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Abstract ─ Microwave imaging of the human breast for 

detection of possible tumors is studied by applying the 

method of synthetic radar imaging using both simulation 

and theoretical results. The breast is modeled as a 

homogeneous medium having complex dielectric 

constant, while the tumor is modeled as a small spherical 

inhomogeneity. A flexible bow-tie antenna excited by a 

narrow-band pulse illuminates the breast and the 

reflected field is monitored as the antenna takes a 

number of discrete positions along the breast surface. 

The collected data is processed in a synthetic radar 

scheme to image the interior of the breast. Simulation 

results for tumor response are obtained and compared 

with theoretically obtained results. It is shown that a 

tumor of few millimeter radius, between 3 to 7 mm, can 

be detected and located with reasonable resolution. It is 

found that the tumor response increases with the tumor 

size at a given frequency band in an oscillatory fashion. 

 

Index Terms ─ Breast, microwave imaging, synthetic 

radar, tumor detection. 
 

I. INTRODUCTION 
Microwave imaging of the breast has been of 

primary interest for few decades. The main purpose is 

the detection of possible tumors in their early stages. The 

tumor detection is based on the clear contrast between 

the complex dielectric constant of the normal breast 

tissue and the tumor [1-4]. Unlike the X-ray 

mammography, which is currently the main method of 

tumor detection, the microwave imaging method enjoys 

the property of being a nonionizing source of radiation 

which minimizes the cumulative side-effects to healthy 

breast tissues and consequently provides safer scanning 

alternative. In addition, the X-ray mammography has the 

basic limitation of small contrast between the diseased 

and normal tissues density, while the microwave 

imaging method scans in-depth penetration of the breast 

tissues by applying low power and longer wavelength 

signals to provide more accurate breast modal at the 

regular scanning conditions [5-8, 32]. There are mainly 

two approaches for microwave imaging. In the first 

approach, the breast is illuminated and the scattered field 

is used in an inverse scattering algorithm to construct an 

image of the electrical properties of the breast tissues. 

However, this inverse problem is considered an ill-

conditioned nonlinear one and normally requires 

intensive computational work [9-11]. This is so due to 

the heterogeneous nature of the breast medium. 

However, some initial successful experimental results 

appear in [12-13]. The second approach is based on 

synthetic radar imaging that focus waves on small 

volume that is, in turn, scanned throughout the breast. 

This approach is also known as ‘Confocal Microwave 

imaging’. This method has been investigated by Hagness 

and his group [14-17], and by Fear et al. [18-21] who 

confirm the method by simulation and experiment. A 

more recent study presents a tomographic based 

microwave system and signal processing to extract the 

tumor information from the background information and 

then to reconstruct the image through confocal method 

[31]. However, no attempt is made to study the 

resolution power of tumor location and the dependence 

of reflection level on tumor size. 

In this paper, we introduce a parametric study of the 

resolution power of the confocal microwave imaging 

method. We intend to test the effectiveness of the 

synthetic radar approach for locating tumors using 

simple antenna driven by narrow band pulse. We also 

present results on the dependence of the reflection level 

on the tumor size. Both analytical and simulation results 

are obtained for assumed tumors of different size and 

location. We do so by modeling the breast and the 

illuminating antenna as illustrated in Section 2. 

Simulation results that include the resolution of tumor 

detection and the dependence of the reflected signal on 
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the tumor size are demonstrated in Section 3. In Section 

4, analytical derivation of the response of a spherical 

tumor is presented. The theoretical results are compared 

with those obtained by simulations and are followed by 

concluding remarks. 
 

