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Analysis of the Performance of the Near Field Orthogonality Sampling Method for 
Microwave Imaging of High Contrast Targets 

Mehmet Nuri AKINCI*1 

Abstract 

Electromagnetic inverse scattering from high contrast scatterers is of special importance, especially in Microwave 
Imaging, wherein the recent technology aims to image high contrast scatterer. To this purpose, this paper presents an 
analysis of the performance of the recently proposed microwave imaging technique of the Near Field Orthogonality 
Sampling for the high contrast targets. For this purpose, the indicator of the Near Field Orthogonality Sampling 
Method, which is the reduced scattered field, is derived for an electrically homogeneous circular scatterer, which is 
centered around origin. The Near Field Orthogonality Sampling Method is classified in the qualitative microwave 
imaging techniques, which aim to retrieve only the shape and the position of the scatterers. Thus, the performance of 
the method can be assessed by comparing the energy of the indicator that falls in the exact target position with the 
energy that falls outside of the scatterer. Thus, the ratios of the indicator energy densities inside and outside of the 
target is defined as a quality metric. After, the quality metric and its expressions for limiting cases (i.e. where the 
electrical parameter of the the target is too large or too low) are derived in terms of the background’s and target’s 
electrical properties. Then, the introduced metric is computed and plotted for a popular application, which is 
microwave imaging of the breast. Obtained results show that the high contrasts between the target and the background 
does not have an important effect on the quality of the reconstructions of the Near Field Orthogonality Sampling 
Method.  
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1. INTRODUCTION 

Microwave imaging (MWI) is a recent arising 
technology that aims to sense the electrical properties 
of the targets by means of the measurements performed 
in microwave frequencies. It has a vast of applications 
in medical imaging [1]-[4], buried target imaging [5], 
[6], non-destructive testing [7]-[10]. Regardless of the 
application, one main problem of the microwave 
imaging is its non-linear nature, which comes from the 
multiple scattering effects. In [11], it is shown that the 
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nonlinearity of  the MWI increases with the increasing 
contrast of the target. Thus, imaging of high contrast 
scatterers is an important problem for any MWI 
technique.  

Recently, a group of MWI techniques, which is called 
as qualitative MWI, starts to attract attention [12]–[14]. 
In particular, this class of MWI methods aims to 
retrieve only the shape of the target from scattered field 
measurements [13]. They are generally linear, non-
iterative and cheaper in computational resource and 
time when compared with their quantitative analogues, 
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which targets to retrieve the whole electrical parameter 
distribution on a pre-specified region [15], [16]. 

Near Field Orthogonality Sampling Method (NOSM) 
was proposed in a recent work of the author [17], [18]. 
Besides possessing all attractive features of qualitative 
methods, the NOSM can also operate with single view 
- multi static measurements as well as having the 
capability of handling with multi-frequency data. Such 
properties makes NOSM useful in real-world 
scenarios. In this context, this paper investigates the 
performance of the NOSM for high-contrast targets. 
For this purpose, the reduced scattered electric field for 
an electrically homogeneous circular cylinder is 
derived for two dimensional-transverse magnetic (2D-
TM) scattering configuration. By using the derived 
reduced electrical field a quality metric is defined. 
Next, the expression of the introduced quantity is 
obtained in terms of the electrical properties of the 
cylinder- the background medium and the radius of the 
cylindrical target. The quality metric is evaluated for a 
popular real world example, which is MWI of the 
breast. Obtained results show that contrary to 
quantitative MWI methods, which deeply influenced 
by the high contrast between the target and the 
background [11], the NOSM is not significantly 
effected by the high electrical parameter difference 
between the scatterer and the host medium. 

2. NEAR FIELD ORTHOGONALITY 
SAMPLING METHOD APPLIED TO A 

CIRCULAR TARGET 

The Near Field Orthogonality Sampling Method 
(NOSM) was introduced in [17]. In this section, we 
confine our analysis to particular case, which is the 
scattering from a circular target centered around origin. 

2.1.1. Scattering From a Circular Target 

Consider that a non-magnetic circular target Ω, whose 
radius is R and whose relative electrical permittivity-
conductivity is 𝜖 − 𝜎 is centered to origin. The target 
is hosted in a non-magnetic background medium, 
whose electrical properties are 

𝜖 , − 𝜎 . The target is illuminated with plane waves, 
whose incidence angle is 𝜙 and whose polarization is 
of two dimensional transverse magnetic (2D-TM) 
scattering scenario. For this particular problem, the 
incident field on the target, the scattered field outside Ω 
and the total field inside the circle have to be in the 

following forms to be able to satisfy the sourceless 
Helmholtz equation [15]:  

𝑢 (𝑟, 𝜃) = exp −𝑖𝑘 𝑟𝑐𝑜𝑠(𝜙 − 𝜃) , 𝐫 = (𝑟, 𝜃) ∈ 𝐑𝟐 

𝑢 (𝑟, 𝜃) =  ∑ 𝐴 𝐻
( )

