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Abstract 
This study investigated the ability of microwave holography to accurately re-
construct the tissue structure of the human body. Numerical breast and head 
phantoms were imaged by 3D near-field holography using backscattered 
waves obtained by a monostatic planar scan. Complex organizational structures 
have been reconstructed accurately and quickly. In addition, breasts with rela-
tively simple histology could be reconstructed without the matching liquid. 
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1. Introduction 

Detection technology for breast cancer or brain strokes, based on microwave 
imaging, has been widely studied because it has no exposure, allows frequent 
examinations, and is relatively inexpensive as type of equipment [1] [2]. Typical 
imaging methods include scattering tomography [3], which solves the inverse 
scattering problem to obtain the complex permittivity distribution in the object, 
and ultra-wideband (UWB) radar, which evaluates the scattered power distribu-
tion in the object using wideband signals [4]. The former has the ability to accu-
rately reconstruct the tissue image. However, it is essential to accurately model 
an actual measurement system on a computer, and achieving this realistically is 
difficult [5]. In addition, since the complex permittivity distribution in the tissue 
is updated by Newton’s method, full wave electromagnetic field analysis is re-
peatedly performed, requiring a significant amount of calculation [6]. Hence, 
rapid image reconstruction is difficult. Usage of UWB radar for imaging is rela-
tively easy to realize, and clinical trials for breast cancer detection are being 
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conducted by several research institutions, including my institution. However, 
the reconstructed image does not reflect the morphology of the tissue [4] [7] [8], 
thereby making it difficult to clinically determine the presence or absence of 
cancer. Hence, it has not been put to practical use. 

In recent years, research on wavefront reconstruction (direct holography) 
based on synthetic aperture radar has progressed, and its application to the de-
tection of breast cancer is also being considered [9]. Microwave imaging by di-
rect holography can reconstruct a tissue image, and calibration using a point 
scattering function [10] does not require accurate modeling of the imaging sys-
tem on a computer. Moreover, since the image reconstruction processing is 
based on the Fourier transform, image reconstruction can be performed in a 
short time close to real time. Since it is based on the Fourier transform, a high 
frequency is inevitably required due to the sampling theorem in order to achieve 
high resolution, and there exists the concern of attenuation in a living tissue. 
However, there are several reports stating that image reconstruction is possible 
even with a relatively low Signal to Noise Ratio (SNR) [11]. 

This study presents an image reconstruction algorithm using near-field holo-
graphic imaging. Since [9] is based on far-field holographic imaging, the fidelity 
of the reconstructed image is insufficient despite the use of a matching liquid. In 
addition, there are no examples of faithful reconstruction of the tissue structure 
in the skull. We demonstrate that a monostatic radar that captures backscattered 
waves in a planer scan can accurately reconstruct 3D tissue tomographic images of 
the breast and head in a short time by the use of near field holographic imaging. 

2. Image Reconstruction 
2.1. Near Field Microwave Holography for 3D Imaging 

The forward problem of the scattering phenomena is expressed by the following 
Equation (1) using the linear Born approximation. 

( ) ( ) ( ) ( )2 2 ˆ , d
Q

sc inc
P s Q b P Q Q QV

k k ≈ − ∫∫∫E r r G r r E r r           (1) 

Here, scE , Ĝ , incE , ks and kb denote the scattering field, dyadic Green 
function, incident field, wave number of the object, and that of the background, 
respectively. Then, VQ, position vector rp and rQ denote a volume to be in-
spected, position of the observation and scattering. 

Assuming planar scanning, the contrast distribution of a region represented 
by a plurality of cross sections parallel to the scanning plane is estimated. 

