ,p )
t0 ,p p
0
0
"¡1
cos(µt ,p )
0

(" ¡ 1) sin(µt ,p )
0
¢
> ¡p
> tan('t ,p ):
0
" ¡ 1 cos('t ,p )

(23)

0

For reasonable values of µt

0

,p

and 't ,p ,
0

cos('t ,p ) p
0
" ¡ 1 > 0:
cos(µt ,p )
0

Therefore, when ¢d is positive, both ¢xpq and ¢zpq
are negative, and q appears closer to the antenna
array than p. Expression (23) also implies that the
target moves toward the center of the antenna array
when a positive wall thickness error is introduced. We
can obtain a similar conclusion for the propagation
between the target and the receive array. Therefore,
the above equation remains valid when the two way
traveling (from transmitter to target and from target
to receiver) time is considered. We note that when
considering the effect of both the transmit and receive
arrays, the shift of the image is given by
¢xpq = ¡¢d(" ¡ 1)[tan(µt0 ,p ) + tan(µr0 ,p )]
¢zpq = ¡¢d

·µ

cos('t0 ,p ) p
cos(µt0 ,p )

¶ µ

"¡1 +

cos('r0 ,p ) p
cos(µr0 ,p )

(24)
¶¸

"¡1

(25)
where µr ,p and 'r ,p are, respectively, the incident and
0
0
refraction angle in the wall and air related to the path
from target p to the center of the receive array.
Referring back to Fig. 4(a) and examining the
shifting patterns of the targets, we find a distinction
between the movements of the center target, located at
(4, 0) and the off-center targets located at (6, ¼=10) and
(6, ¡¼=10). The transmit and receive antenna arrays
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are placed against the wall symmetrically at the two
sides of (4, 0). Therefore the antenna array appears at
one side of the target (6, ¼=10) and on the other side
of (6, ¡¼=10). From the above analysis, the center
target will not shift to the left or the right, but will
only move along the path perpendicular to the wall,
which is the case in Fig. 4(a). Based on the analytical
results, the off-center targets will move toward the
center of the antenna array, which is verified by the
simulation result in Fig. 4(a), which shows that the
images of targets located at ¼=10 and ¡¼=10 shift, not
only in range but also in angle. When the assumed
wall thickness is larger than its true value, the targets
at ¼=10 and ¡¼=10 move close to the wall and also
toward the center view angle, 0.
The above example demonstrates that the
imaged target displacements depend on the target
relative position to the transmit and receive arrays.
Accordingly, two different array structures will yield
two different displacement patterns. Based on this
property, we propose, below, a scheme to estimate
the target true position by performing imaging with
different locations of the transmit arrays.
B. One Parameter is Unknown
In this section, we propose a scheme to estimate
the true positions of targets as well as the wall
parameter when only one of the two wall parameters,
i.e., wall thickness or wall dielectric constant, is
known. First, we consider the case where only the
dielectric constant is known. The transmit and receive
arrays are placed as shown in Fig. 3 and Table I. By
using several assumed values of the wall thickness, a
series of shifted target images can be generated. The
target shifts toward to or away from the wall, resulting
in a shifting pattern that depends on the array
structure. The connection of the centers of the same
imaged target forms the target displacement trajectory.
The target trajectories corresponding to different array
structures intersect at the true target position. The
corresponding value of the assumed wall thickness
at that position is its true value. Figs. 6(a) and 7(a)
show the simulation results of a target located at
Rp = 6 m, µp = ¼=10 = 18± , with known dielectric
constant and different assumed wall thickness values.
Fig. 6(a) demonstrates the change in angle, whereas
Fig. 7(a) demonstrates the change in range. In both
figures, the true position of the target is marked “o”.
When the wall thickness has negative errors, i.e.,
de < d, the target is imaged at (Rq , µq ), with Rq > 6 and
µq > 18± . When de = d, the target is imaged at its true
position with distance 6 m and view angle 18± , i.e.,
(Rq , µq ) = (Rp , µp ) = (6, ¼=10). On the other hand, if
de > d, then Rq < 6 and µq < 18± , and the target image
moves to the lower left side of its true position. This
is consistent with the analysis given in Section IVA.
As the assumed wall thickness changes from small to
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Fig. 6. Shifts of target in angle with wall thickness errors. (a) Target at (6, ¼=10). (b) Target at (6, ¡¼=10).