(𝑘 𝑟) exp(𝑖𝑛𝜃) , 𝐫 ∈ 𝐑𝟐/𝛀 

𝑢 (𝑟, 𝜃) =  ∑ 𝐵 𝐽 (𝑘 𝑟)exp (𝑖𝑛𝜃) , 𝐫 ∈ 𝛀     (1) 

Then, the by employing the Maxwell’s equation and 
noting that all mediums are non-magnetic the  

corresponding magnetic fields can be derived as in the 
below [15]: 

ℎ(𝑟, 𝜃) =
( , )

  

ℎ (𝑟, 𝜃) =
( )

    

ℎ (𝑟, 𝜃) =
∑ ( ) ( )

  

= ∑ 𝑖 𝐽 (𝑘 𝑟) exp −𝑖𝑛(𝜙 − 𝜃) , 𝐫 ∈ 𝐑𝟐  

ℎ (𝑟, 𝜃) = ∑ 𝐴 𝐻
( )

(𝑘 𝑟) exp(𝑖𝑛𝜃) , 𝐫 ∈

𝐑𝟐/𝛀  

ℎ (𝑟, 𝜃) = ∑ 𝐵 𝐽 (𝑘 𝑟) exp(𝑖𝑛𝜃) , 𝐫 ∈ 𝛀 (2) 

In (1) and (2), u-h are the electric field-the tangential 
component of the magnetic field, respectively; the 
subscripts i, s and t stands for the incident, scattered and 
total fields, respectively; 𝑘 =

𝜔 𝜇 𝜖 , 𝜖 + 𝑖𝜔𝜇 𝜎 , 𝑘  are the wavenumbers in 
the host medium, target, respectively; 𝜇 , 𝜖  are the 
magnetic permeability and electrical permittivity of the 
vacuum, respectively; 𝜔 = 2𝜋𝑓 is the angular 
frequency of excitation; 𝑓 is the frequency of the 
illumination; 𝐽 (⋅) is the nth order Bessel function; 

𝐻
( )

(⋅) is the nth order Hankel function of first kind and 
(⋅)  stands for the derivative of the related function. To 
determine the unknown coefficients, the continuity of 
the electric and tangential component of the magnetic 
fields have to be satisfied at r = R, thus we have: 

𝑢 (𝐫) + 𝑢 (𝐫) = 𝑢 (𝐫);    𝑟 = 𝑅, 0 ≤ 𝜃 < 2𝜋 

∑ 𝑖 𝐽 (𝑘 𝑅) exp −𝑖𝑛(𝜙 − 𝜃) +

𝐴 𝐻
( )

(𝑘 𝑅) exp(𝑖𝑛𝜃) =

∑ 𝐵 𝐽 (𝑘 𝑅)exp (𝑖𝑛𝜃) ;  

𝑖 𝐽 (𝑘 𝑅) exp(−𝑖𝑛𝜙) + 𝐴 𝐻
( )

(𝑘 𝑅) =

𝐵 𝐽 (𝑘 𝑅);        (3) 
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ℎ (𝐫) + ℎ (𝐫) = ℎ (𝐫);    𝑟 = 𝑅, 0 ≤ 𝜃 < 2𝜋 

∑ 𝑖 𝐽 (𝑘 𝑅) exp −𝑖𝑛(𝜙 − 𝜃) +

𝐴 𝐻
( )

(𝑘 𝑅) exp(𝑖𝑛𝜃) =

∑ 𝐵 𝐽 (𝑘 𝑅)exp (𝑖𝑛𝜃) ;  

𝑖 𝐽 (𝑘 𝑅) exp(−𝑖𝑛𝜙) + 𝐴 𝐻
( )

(𝑘 𝑅) =

𝐵 𝐽 (𝑘 𝑅);      (4) 

Solving (3) and (4) for one can find: 

 ( )
=

( ) ( ) ( ) ( ) 
( )

( ) ( )
( )

( ) ( ) 
; (5)

  

2.1.2. The Reduced Scattered Electric Field for 
Circular Target 

In [17], the reduced scattered field is defined as in the 
below: 

𝑢 (𝐫) = ∫ 𝐽 (𝑘 |𝐫 − 𝐫 |)𝜒(𝐫 )𝑢(𝐫 )𝑑𝐫 ; 𝐫 ∈ ℝ
∈ℝ

  

(6) 

where 𝜒 = − 1 is the object function. Assume that 

the scattered field on the circle, whose center is origin 
and whose radius is 𝜌, is known. Then, from [17], it can 
be inferred that the reduced scattered field for |𝐫| < 𝜌 
may be calculated as: 