( ), , , , ,sc
j lE x y j x y zω′ ′ =  denotes j-polarization component of the scattering 

field at rp. Each component of the scattered field at ( ), ,0p x y′ ′=r  at frequency 

lω  is expressed by, 

( ) ( ) ( ), ,, , , , , , , d d, dsc j
j l l i li x y zzyx

E f x y z a x x y y z x y zx y ω ω ω
=

′ ′ ′ ′≈ ⋅ − −∑∫∫∫    (2) 

Here, 

( ) ( ) ( )2 2, , , , , , ,l s l b lf x y z k x y z k zω ω ω= −               (3) 
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( ) ( ) ( )0, , , , , , , , ,j inc j
i l i l i la x y z E x y z G x y zω ω ω=             (4) 

The two-dimensional Fourier transform on both sides of Equation (2) is 

( ) ( ) ( ), ,, , , , , , , , dsc j
j x y l x y l i x y li x y zz

E k k F k k z k k zA zω ω ω
=

≈ ∫ ∑        (5) 

Here, ( ), , ,x y lF k k z ω  and ( ), , ,j
i x y lk k zA ω  are the two-dimensional 

Fourier transforms of ( ), , , lf x y z ω  and ( ), , ,j
i la x y z ω . Furthermore, kx and 

ky are the Fourier variables corresponding to x and y. 
We approximate the integral in Equation (5) with the discrete sum of z. 

( ) ( ) ( )1 , ,, , , , , , , ,zNsc j
j x y l x y n l i x y ln i x y zE k k F k k z k k zA zω ω ω

= =
= ∆∑∑       (6) 

where, Δz is the distance between two adjacent reconstruction planes. Consi-
dering the frequency dependence of the medium, it is assumed that the contrast 
function can be expressed by, 

( ) ( ) ( ), , , , ,f x y z h x y zω ϕ ω=                    (7) 

Taking the two-dimensional Fourier transform of (x, y) on both sides of Equ-
ation (7) with respect to x and y, 

( ) ( ) ( ), , ,F z H zω ϕ ω= κ κ                     (8) 

where, ( ),H z κ  is the two-dimensional Fourier transform of ( ), ,h x y z  with 
respect to (x, y). Writing (6) and (8) for the all measured frequencies provides 
Nω equations for each spatial frequency pair ( ),x yk k=κ . 

1 11 1 1

1 1

z z

z z

N N

N N N N N

y a x a x

y a x a x
ω ω ω

= + +


 = + + 





                   (9) 

Here, 

( ),sc
l j ly E ω=  κ                         (10) 

( ) ( ), , , ,j
ln l i n li x y za zAϕ ω ω

=
= ∑  κ                 (11) 

( ),n nx H z=  κ                         (12) 

We obtain the least-squares solution of this system of equations and find 
( ), nH z κ , 1,2, , zn N=   for each spatial frequency pair ( ),x yk k=κ . 

2.2. Use of the Measured Point Scattering Function 

In general, the incident field and Green’s function data are obtained by simula-
tion, but due to modeling and numerical calculation errors, it is difficult to be 
implemented practically. It has been proposed to obtain products of the incident 
field and Green’s function specific to the measurement system by measuring a 
known calibration object (CO). This method uses the concept of point scattering 
function (PSF), in which the response due to an arbitrary target is convolved 
with the response due to point scatter (CO). 

When a sufficiently small non-dispersion medium CO exists at (0, 0, zn), the 
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contrast function of Equation (3) is expressed by, 

( ) ( ) ( ),
1, , , , , , ; d dzNsc sc co

j l n n j l nn xy
E x y z f x y z E x x y y z y xω ω

=
′ ′ ′ ′≈ ∆ ⋅ − −∑ ∫∫  (15) 

Therefore, the two-dimensional Fourier transform of ( ) , ,, , ,sc
j lE x y j x y zω =′ ′  

is expressed by, 

( ) ( ) ( ),
1, , , , , , ;zNsc sc co

j x y l n x y n j x y l nnE k k z F k k z E k k zω ω
=

≈ ∆∑         (16) 

( ), , , ;sc co
j x y l nE k k zω  denotes the two-dimensional Fourier transform of 
( ), , , ;sc co

j l nE x y zω . 
Appling Equation (16) to the data at all the frequencies ( )1, ,l l Nωω =  , a 

system of equations at each spatial frequency pair ( ),x yk k=κ  is constructed. 
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    =
    

∆ ∆        

 

 

    

  



κ κκ κ

κκ κ κ

 (17) 

After solving Equation (17) for all values of κ , the inverse Fourier transform 
of ( ), , 1, 2, ,n zn NF z = 

 κ  is performed, and the contrast function ( ), , nf x y z  
is reconstructed. 