II. THE BREST MODEL AND THE 

ANTENNA 
Two possible positions for the breast can be used 

during imaging: the supine position and the prone 

position. In the supine position the breast is oriented 

upwards and flattened out, while in the prone position 

the breast is oriented downwards [17]. Further, it is 

found that the supine position is more practical for 

measuring process. Therefore, in this paper, we focus our 

study in the paper on the supine position. The breast is 

then modeled as a rectangular box with upper surface 

coinciding with Z = 0 plane as shown in Fig. 1. The width 

of the breast is taken equal to 20 cm, and the sides are 

loaded with matched loads. The depth is assumed equal 

to 15 cm. The breast medium is assumed homogeneous 

with conductivity  (S/m) and relative permittivity r. A 

possible tumor of spherical shape with radius ‘a’ exists 

at a depth d, i.e., at Z = -d. The tumor has a contrasting 

conductivity s and relative permittivity rs. An antenna 

is placed with its phase center at the origin of (x,y,z) 

coordinate system and radiates in the breast medium. 

The planar antenna lies directly on the breast. A suitable 

thin layer is placed between the breast surface and the 

antenna. The material of the layer should electrically 

match the body so that no reflection occurs at the surface 

[17]. The center of the spherical tumor lies at (X = -L and 

Z = -d) as shown in Fig. 1. A rotated Cartesian coordinates 

(x,y,z) has origin at the sphere center. While the relative 

permittivity r of normal tissues is around 10, that of the 

tumor is around 50. There is also contrast between the 

conductivities, being about 0.15 S/m for normal tissue 

and 0.7 S/m for tumors [17]. The choice of a suitable 

antenna for breast cancer detection is very crucial matter. 

The antenna is required to be compact, wide band, low 

profile, light weight, and flexible enough to be placed 

directly on the breast. 

Recently, several antenna designs for breast cancer 

detection have been proposed including the dielectric 

resonator antenna [22-23], the stacked patch antenna 

[24], the wide slot UWB antenna [25], and the flexible 

bow-tie [26, 30]. All of these antennas meet the required 

traits of a breast cancer sensor. We have selected the 

flexible bow-tie antenna for our investigation since it has 

the smallest size and it is mechanically flexible to have a 

good contact with the breast. The antenna geometry and 

dimensions are chosen as in Fig. 2 and Table 1 to operate 

around the center frequency of 6 GHz. This frequency is 

chosen as a compromise between required depth of 

penetration in the tissues and the tumor location with 

acceptable resolution. The metal body of the bow-tie is 

printed on two thin flexible dielectric sheets as suggested 

in [26, 29] and is fed by a microstrip line as shown in 

Fig. 2. The total thickness of the two dielectric sheets 

equals 0.1287 mm. The dielectric sheet is 0.05 mm thick 

and has a relative permittivity of 4. A matching scheme 

is designed with the feed line as shown in Fig. 2. The 

resulting reflection loss |S11|, when the antenna is placed 

on a medium that resembles the breast electrical properties 

is given in Fig. 3. It is seen that a -10 dB reflection loss 

or more is secured in the frequency ranges 4.75-6.7 GHz. 
 

 
 

Fig. 1. Model of a spherical tumor of radius ‘a’ at depth 

d below the breast upper surface. The antenna lies on the 

surface at a lateral distance L from the tumor center. 
 

 
 

Fig. 2. Bow-tie antenna used for imaging. The antenna 

dimensions are given in Table 1. The antenna is placed 

on a medium with the breast-like permittivity. 

 

 
 

Fig. 3. The reflection |S11|, in dB, versus the frequency, 

in GHz, where the antenna is placed on a medium with 

the breast-like permittivity. 

99 ACES JOURNAL, Vol. 31, No. 2, February 2016



Table 1: Bow-tie antenna dimensions used for imaging 

Parameters Length in (mm) 

W1 36 

W2 23.2 

W3 18.72 

W4 6.96 

W5 0.65 

W6 0.51 

W7 7.2 

L1 6.12 

L2 4.03 

L3 2.48 

L4 1.53 

L5 2.57 

L6 5.74 

t1 0.23 

t2 0.24 

t3 0.34 
 

III. SIMULATION RESULTS 
The antenna is placed on the breast surface and is 

fed by a pulse that covers a bandwidth of 500 MHz 

around 6 GHz center frequency. The pulse shape in the 

time domain is shown in Fig. 4. The pulse bandwidth is 

less than 10% of the center frequency. Within this 

narrow bandwidth, the breast electrical parameters can 

be assumed constants and therefore, one can accurately 

compensate for the propagation effects in the breast. One 

can apply the pulse at different discrete center frequencies 

to obtain multi-frequency images for the tumor. 

