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Abstract- We study through a drywall imaging using synthetic aperture
radar (SAR) method. Transmission and reflection characteristics of the
wall are analyzed by a rigorous coupled-wave analysis (RCWA) method.
The Bragg modes are investigated on analytic formulation and
reconstructed image. The cutoff frequency for different Bragg modes is
calculated and the relative power carried by each of these modes is
shown. The Green function of such a periodic structure is derived by
representing a line source radiation in the spectral domain. The
analytical results are then validated by the numerical FEM results using
the COMSOL software and the effect of the number of the Bragg modes
is shown. Having numerically calculated backscattered fields of a target
behind the wall and the free-space Green function, the SAR image of the
target is computed and the image artifacts due to the presence of the
wall are addressed. Firstly, we show that the target image is still
distorted and not focused even with the background subtraction.
Secondly, by properly employing the phase of the wall Green function
instead of the free-space Green function, we indicate that the target
image is successfully refocused.

Index Terms- microwave imaging, Green function, periodic structure, Bragg modes.

. INTRODUCTION

THROUGH-the-Wall Imaging (TWI) is the ability to detect and image target behind wall by using
electromagnetic (EM) waves. This type of technology is highly desirable in search-and-rescue
mission, behind-wall target detection, and surveillance and reconnaissance in urban environments [1]-
[3]. Direct reflection from wall is a strong clutter which limit the dynamic range of the imaging
receiver. To solve this problem, frequency and time domain filtering is proposed in [5]-[7]. Imaging
refocusing by a matched filtering techniques for homogeneous wall is investigated in [4]. Extending
the method of [4] to an inhomogeneous cinder block wall, the target image was refocused using a

proper matched filter in [8]. For calculation of GF in [8], modal analysis method is used according to
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Fig. 1. Geometry of the drywall structure illuminated by an obliquely incident plane wave. Let us assume the structure
parameters as follows.d, =12 cm, dy =3 em by, =16 emandhy = hy =2 cm
[9]. In [9] by using modal analysis, the cinder block wall is modeled by a periodic multilayer
structure. The study was limited to only transverse electric (TE) polarization and large number of
Bragg modes was not investigated in [9] due to matrix inversion complexities.

The 3D oblique illumination of a one layer periodic structure by using the rigorous coupled-wave
analysis (RCWA) is investigated in [10]. RCWA technique [10] is an effective method that is not
limited to the specific TE polarization and more importantly, the large number of the Bragg modes
does not impose any issue on it. Here, we compute the Green’s function (GF) of the periodic drywall
using extended one layer binary grating layer to multilayer periodic structure by RCWA technique
[10]. Then we use the back projection method (BPM) [4] and the proper GF to reconstruct concealed
targets images.

In Section |1, by using the RCWA method and extended to drywall structures, in forward scattering
problem, the cutoff frequency is calculated and the relative power carried by each of Bragg modes are
shown. Transmission (T), reflection (R) and GF calculation is presented and RCWA analysis results
are validated by those of finite element method (FEM) of COMSOL.

In Section Ill, the effects of a drywall on the target image are investigated to observe some
challenges. The modified BPM that employs the phase of the wall Green function yields a focused

image. Section IV concludes this paper.
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Fig. 2. Relative power carried with Bragg modes, () m = 0, (b)) n = +1, () n = +2
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Il. DRYWALL ANALYSIS USING RCWA

The three-layer structure of Fig. 1, that is periodic along the x-axis, models a drywall. The wooden
sheet of h, thickness are placed between free space layers with thicknesses hjandh;. Complex
relative permittivity of the wooden layers are assumed s; = 5" + js;"" and free space permittivity
iss; = 1. Periodicity of the structure isd = d4 + d5, where dyand d are shown in Fig. 1. As shown
in Fig. 1, linear polarized electromagnetic wave is obliguely incident on the structure at an arbitrary
angle of incidence &with respect to the z-axis and at an azimuth angle ¢ with respect to the x-axis.
is the angle between the electric-field vector and the plane of incidence. 4 = 0 and y» = 90 denotes

transverse magnetic (TM) and transverse electric (TE) polarization, respectively

A. Relative power calculation

A computer code in MATLAB has been developed to calculate the relative power of the drywall
using RCWA method. The details of derivations are addressed in Appendix A. According to Fig. 1,
the structure parameters areh; = 16cm,d = 15¢m, by = hy = 2em. The dielectric constant of wooden
sheets are gy = 2.4,