3. Bio-Tissue Image Reconstruction 

Tomographic imaging has been performed on the numerical breast and head 
phantom using the method detailed in Section 2. The antenna uses a half-wave 
length dipole, and the length is set to resonate at the center frequency of the 
band. As shown in Figure 1, the imaging system is a monostatic radar that uses 
the same antenna for reception and transmission, and scans the antenna within a 
plane facing the measurement target. The resolution of the reconstructed image 
is 2 mm. The breast phantom was created based on the MRI images of cancer 
patients. The data from [12] was used for the construction of the head phantom. 

3.1. Breast Imaging 

The measurement frequency range is 2 - 16 GHz, and the distance between the 
scanning plane and breast is 50 mm. Scattered fields were obtained in 2 mm 

 

 
Figure 1. Simulation setup. 
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steps, within the plane with a 100 × 100 mm range. The CO has a size, relative 
permittivity, and conductivity of 2 mm3, 25, and 0.75 [S/m], respectively, and 
was moved from 3 to 45 mm in steps of 3 mm at (x, y) = (0, 0) mm to obtain the 
measured PSF. Since no matching liquid is used, the relative dielectric constant 
and conductivity of background set to 1 and 0 [S/m], respectively. 

Figure 2 presents a tomographic image of the real part of the complex permittivity 
 

 
Figure 2. Breast imaging. 
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of the numerical breast phantom and a reconstructed tomographic image. De-
spite the absence of matching fluid, the breast tissue structure is accurately re-
constructed. The time required for calculation and display of the reconstructed 
image was only 1.8 s on a personal computer equipped with an i7-6700k CPU 
and 32GB RAM. 

3.2. Head Imaging 

The measurement frequency range is 1.1 - 21 GHz and the distance between the 
scanning plane and head is 50 mm. Scattered fields were obtained in 2 mm steps 
within the plane, with a 228 × 228 mm range. The CO with a size, relative per-
mittivity and conductivity of 2 mm3, 60, and 2, respectively, was moved from 2 
to 100 mm in 2 mm steps at (x, y) = (0, 0) mm to obtain the measured PSF. In 
this application, it is difficult to reconstruct the image without the matching liq-
uid. The relative dielectric constant and conductivity of the background was set 
to 25 and 0.75, respectively. 

Figure 3 depicts a tomographic image of the real part of the complex permit-
tivity of the numerical head phantom and a reconstructed tomographic image. 
The inner tissue of the head is accurately reconstructed. The time required for 
the calculation and display of the reconstructed image was 7.7 s. 
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Figure 3. Head imaging. 

4. Conclusion 

A numerical breast phantom and head phantom were imaged by 3D near field 
holography using the backscattered waves obtained by the monostatic planer 
scan. Reconstruction of the complex tissue structure could be accurately and ra-
pidly achieved. In addition, breasts with relatively simple histology can be re-
constructed without the matching liquid. Since the image reconstruction in this 
method is based on the principle of the Fourier transform, it is necessary to ac-
quire wideband scattering data at several observation points. It is difficult to 
form an array considering the realistic antenna aperture area, and mechanical 
scanning is a practical concern. Obtaining the data is a time consuming process. 
Therefore, it must be to examine how to collect the scattering field rapidly. We 
also need to evaluate the adequacy of applying the Born approximation. While 
solving these problems, we will continue to develop medical imaging equipment 
using the microwave holography. 
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