Fig. 7. Shifts of target in range with wall thickness errors. (a) Target at (6, ¼=10). (b) Target at (4, 0± ).

large, the trajectory of the target images crosses over
the target true position. Similar pattern of behavior is
obtained for the second target located at (6, ¡¼=10)
and depicted in Fig. 6(b), which is the counterpart of
Fig 6(a). However, in Fig. 6(b), unlike the first target,
when the wall thickness error is negative, the target is
displaced to the upper left side, instead of the upper
right side, of the target’s true position. In essence,
for both targets, the view angle increases in absolute
value for reduced wall thickness estimate, depicting
a move towards the sides and away from the center.
Fig. 7(b) shows the shift in range for the target at
(4, 0). When the wall thickness error is negative, the
target images move away from the wall, causing an
increase in range.
Next, we modify the antenna array structure
by moving the transmit array 0.8 m along the x
axis, and generate another series of images. The
images of targets follow the same moving pattern
as in the original structure. However, because of the
different locations of the transmit antennas in the two
array structures, the respective target displacement

trajectories are not identical. The intersection of the
two trajectories provides the true target position and
the true wall thickness. This is demonstrated by the
simulation results shown in Fig. 8(a). In this figure,
“.” indicates the target image positions in angles for
the original transmit array structure, whereas “*”
indicates the target image positions in angles for the
shifted transmit array structure.
Below, we give a pseudocode of the proposed
target location estimation algorithm with known
dielectric constant, ".
1) Generate a series of images Ad , Ad , : : : , Ad ,
e1
e2
ek
for a given array structure, and using "e = ". These
images correspond to the assumed wall thickness
values de , de , : : : , de .
1
2
k
2) Find the position I1 (x, z, de ) in x-z plane of the
l
target p in image Ad for 1 · l · k.
el
3) Fit I1 (x, z, de ) 1 · l · k with two separate
l
polynomials z = f1 (x), u = g1 (z) of orders r1 and r̃1 ,
respectively, where u represents the variable of wall
thickness.
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Fig. 8. Target position and other wall parameter estimation with one parameter known. (a) Dielectric constant is known.
(b) Wall thickness is known.

4) Repeat step 1 and generate another series of
images Bd , Bd , : : : , Bd , using another array structure,
e1
e2
ek
and "e = ".
5) Find the position I2 (x, z, de ) in x-z plane for the
l
same target p in image Bd for 1 · l · k.
el
6) Fit I2 (x, z, de ) 1 · l · k with two polynomials
l
z = f2 (x), u = g2 (z) of orders r2 and r̃2 , respectively.
7) Find the cross point (x0 , z0 ) of z = f2 (x) and
z = f1 (x), i.e., z0 = f2 (x0 ) = f1 (x0 ).
8) Let d̂ = 12 (g1 (z0 ) + g2 (z0 )) as the estimated wall
thickness.
9) Use the wall parameter (", d̂) to generate the
final image.
The above argument and experiment can be
extended to the case when the true wall thickness
is known, but the dielectric constant is unknown.
Trajectories, similar to those shown for the unknown
wall thickness case, can be generated with respective
figures with close similarities to their counterparts
in Figs. 6 and 7. We, therefore, omit the detailed
presentation for the known wall thickness case.
Fig. 8(b) shows the simulation results of the two
trajectories and their intersection point for this
case.

images move closer to the center of the antenna array
when a series of assumed wall thickness de < de <
1
2
¢ ¢ ¢ < de are used.
l
To analytically address the above imaging
problem, we estimate the displacement of the image in
the x-direction when there is an error in the dielectric
constant, and ¢d is such that the target position in the
z-direction is unchanged. That is, the target located
at point p, (xp , zp ), is imaged at the point q located at
(xq , zq ), where zp = zq , but xp and xq may or may not
be equal. The analysis and simulation below show,
that for ¢z = 0, the displacement in the x-direction
¢xpq = xq ¡ xp assumes very small values.
Denote ¢d = de ¡ d and ¢" = "e ¡ ". When ¢" is
small, the time delay from the mth antenna to point q
is expressed as
¿˜q,m = ¿p,m + ¢¿pq,m