The voltage waveform picked up by the antenna is 

monitored for, say, M different positions of the antenna 

as it is displaced along the X-axis. To remove the primary 

pulse and possible reflections from the skin layer of the 

breast, the average received waveform from the M 

positions is subtracted from each of the received 

waveforms. The resulting signals represent the scattered 

field from the tumor inhomogeneity at the M antenna 

positions. The next step is to process the M signals so as 

to synthetically focus the field at an arbitrary point 

within the breast. This leads to imaging the breast 

medium. In processing the M waveforms, we have to 

account for the variations of the antenna radiation pattern 

at the scanned points. 
 

 
 

Fig. 4. The feeding pulse shape in the time domain. 

The response obtained from a spherical tumor of 

radius 4 mm in the X-Z plane is shown is Fig. 5. The 

tumor is placed at X = 0 and Z = -d = -30 mm. 

 

 
 (a) 

 
 (b) 

 

Fig. 5. Reflection response versus observing point on the 

x-z plane for 4 mm radius tumor: (a) 3-dimensional plot, 

and (b) contours of constant reflection. 

 

The breast is modeled as a block of width 200 mm, 

and depth of 100 mm. The response in Fig. 5 (a) is 

obtained for M = 17 positions of the antenna on the Z = 0 

plane with spacing of 8 mm between positions. The 

contours of constant response levels are shown in Fig.  

5 (b). Figures 6 (a), (b) show the same response as in Fig. 

5 (a), (b), except that the tumor radius is increased to  

6 mm. It is clear from both figures that there is a clear 

peak response at the exact position and depth of the 

tumor. The resolution may be determined by the region 

where the response is reduced to 50% of the peak value. 

For the 4 mm tumor, the resolution region covers 20 mm 

about the X position and about 15 mm in the Z-direction. 

This means that two tumors separated horizontally by 

less than 20 mm or vertically by 15 mm cannot be 

distinguished and will show as one tumor. It is 

interesting to study the reflection level as a function of 
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the tumor radius at a given depth. The normalized 

reflection response for different tumor sizes at 6 GHz 

center frequency is presented for d = 30 mm in Fig. 7. It 

is seen that the response increases with tumor size in an 

oscillatory fashion. There is a minimum response for 

tumor radii of 3 mm and 5 mm. These minima will move 

to other values of tumor radii if the center frequency 

changes. 
 

 
 (a) 

 
 (b) 
 

Fig. 6. Reflection response versus observing point on the 

x-z plane for 6 mm radius tumor: (a) 3-dimensional plot, 

and (b) contours of constant reflection. 
 

 
 

Fig. 7. Simulated reflection response vs. tumor radius 

(mm) at 6 GHz. 

IV. THEORETICAL ANALYSIS 
In this section we derive the scattered field from the 

tumor inhomogeneity. The antenna illuminates the tumor 

by an incident wave which is generally a spectrum of 

plane waves. However, we can assume that in the 

vicinity of the tumor whose dimensions are less than the 

applied wavelength, the incident wave is a single plane 

wave directed from the antenna phase center to the tumor 

center (in the z-direction). Adopting this assumption, we 

write the incident E and H field as: 

 
i jkz
x oE E e

cos ,jkr
oE e   (1) 

 
cos ,i jkro

y

E
H e 



  (2) 

where a time harmonic field dependence as 𝑒𝑥𝑝(𝑗𝜔𝑡) 

has been assumed with 𝑗 = √−1 and  the complex wave 

number 𝑘 = 𝜔√𝜇0𝜖0(𝜖𝑟 −
𝑗𝜎

𝜔𝜖0
). The radial coordinate r 

is measured from the sphere center, and  is the wave 

impedance in the breast medium. It is useful to obtain the 

radial fields in order to pursue the analysis to obtain the 

scattered fields in the spherical coordinate system 

(r,). In terms of the spherical wave functions, the 

incident radial E takes the form: 