According to Appendix A, relative power for TE polarization wave and & = ¢ = 0in the
frequency interval 1-3 GHz is shown in Fig. 2. According to Fig. 2(a) the only propagation mode up
to 2 GHz is n = 0Oand sum of reflected power and transmitted power to incident power is one. As the
frequency increases, this ratio decreases and due to the propagation of higher order Bragg modes, the
sum of these relative powers are not one. In Fig. 2(b) and Fig. 2(c) relative power for higher order

modes n = 1and n = +2 are shown respectively.

B. Scattering parameter and Green Function

To calculate scattered fields, a Gaussian beam with width wy = 0.2 m is illuminating the structure

normally. We expand the Gaussian beam into spectrum of plane waves and then compute response of
the structure to each of the plane waves, and finally employ superposition [11]. Thus, we reach to the

following reflected and transmitted fields

i
E;Ef“rm (x,x',z,2z",k)

toa
1 — .z ) ) ) )
= 5 Wy T J- ZF” (j’{’ kx] ) kx 3 g7 kznz—}kzz" +_kanx—_:'kxx" EﬂCI [:1:]
- g
2
k, =k,+=n k., = |k?—k2 )
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where F,(k, k,.) is the reflection or transmission coefficients (reviewed in Appendix A) of the n®
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Fig. 3. Comparison of the analytic and numerical (FEM) results of reflected and transmitted fields.
(a) Transmitted Field, (b) Reflected Field
Bragg mode. For validation of this development, we compare our code results with those of the finite
element method (FEM) of COMSOL software. Fig. 3 shows the results of reflection (R) and
transmission (T) coefficients, probed at the middle line x =0 and for —0.95m =z = 1.2 at
frequency 3 GHz. good agreement is achieved between analytic formulation and the FEM numerical
results by increasing the number of modes.

For GF calculation, according to Fig. 1, we consider a line source, parallel to the y-axis in the wall
front (z < 0). We estimate the GF by computing the line source radiated field which is proportional to
the Hankel function of the second kind (using e/®* time convention). We expand the line source
radiated fields (cylindrical waves) into plane waves [11]. It is well known that each plane wave
generates several Bragg modes. The number and direction of each Bragg mode depends on the

wavenumber k and direction of the incident plane wave &. Thus, by calculating the following
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Fig. 4. The Green function of the structure: (a) real part and (b) imaginary part.

numerical integral, the Green function is determined

G(x,x",z,z" k) = —

wheret, (k, k.) is the transmission coefficient of the m®® Bragg mode at the frequency f
where k = 2rtf/c, cis the speed of light in free-space and the wavenumber along x is k... To validate
the results of (3), we have compared them with the FEM results of COMSOL. The structure in Fig. 1
is illuminated by a line source, placed at z = —0.95m and x = 0. The real and imaginary parts of the
Green function at the point z = 0.7m for different x values, within the interval of [—0.6m, 0.6m] are

shown in Fig. 4(a) and Fig. 4(b), respectively. According to Fig. 4, a good agreement between numerical
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integration and FEM results has been achieved.
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I1l. IMAGING
A. Imaging scenario

We construct the 2D image of a conducting cylinder with a radius of 10 cm behind the wall
at z, = 0.8 m. The wall parameters are the same as those in the caption of Fig. 1 and it is illuminated
by a TE polarized wave propagating in the xz-plane. The first step for this purpose is collecting
scattered fields from the target behind the wall that is carried out using FEM of COMSOL software.
Ultra wideband antenna working within the frequency interval of 1 — 3 GHz moves along a scan line
of length L = 1.2 m along the x direction and collects backscattered fields at different frequency and
observation points. The scan line is chosen to be parallel to the wall, placed at z,.;anne = —0.95m.
Using the standard BPM, the target image is computed by [4]

N

SH=——X T,

I AT =1 =
"",‘.?""f m n

E}' [:Fn’ km:] Ri [:Fn!a e zjkanI:;m;} (4)

where E,, (r,,,k,,,) is either the total received field or the background subtracted field, probed

atr, = (x,,z,) and k,, = 2nf,,/c is the wave constant at them®™ frequency pointf,,. Here,
R, (r,r) =|r,—r| is the distance from the n®® observation point. Considering the 25 MHz

frequency step size, the number of frequency points is Ns=81. In addition, the number of
observation points NV is 51, if the transceiver moves by 2.4 cm step within the x interval of —0.6m to

+0.6 m.