¢¿pq,m =

=
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_
@¿
@¿pq,m
@¿pq,m
pq,m
¢xpq
¢d +
¢" +
@d
@"
@xpq
¢d sin('t

m

,p ¡ µtm ,p )

c sin(µt

m

+

C. Both Parameters are Unknown
Now, we consider the case where both the wall
thickness and the dielectric constant are unknown. We
first assume a value of one of the two parameters, say
the dielectric constant, "e . Then, we proceed with the
same steps used in Section IVB, where the dielectric
constant is known. That is, we generate a sequence
of images using different assumed values of the wall
thickness. Since "e has an error, the trajectory, unlike
the previous case, will not be guaranteed to crossover
the true target position. However, the same pattern
under the correct dielectric constant " persists; the

(26)

where

,p )

¢xpq sin('t

m

,p )

c

¢"d
+ p
2 "c cos(µt

m

,p )

:

(27)

Similar to the derivation in Section IVA, we assume
that the array aperture is small, and the two conditions
embodied in (17) and (18) at the center of the antenna
array should be satisfied, where ¢¿pq,m is now given
by (27). In this case,
¢¿pq,0 =

¢d sin('t

0

,p ¡ µt0 ,p )

c sin(µt ,p )
0

+

¢xpq sin('t ,p )
0

c

¢"d
+ p
2 "c cos(µt ,p )
0

=0
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the following integral,
Z "+¢"
d sin('t ,p ¡ µt ,p )
0
0
¢xpq = ¡
d"
2" cos2 ('t ,p ) cos('t ,p + µt ,p )
"
0
0
0
r
d sin('t ,p ¡ µt ,p )
" + ¢"
0
0
ln
:
=¡
2
cos ('t ,p ) cos('t ,p + µt ,p )
"
0

0

0

(32)

Fig. 9. Displacement of targets.

and
@¢¿q,0
@'t0 ,q

¢d
=
c
+

+

µ

¡

sin(µt0 ,q ) cos('t0 ,q )
cos(µt0 ,q )

+ sin('t0 ,q )

¶

¢"d sin(µt0 ,q ) cos('t0 ,q )
p
2 "c cos3 (µt0 ,q )
¢xpq cos('t0 ,q )
c

(29)

= 0:

From (28) and (29), we obtain
¢xpq = ¡¢"

d sin('t

0

2" cos2 (µ

t0

,p

¡ µt ,p )
0

,p ) cos('t

,p
0

+ µt ,p )

:

(30)

0

The corresponding ¢d is given by
d sin(µt0 ,p ) cos('t0 ,p ) cos(2µt0 ,p )
:
¢d = ¡¢" p
2 " sin('t0 ,p ¡ µt0 ,p ) cos2 (µt0 ,p ) cos('t0 ,p + µt0 ,p )

(31)
Because the relationship between ¢xpq and ¢" is
not linear, for a relatively large value of ¢", we can
obtain a more accurate approximation of ¢xpq through

The result of (32) is illustrated in Fig. 9 for the three
targets used in Fig. 4, i.e., (xp , zp ) = (6 sin(¼=10),
6 cos(¼=10)), (6 sin(¡¼=10), 6 cos(¡¼=10)), (0, 4),
where "e varies from 5 to 15. The true wall thickness
is 0.4 m and the true dielectric constant is 9. The
array geometry is explained in Table I. The center
of the transmit array is shifted to the left by 0.6 m,
i.e., (xt0 , zt0 ) = (¡0:6, 0), whereas the receive array
is located at the center point, i.e., (xr0 , zr0 ) = (0, 0).
The results in Fig. 9 have considered the target
displacement caused by using all antennas. It can
be seen that the displacement is very small and is
considered negligible compared with the imaging
resolution. Therefore, for all practical purposes, it
is accurate to assume that the imaged target passes
through its true position, even though an incorrect
dielectric constant is used.
The above analysis is verified by the simulation
example depicted in Fig. 10. The transmit array used
in Fig. 10 is that of Table I with the center of array
shifted ¡0:6 m along x-axis. The locations of three
targets as well as the wall parameters are exactly the
same as those used in Fig. 6. We set "e = 6:25. Six
different assumed wall thickness values are used to
generate the displacement trajectory, namely, ¢d =
¡0:3, ¡0:2, ¡0:1, 0.1, 0.2, 0.3.
To compare the moving patterns of "e = 6:25 and
"e = " = 9, the images of Fig. 10 are superimposed,
in Fig. 11 with the results obtained from using the
exact dielectric constant, and the same set of wall
thickness errors. Fig. 10(a) and Fig. 11(a) show that
the image trajectories of each target are merged. The

Fig. 10. Displacement trajectory with different assumed wall thickness and "e = 6:25 for " = 9, center of transmit array shifted by
¡0:6 m from Table I. (a) Images with "e = 6:25 and different de . (b) Peaks of images with "e = 6:25 and different de .
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Fig. 11. Superimposed images in Fig. 10 with "e = 6:25 and those "e = ² = 9 and different assumed wall thickness de .
(a) Images with "e = 6:25, "e = 9, and different de . (b) Peaks of images with "e = 6:25, "e = 9 and different de .