 (1)cos ˆ(2 1) ( ) (cos )),i no
r n n

E
E j n J kr P

jkr






 
 


  (3) 

here 𝑗�̂� (𝑘𝑟) is the spherical Bessel function as defined 

in [28], and 𝑃𝑛
(1)

(cos ) is the associated Legendre 

polynomial [27]. The radial E in (4) is also derivable 

from a magnetic vector potential Ar, so that, 

 𝐸𝑟
𝑖 = (𝑗𝜔𝜖)−1 ⌈

𝜕2

𝜕𝑟2 + 𝑘2⌉ 𝐴𝑟
𝑖 = (𝑗𝜔𝜖)−1  

𝑛(𝑛+1)

𝑟2  𝐴𝑟
𝑖 . 

Therefore: 
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0
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n

E
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   (4) 

where 𝑎𝑛 = 𝑗−𝑛(2𝑛 + 1)/(𝑛(𝑛 + 1)). Treating the radial 

magnetic field in the same way, we arrive at the incident 

electric vector potential Fr as [28]: 

 
(1)

0

sin ( ) (cos ).i o
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n

E
F a J kr P

k
 





   (5) 

The scattered fields have similar form except that 𝑗�̂�(𝑘𝑟) 

is replaced by the spherical Hankel function  �̂�𝑛(𝑘𝑟). 

The total external field to the sphere (incident + scattered) 

is given by: 

 

(1)
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nr n n n n

n

ex o
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, (6) 

where bn and cn coefficients are, so far, unknown to be 

determined from the boundary conditions at the spherical 
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surface. The next step towards the determination of the 

fields everywhere is to write down the internal fields 

inside the spherical tumor, namely: 

 

(1)

1

(1)

1

cos ( ) (cos )

sin ( ) (cos )

in o
nr n s n

n

ex o
nr n s n

s n

E
A d J k r P

E
F e J k r P

k

 


 

















, (7) 

where again dn and en are unknown coefficients. Note 

that ks is the wave number in the spherical tumor. 

Namely, 𝑘𝑠 = 𝜔√𝜇0𝜖0(𝜖𝑟𝑠 −
𝑗𝜎𝑠

𝜔𝜖0
). 

Now, we are ready to apply the boundary conditions 

requiring the continuity of the  and  –field components 

at the spherical surface. This leads to the determination 

of the scattered field coefficients bn and cn as given in the 

Appendix. 

The scattered E component in the external region is 

given by: 

 𝐸𝜃
𝑆(𝑟, 𝜃) =

−𝐸𝑜

𝑘𝑟
𝑐𝑜𝑠∅ [

∑ 𝑐𝑛�̂�𝑛(𝑘𝑟)
𝑃𝑛

′ (𝑐𝑜𝑠𝜃)

𝑠𝑖𝑛𝜃

𝑁
𝑛=1

+𝑗𝑏𝑛�̂�𝑛
′ (𝑘𝑟)

𝜕𝑃𝑛
′ (𝑐𝑜𝑠𝜃)

𝜕𝜃

]. (8) 

The summation term is truncated after N terms, where N 

depends on the tumor size. Numerical calculations show 

that N = 5 gives acceptable convergence up to tumor 

radius of 7 mm at 6 GHz applied frequency. The 

scattered field at the transmitting antenna is equal to: 

𝐸𝜃(𝑟1, 𝜋) (−
𝑑

𝑟1
), where 𝑟1 = √𝑑2 + 𝐿2 and we have 

assumed that the antenna major polarization is along X’ 

direction. 