𝑢 (𝐫) = ∫ 𝐾(𝐫, 𝐪)𝑢 (𝐪, 𝜙)𝑑𝐪; 
∈ℝ

   

|𝐫| < 𝜌, 𝐪 = (𝑞, 𝛼)    (7) 

where the kernel of the operator is given as [17]: 

𝐾(𝐫, 𝐪) = − ∑
( )

( )
( )

exp 𝑖𝑛(𝜃 −

𝛼) ; |𝐫| < 𝜌, 𝐪 = (𝑞, 𝛼)      (8) 

Combining (1), (7) and (8), one can show that: 

𝑢 (𝐫) = ∫ − ∑
( )

( )
( )

exp 𝑖𝑚(𝜃 −

𝛼)  ∑ 𝐴 𝐻
( )

(𝑘 𝑞) exp(𝑖𝑛𝛼) 𝑞𝑑𝛼;   

= ∑
( )

( )
( )

∑ 𝐴 𝐻
( )

(𝑘 𝑞) 𝑞  

∫ exp(𝑖𝑚(𝜃 − 𝛼) + 𝑖𝑛𝛼)𝑑𝛼   

= ∑
( )

( )
( )

∑ 𝐴 𝐻
( )

(𝑘 𝑞) 𝑞   

2𝜋𝛿 exp(𝑖𝑚𝜃)  

= −4𝑖 ∑ 𝐴 𝐽 (𝑘 𝑟)exp (𝑖𝑛𝜃)    (9) 

where 𝛿(⋅) stands for the well-known discrete delta 

function. 

2.1.3. The Quality Metric 

Our interest is understanding the performance of the 
NOSM with changing contrast between the target and 
the host medium. The NOSM states that the norm of 
the 𝑢  of (9) is relatively larger at those points, which 
fall into a target; and conversely, the norm of 𝑢  of (9) 
is relatively lower at those points, which falls into the 
background. For the particular case that is investigated 
above, the target is a circle with radius 𝑅. Assume that 
the target is known to be encapsulated in a circular 
domain 𝐷, whose radius is 𝑅 . The indicator function 
of the NOSM becomes: 

𝐼(𝐫) = |𝑢 (𝐫)| ;   𝐫 ∈ 𝐷    (10) 

Thus, a quality metric can be defined as in the below: 

𝑄 =
∫

( )

∈

∫
( )

∈

     (11) 

where 𝑆 =  𝜋𝑅  and 𝑆 =  𝜋𝑅  are the areas of target 
and the investigation domain, respectively. Note that, 

in ideal case 𝑄 = , since 𝐼(𝐫) = 0 for 𝐫 ∈ 𝐷 − Ω. 

Here, the following closed form expression can be 
obtained for the quality metric: 

𝑄 =
∫

∑ ( )  ( )

∈

∫
∑ ( )  ( )

∈

  

=
∑ | |  ∫ ( )

∑ | |  ∫ ( )
     

=
∑ | |  ( ( ))

∑ | |  ( ( ))
  (12) 

Thus, as seen from (12), the quality metric is a function 
of the electrical lengths of 𝑘 𝑅, 𝑘 𝑅 and 𝑘 𝑅 .  

2.1.4. Analysis of Quality Metric for High Contrast 
Case 

In the high contrast situation, the difference between 
the background and target wavenumber gets larger. In 
most of the applications, electrical parameters of the 
background is both adjustable and also confined to a 
limited range, while the electrical parameters of the 
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targets can vary in wider area. Thus, we may analyze 
the quality metric derived in (12) for two different 
situation: (i) |𝑘 𝑅| > |𝑘 𝑅|, i.e. as |𝑘 𝑅| → ∞; (ii) 
|𝑘 𝑅| < |𝑘 𝑅|, i.e. as |𝑘 𝑅| → 0. 

Let us first investigate the case in (i), i.e. |𝑘 𝑅| → ∞. 
For large arguments the Bessel function has the 
following asymptotic form [15]: 

𝐽 (𝑘 𝑅) ∼ cos 𝑘 𝑅 − −    (13) 

Then the asymptotic properties of the derivative can be 
derived as: 

𝐽 (𝑘 𝑅) =
( ) ( )

  

∼  
( ) ( )

   

∼  
 ( )  ( )

   

∼ −  sin (𝑘 𝑅 − − )    (14) 

Employing the asymptotic forms of the Bessel function 
and its derivative the followings can be obtained: 

( )

( )
∼

  ( )
  

∼ − cot 𝑘 𝑅 − −     (15) 

Here 𝑘 𝑅 = 𝑝 exp(𝑖𝜃) where 𝑝 → ∞ and 0 ≤ 𝜃 < 2𝜋. 