Fig. 12. Finding true image with estimated wall parameters using "e = 6:25. (a) Images with "e and different de .
(b) Peaks of images with "e and different de .

Fig. 13. Finding true image with estimated wall parameters using "e = 12:25.(a) Images with "e and different de .
(b) Peaks of images with "e and different de .

peak points of images with "e = 6:25 and "e = " = 9
are plotted with “.” and “*”, respectively in Fig. 11(b).
The target trajectories are almost the same. A very
slight difference is noticed in Fig. 11(b).
To estimate the position of targets, an array with
a different structure is added. The receive array in
the new structure is the same as that used in Figs. 10
310

and 11. The transmit array used in the new structure,
however, is that of Table I with a 0.6 m shift along the
x-axis, i.e., the transmit arrays in the two structures
are shifted 0.6 m to the left and to the right from the
original structure given in Table I. Using this new
array and the same values of "e and de in Fig. 10,
we generate another series of images. The images
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with the new array structure and those of Fig. 10(a)
are superimposed in Fig. 12(a). The corresponding
peak points of the images are plotted in Fig. 12(b).
Fig. 12 shows that the cross points of the image
trajectories are almost at the true positions of the
respected targets, which are marked with “o”. Note
that, because of the small array apertures, the angle
resolution of the image is limited.
Another example is shown in Fig. 13, where all
the parameters are the same as those in Fig. 12, but
"e = 12:25 is assumed. Unlike Fig.12, the assumed
dielectric constant in Fig. 13 has a positive error.
Comparing with those in Fig.12, the images in Fig.13
move closer to the antenna arrays. However, similar
to the results in Fig. 12, the cross point of the image
trajectories of each target well coincides with its true
position.
Similar to the pseudocode for the case with one
known wall parameter, we can provide a pseudocode
for the underlying case where both wall parameters
are unknown. We fix the value of the dielectric
constant "e and generate different image series with
different assumed wall thickness de , de , : : : , de and
1
2
k
under two different array structures.
1) Generate a series of images Ad , Ad , : : : , Ad ,
e1
e2
ek
using one array structure and an estimated dielectric
constant value "e . These images correspond to
assumed wall thickness de , de , : : : , de .
1
2
k
2) Find the position I1 (x, z, de ) in x-z plane of a
l
target p in image Ad for 1 · l · k.
el
3) Fit I1 (x, z, de ) 1 · l · k with two polynomials
l
z = f1 (x) and u = g1 (z) of orders r1 and r̃1 respectively,
where u represents the variable of wall thickness.
4) Repeat step 1 and generate an image series
Bd , Bd , : : : , Bd , using another array structure.
e1
e2
ek
5) Find the position I2 (x, z, de ) in x-z plane for the
l
same target p used in image Ad for 1 · l · k.
el
6) Fit I2 (x, z, de ) 1 · l · k with two polynomials
l
z = f2 (x) and u = g2 (z) of orders r2 and r̃2 ,
respectively.
7) Find the cross point (x0 , z0 ) of z = f2 (x) and
z = f1 (x), i.e., z0 = f2 (x0 ) = f1 (x0 ).
8) Use d̂0 = 12 (g1 (z0 ) + g2 (z0 )) as the estimated
wall thickness.
9) Use the wall parameter ("e , d̂0 ) to generate the
final image.
Notice that the estimated d̂0 in step 8 depends on the
assumed dielectric constant "e . Therefore, the pair
("e , d̂0 ) employed to generate the final image is not
unique.
V. SIMULATION RESULTS
In addition to the examples provided in the
previous sections, we consider in this section the case