Next, signal processing is applied to realize focusing 

on the tumor for M positions of the antenna at L = i; 

i=0, 1, 2 … (M -1). The net signal for the M positions of 

the antenna is: 

 𝐸𝑡𝑜𝑡𝑎𝑙 = ∑  [𝐸𝜃(𝑟1, 𝜋) (−
𝑑

𝑟1
)]𝑀−1

𝑖=0  exp [+2𝑗𝑘𝑟1]. (9) 

As an example we plot (11) versus the tumor radius 

‘a’ in mm for an applied frequency of 6 GHz, and depth 

d = 30 mm in Fig. 8. The antenna is positioned in 17 

equidistant positions with spacing  = 10 mm. The field 

is normalized relative to the incident E. It is noted that 

the response tends to increase with the tumor radius, but 

in an oscillatory manner. The theoretical result is 

compared with simulation in the same figure, and it is 

seen that there is a reasonable agreement. We have to 

bear in mind that the theoretical curve is computed for a 

single applied frequency (6 GHz), while the simulation 

curve is done for a band of frequency (5.75 – 6.25 GHz). 

In order to study the effect of varying the applied 

frequency, the tumor response is plotted versus the 

frequency between 5-7.5 GHz at three different tumor 

radii in Fig. 9. It is seen that depending on the tumor 

radius, there is an optimum frequency for tumor detection. 

For example a tumor of 3 mm radius is not detectable at 

f~6.1 GHz while it is well detected at f~7.0 GHz. On the 

other hand, the optimum frequency for detecting a tumor 

of 6 mm radius is f~6.2 GHz. We thus conclude the 

importance of imaging the breast by several narrow band 

pulses of distinct center frequencies. 
 

 
 

Fig. 8. Simulation and theoretical normalized reflection 

response vs. tumor radius (mm) at 6 GHz. 

 

 
 

Fig. 9. Theoretical reflection response for three different 

tumor radii a = 3, 4, and 6 mm vs. center. 

 

V. CONCLUSION 
In this paper we have presented a study of 

microwave imaging of the human breast for possible 

tumor detection by applying the method of synthetic 

radar imaging. Both analytical and simulation results are 

presented for assumed tumors of different size and 

location. The breast is modeled as a homogeneous 

medium having complex dielectric constant, while the 

tumor is modeled as a small spherical inhomogeneity. 

The breast is illuminated by a microwave pulse of 

narrow bandwidth through a bow-tie antenna and the 

reflected field is monitored as the antenna is positioned 

at a number of discrete positions along the breast surface. 

Signal processing is applied to the collected data to focus 

the wave at different points to scan the whole breast. It 

has been demonstrated that a spherical tumor of few 

millimeter radius can be detected with reasonable 

resolution using a pulse of 6 GHz center frequency and 

0.5 GHz bandwidth. The response of a tumor generally 

increases with its size, but in an oscillatory manner. The 

simulation results are supported by analytical results 
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where a reasonably good agreement is observed. Our 

study also shows that the optimum frequencies for 

detecting tumors depend on the tumors’ radii. Finally, it 

is recommended that images should be taken at few 

distinct frequencies in the range 5-7 GHz in order to 

detect tumors of different sizes. 

 

VI. APPENDIX 
The coefficients bn and cn in (8) are obtained from 

the boundary conditions at the spherical surface r=a as: 

 
' 'ˆ ˆ/ [ ( ) ( )] / [ ( ) ( )],n nn n s ns n s nsb a R J ka J ka H ka R H ka     

 (A1) 

 
' 'ˆ ˆ ˆ ˆ/ [ ( ) ( )] / [ ( ) ( )],n n s ns n n s nsc a k R J ka J ka H ka k R H ka    

 (A2) 

where the dash on the Bessel and Hankel spherical 

functions denotes differentiation with respect to the 

argument, 

 �̅�𝑠 = 𝜂𝑠/𝜂, 𝑘𝑠
̅̅̅ =

𝑘𝑠

𝑘
, and 𝑅𝑛𝑠 = 𝐽𝑛

′̂ (𝑘𝑠𝑎)/𝐻𝑛
′̂ (𝑘𝑠𝑎). 
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