The target image is calculated and plotted in Fig. 5. Fig. 5(a) shows the background image
demonstrating large reflections from the wall. This background can even mask some objects. Here, we
use the background subtraction technique to eliminate the wall effect and extract the image of the
behind-the-wall object only. Figs. 5(b) shows the complete scenario image and Fig. 5(c) shows the
background subtracted image of the target (i.e. the behind-the-wall object only). As shown the target
image is deteriorated and not clear. This stems from the fact that waves propagate through an
inhomogeneous and periodic wall and this makes images unfocused. Basically, we expected to have

only a focused point at a, but other points (b, c, d and e) are also emerged.

B. Proper Green Function
The Green function of the drywall is addressed in section I1.B. To remove artifacts from the image

(Fig. 5), we use only the phase of the Green function [4]. The new imaging formulation is given by
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Fig. 5. The standard back projection images for different cases: (a) the drywall alone, (b) the metallic target behind the
drywall, (c) the target-behind-the-wall alone (i.e. background subtraction is performed)
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Fig. 6. The Refocused image of the target using phase of the proper GF. Background subtraction is performed.
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where £G(r,, T, k,,) is the phase of the GF, once the source is located in the wall front (z <2 0) and

observation point is in the wall back (z = 0.2m). Employing (5), we image the target and show the
result after background subtraction technique in Fig. 8. Compared to Fig. 5(c), it is evident that by

using the phase of the GF, exact location is obtained and unrealistic images are eliminated.

IV. CONCLUSION

In order to obtain a properly refocused image of a target behind a drywall, a proper estimation of the
structure GF is necessary. In this paper, by using RCWA, transmission and reflection coefficients for
drywall are calculated accurately and the GF is correctly estimated. . The cutoff frequency for
different Bragg modes is calculated and the relative power carried by each of these modes is shown.
By properly employing the phase of the wall Green function instead of the free-space Green function,

we indicate that the target image is successfully refocused.

APPENDIX

In region I, the incident electric-field vector is
E;,. = i exp|—jk(sin@ cose x + sinf sing v + cos6 z)] (6)

Where k = 2m/A and A is the wavelength of the incident wave in free space (assuming the
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refractive index n, of the region I is1), and assumingys = /2, the polarization unit vector i is

il = —singx + cosp v (7

The total vector electric field in the region | (z == 0) and in region Il (z = 0.2m) are expressed as
[10]

Br= Eune+ ) Reewpl— kit +keyy— k12)] ®
i
Eqy= Z T; exp{—j[k..x + kyy +hkmeilz—2 % hy — ha)]} (9
where
2
k.= ksin&casqﬂ—? (i=-—-101-) (10)
k, =k sind sing (11)

, L1 .
ko) —ky” —ky?)z (K +KE) < (kg)?
k_f‘m _ (( -F} i B ::' N { i }} ( -F} (12}
(ke + k" —(kg)?)? (k2 +K2) > (k)?

Here, ks .; is wavenumber of a propagating wave or an evanescent wave, R; is the magnitude of
the i*" reflected wave in region |, and T; is the magnitude of the i transmitted wave in region I11. In

each #** layer of region Il, the fields may be expressed as a Fourier expansion in terms of space
harmonic fields [10]

Ep= Z [Se2(2)x + 55,22y + Seei (DDz] X exp[—j (ki + Ky 3] (13)
H; = —j{gufﬂu};z]i[ﬂ__aﬂ(z}x + Uy (2)y + Upzi(2)z] % exp[—j(keuix + kyy)] (14)