where both wall parameters are unknown. From the
discussions in Section IVC, there exist different pairs
of ("e , de ) that can be used such that the targets are
imaged at their correct positions. For illustration, we
consider three targets located at (4, 0), (6, ¼=10) and
(6, ¡¼=10) with wall parameters " = 9, d = 0:4 m. The
transmit and receive arrays are the same as those used
in Fig. 13.
First we show that the target images pass through
their “true” positions, even though the assumed wall
parameters have errors. Figs. 14(a) and 14(b) show
the results with fixed assumed dielectric constant
"e = 12:25 and "e = 6:25 with 12 different assumed
values of wall thickness de with d ¡ de = 0:25, 0.20,
0.15, 0.10, 0.05, 0, ¡0:05, ¡0:1, ¡0:15, ¡0:20,
¡0:25, ¡0:3 m. The transmit array is shifted in the
x-direction by ¡0:5, ¡0:4, ¡0:3, ¡0:2, ¡0:1, 0.1, 0.2,
0.3, 0.4, 0.5 m from its original position in Table I.
The positions of images obtained by the transmit array
with a positive shift are marked by “*”, whereas those
obtained by the transmit array with a negative shift are
marked by “.”. Fig. 14 shows that targets cross at their
true positions.
By using the pseudocode provided in Section IVC,
we obtain d̂ = 0:50 for "e = 6:25 and d̂ = 0:3171 for
"e = 12:25. The polynomial orders r1 = r̃1 = r2 = r̃2 = 1
in the pseudocode presented in Section IV are used
to estimate the above two values of d̂. The imaging
results are shown in Fig. 15(a) and (b) with the
two wall parameter pairs ("e , de ) = (6:25, 0:50) and
("e , de ) = (12:25, 0:3171), respectively. It is clear that
while these two pairs represent incorrect values of the
wall parameters, they can be used to generate good
images for all three targets.
VI. CONCLUSIONS
The effects of unknown wall parameters on the
TWI quality are two-fold; blurriness and shifting.
This paper has proposed an approach in which the
different shifts in the imaged target positions due
to different assumed wall parameters are utilized
to provide reliable imaging under wall parameter
ambiguities. Imaging is performed using wideband
pulses and coherent combining. For a given transmit
and receive array antenna structure, the scene behind
the wall is imaged assuming various values of the
dielectric constant and wall thickness parameters.
A trajectory of the shifts in each target position is
generated. The above steps are repeated using a
different array structure. In this paper, we move the
transmit array antennas equally in one direction, and
keep the receive array unchanged. The intersection
of the two trajectories, corresponding to the two
array structures, is taken as the estimate of the target
position. The proposed approach was analyzed to
examine the orientations of target trajectories in the
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Fig. 14. Finding true position of targets with wall parameter errors. (a) "e = 12:25, ¼ = 9, wall error 0.25 0.20 0.15 0.1 0.05 0 ¡0:05
¡0:1 ¡0:15 ¡0:20 ¡0:25 ¡0:3. (b) "e = 6:26, ¼ = 9, wall error 0.25 0.20 0.15 0.1 0.05 0 ¡0:05 ¡0:1 ¡0:15 ¡0:20 ¡0:25 ¡0:3.

range-angle domain. Fundamental to our approach
was to show that these orientations depend on the
target locations relative to the array center. Computer
simulations using two and multiple array structures
were represented and have demonstrated satisfactory
target location estimations. The paper has considered
a coherent imaging approach. The noncoherent
approach for TWI is discussed in [21] and [22].
It is noted that the proposed technique has been
introduced assuming point targets. Performance under
spatially extended targets requires further analyses and
simulations.

time from the target to a receiver antenna can be
formulated similarly. As shown in Fig. 5, without
errors in the wall thickness,
xp,m = d tan(µt

m

For simplicity, we only consider the traveling time
from a transmit antenna to the target. The traveling
312

(33)

where h = zp ¡ d. We consider the traveling time when
there is an error ¢d = de ¡ d in the wall thickness.
When d changes to d + ¢d (and subsequently h
changes to h ¡ ¢d) and 't ,p changes to 't ,p + ¢'t ,p
m
m
m
(and subsequently µt ,p changes to µt ,p + ¢µt ,p ), the
m
m
m
change in xp,m can be approximated by
¢xp,m =

APPENDIX A

,p ) + h tan('tm ,p )

@xp,m
@d

¢d +

@xp,m
@h

¢h +

@xp,m
@µtm ,p

¢µtm ,p +

@xp,m
@'tm ,p

¢'tm ,p

= tan(µtm ,p )¢d + tan('tm ,p )¢h + d cos¡2 (µtm ,p )¢µtm ,p
+ h cos¡2 ('tm ,p )¢'tm ,p :
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Since ¢h = ¡¢d, then
¢'t

,p
m

=

¢d[tan('t

m

,p ) ¡ tan(µtm ,p )]

h
d cos('tm ,p )
p
+
" cos3 (µt ,p ) cos2 ('t
m

m

:

(39)

,p )

(39) shows the necessary shift of the incident angles
for the path traveling from the mth antenna to the
point p when the wall thickness error is taken into
account. On the other hand, the total travel time
from the mth antenna to the target position p is
given by
Ã p
!
1
h
"d
¿p,m =
:
(40)
+
c cos(µt ,p ) cos('t ,p )
m

m

Therefore, the additional travel time due to ¢d
and ¢'t ,p can be expressed using first-order
m
approximation as
¢¿p,m =
=

=

@¿p,m
@d
@¿p,m
@d
¢d
c

µ

¢d +

@¿p,m
@µtm ,p

¢µtm ,p +

¢d + ¢'tm ,p

µ

µ

@¿p,m
@µtm ,p

p

@¿p,m
@'tm ,p

¢'tm ,p

@¿p,m
cos('tm ,p )
p
+
" cos(µtm ,p ) @'tm ,p

1
"
¡
cos(µtm ,p ) cos('tm ,p )

¶

+

¢'tm ,p
c

d cos('tm ,p )

h
£
tan(µtm ,p ) +
tan('tm ,p )
cos2 (µtm ,p )
cos('tm ,p )
µ p
¶
"
¢d
1
=
¡
c
cos(µtm ,p ) cos('tm ,p )
Fig. 15. Imaging with estimated wall parameter pair. (a) Image
result with pair ("e , de ) = (6:25, 0:50). (b) Image result with pair
("e , de ) = (12:25, 0:3171).

For the path to pass through the true target position,
¢xp,m = 0. That is,
¢d tan(µt

m

¡2
,p ) + ¢h tan('tm ,p ) + d cos (µtm ,p )¢µtm ,p

+ h cos¡2 ('t

m

,p )¢'tm ,p

= 0:

(35)

sin('t

,p )
m

=

p
" sin(µt

,p )¢'tm ,p
m

=

p
" cos(µt

m

,p )

(36)

we have

that is,
¢µt

,p
m

[tan('tm ,p ) ¡ tan(µtm ,p )]
¢d
c d cos('tm ,p )
h
p
+
" cos3 (µtm ,p ) cos2 ('tm ,p )

µ

d cos('tm ,p )

h
tan(µtm ,p ) +
tan('tm ,p )
£
cos2 (µtm ,p )
cos('tm ,p )
µ p
¶
"
1
¢d
¡
=
c
cos(µtm ,p ) cos('tm ,p )

¶

¶

¢d
[tan('tm ,p ) ¡ tan(µtm ,p )] sin('tm ,p )
c
¤
¢d £p
" cos(µtm ,p ) ¡ cos('tm ,p )
=
c
+

From the Snell’s law,

cos('t

+

¶

cos('t

,p p
m

= ¢'t

=

,p )¢µtm ,p
m

m

,p )

" cos(µt

m

,p )

:

(37)

Substituting (37) in (35) yields
d
¢d tan(µtm ,p ) + ¢h tan('tm ,p ) + p cos¡3 (µtm ,p ) cos('tm ,p )¢'tm ,p
"
+ h cos¡2 ('tm ,p )¢'tm ,p = 0:

(38)

¢d sin('tm ,p ¡ µtm ,p )
:
c
sin(µtm ,p )

(41)

APPENDIX B
We consider the situation where there is an error in
the estimated value of the dielectric constant of the
wall material, ¢" = "e ¡ ". The incident angles are
adjusted so that the new path links the mth antenna
and the target point p. From (33), we obtain the
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following first-order approximation,

[9]

@xp,m
@xp,m
¢µ +
¢'t ,p
m
@µt ,p tm ,p @'t ,p

¢xp,m =

m

¢µt

m

=

[10]

m

,p d

cos2 (µt

m

,p )

+

¢'t

m

,p d

cos2 ('t

m

,p )

:

(42)

For the path to pass through the true target position,
¢xp,m = 0. That is,
¢µt

m

,p d

cos2 (µt ,p )
m

+

¢'t

m

,p d

cos2 ('t ,p )
m

= 0:

[11]

(43)
[12]

From (41), the additional time due to the error ¢"
becomes

[13]
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