Where 5,;(z) and Ug;(z) are the magnitudes of the i*" space-harmonic fields E; and H; that

satisfy Maxwell’s equations in the %" layer of region II. That is, we have

VX E;=—jwugHy VxHy=—jwsyss(x)E; (15)
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Where =4 () is the relative permittivity of the £**layer and is expressed by a periodic function and
expanded by a Fourier series. Substituting (13) and (14) into (15) and eliminating the normal

components of the field, we obtain the set of coupled-wave equations in the following matrix form

Sey] [0 0 K, EF'K, I-K,E7'K,]rs,
Sie _[o o0 K.&7'K.—1 —K.E7'K,||5¢. (16)
Ug, K.K, Es—K: o o ||Us
Up, KZ— Ep K.k, 0 o0 |Ue

WhereK ,, and K , are diagonal matrices with the elements k. /ky andk ,; /k;, respectively. Here, &,
is the matrix formed by the permittivity harmonic componentss ;, = £¢;—5. Equation (16) in a

compact form is

Vy=A;V; (17
Where Vg is a vector composed of S, , 55, Ug, and Uy, and dot represents differentiation with
respect to z.
The coefficient matrix A, is a system matrix composed of the 16 sub-matrices in (16) that are in
turn specified by the 4 sets of coupled-wave equations. Equation (17) may be solved using a state-
variable method by calculating the eigenvalues and eigenvectors associated with the matrix A, [10].

The solution of the S, , S¢,, Ug , Ug, Using the state variable method [12] is

Se(® = ) ComWerimexp(ien2) (18)
1

51.-‘,:»1":2} = Z CemWe2,imexP(Agmz) (19)
T

Upxi(2) = Z ComWea,imeX P(Agm2) (20)
1718

U—F,}'z' (z::l = Z C—Fm Weaim €X p(ﬂlﬁmz} (21}
1

where Cg,,’s are the unknown constants to be determined by applying boundary conditions, Ag,,,’s

are the eigenvalues of the matrix Ag, and Wy g:m ’s are the elements of the eigenvector matrices
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corresponding to a given value of i.

To compute the reflected and transmitted field in the region | and Ill, the tangential electric and

magnetic fields at two sides of each boundary are matched. The resulting system of equations are

solved for the values R; and T;. At z = 0, we have
U Big + Ry = 574(0)
Uy 80 + Ry = 51,:(0)
ughy 8o — Uy ki i + kpziRy; + ky Ry = Upy (0)
UKy 23850 — UzkyiGio — KpziRu — kiR = Upy (0)

At z = hy, we have
St () = Sy (hy)

S1yithe) = Sy (hy)
Upei(hy) = Uy (hy)

Uy (hy) = Upyi(hy)

At z = hy + h4, we have

Stiei (e + ha) = Sy (hy + hy)
Suyi(hy + ha) = Sy (hy + hy)
Ui (hy + ho) = Uppei (Ry + hy)
Unpyi (hy + hy) = Upyys (hy + hz)

Atz = hy + ho + kg, We have

Smxi(hy +ha+ hy) =Ty

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)
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Sutyi(hy+hy + ha) =T, (35)
Ut Chy + o + ha) = —kppzi Ty + Ky T (36)
UnnyiChy + ha + ha) = kpyaiTo: — ko T (37)

For a plane wave illumination, we have

kBt k}'R}i - Ii‘:LHE.’E R;=0 (38)
ki Tos k}'Tyi + IE‘:]]IIJ.EL’E T;;=0 (39)

By rewriting Eqgs. (22) - (39) in matrix forms, we obtain

U, 55[:. I 0 0 R
H}-C?E'D 0 I 0 *
u k8o — Uk 2610 + 10 Ky ky, i}' = [Q1,m (0)][Cy,n] (40)
Uy K280 — Uz Ky B30 —kpz 0 —kyu AU
[QZm(hl + h:}][ﬂz:n] = [QSm(hl + h:}] [ESm] (42)
o 1 o
[Q3m Ry + Ay + R3)ICsm] = | I k, $}' (43)
IE‘:]]L.srz' 0 kxi £
where
Qfm(z} = wf_.ql_.m Exp(‘lfmz} (44)

By using a technique to eliminate common matrices and to solve linear equations simultaneously,

we can find T and R coefficients [12].
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