Thus, letting 𝛽 = 𝑘 𝑅 − − = 𝛼 + 𝑖𝛾, it is easy see 

that 𝛼 ≥ − −  and 𝛾 ≥ 0. Therefore, the 

followings are true: 

cot(𝛽) =
( )

( )
= 𝑖

( ) ( )

( ) ( )
    

= 𝑖
( )  ( ) ( )  ( )

( )  ( ) ( )  ( )
  

∼ 𝑖
( ) ( )

( ) ( )
∼ −𝑖     (16) 

Thus, using (5), we may obtain the asymptotic 
expression for |𝐴 | of (12):  

|𝐴 | =
( ) ( )

( )

( )
 

( )
( )

( )

( )

( )
( ) 

  

∼
( ) ( )  

( )
( )

( )
( ) 

∼
( ) 

( )
( ) 

  (17) 

Thus, for large contrast of the target, the quality factor 
becomes only a function of wavenumber of the 
background. 

Now, let us investigate the case in (ii), i.e. |𝑘 𝑅| → 0. 
For small arguments, the Bessel function has the 
following asymptotic form [15]: 

𝐽 (𝑘 𝑅) ∼
!

     (18) 

Then, the derivative of the Bessel function has the 
following asymptotic form: 

𝐽 (𝑘 𝑅) =
( ) ( )

  

∼
( )! ( )! ∼

( )!

( )
   

∼
( )!

       (19) 

Therefore, the following expression can be derived: 

( )

( )
∼ !

( )!

∼ ∼    (20) 

Thus, the asymptotic form of |𝐴 | of (12) for small 
contrast of the target becomes: 

|𝐴 | =
( ) ( )

( )

( )
 

( )
( )

( )

( )

( )
( ) 

  

∼
( )  

( )
( )

( ) 

  

∼
( ) ( )

( )
( )

( )
( ) 

   (21) 

3. ANALYSIS OF QUALITY METRIC 

In this section, the performance of the NOSM is 
assessed by analyzing the quality metric for a popular 
real-world problem, which is imaging of breast with 
microwaves [2], [4], [20]–[25]. There are many 
different algorithms applied for microwave imaging of 
breast: quantitative inversion methods [20]–[23], 
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surface impedance based technique [2], radar based 
approaches [24], [25]. Regardless of the utilized 
approach, one common problem is the higher contrast 
of the fibroglandular tissues inside the breast [11]. The 
higher contrast limits the performance of microwave 
imaging from two aspects: (i) A coupling medium is 
required to enhance the penetration of the waves inside 
the breast [2], [21]. (ii) The non-linearity of the inverse 
scattering mechanism increases if the difference 
between the mean contrast of the breast and the 
background gets larger [11]. 

Here, we note that the relative electrical permittivity of 
the tissues inside the breast is between 1-80. Thus, the 
relative electrical permittivity of the background and 
the target are limited in this interval, i.e.          1 ≤

 𝜖 , , 𝜖 ,  ≤  80. Firstly, it is assumed that both the 
background and the target are lossless, i.e. 𝜎 = 𝜎 =

0 . The radius the breast is taken as 𝑅 = 5 𝑐𝑚 and the 

investigation domain is selected such that 𝑅 =

15 𝑐𝑚. The quality metric is calculated and normalized 
with 𝑆 /𝑆  for all 𝜖 , − 𝜖 ,  couple by sweeping 1-80 
interval with a constant step size of 0.1. The results for 
0.5 GHz, 1 GHz, 1.5 GHz and 2 GHz are given in 
Figure 1(a) - Figure 1(d). As seen from these results, 
the quality metric is changing between 0.1-0.45, while 

mostly 
/

 is around 0.3. Thus, as can be seen from 

these results, the quality of the obtained images are not 
influenced from the high contrast between the target 
and the background, which is an advantage of the 
NOSM over conventional non-linear optimization 
methods. 

As second test, the quality metric for a conductive 
breast is evaluated. Here all parameters of the setup is 
the same of the previous case except the conductivity 
of breast, which is taken as 1.5 S/m. Note that such a 
conductivity corresponds to a high value with respect 
to the conductivities of the realistic breast models given 
in [19]. The results for this case is given in Figure 2(a) 
- Figure 2(d) for 0.5 GHz, 1 GHz, 1.5 GHz and 2 GHz, 
respectively. As can be observed from these results the 
quality remains between 0.2 - 0.3. Thus, similar to the 
lossless case, the quality of the obtained 
reconstructions does not exhibit a significant variation 
for high contrasts between the target and the 
background. 

Lastly, the extreme cases, where the contrast of the 
scatterer is very large (i.e. |𝑘 𝑅| → ∞) - very low (i.e. 
|𝑘 𝑅| → 0) are investigated in Figure 3-Figure 4, 
respectively. For that purpose the quality factors in 
limiting cases, are plotted in Figure 3-Figure 4 for 
|𝑘 𝑅| → ∞ − |𝑘 𝑅| → 0 by setting |𝐴 | of (12) to the 
expressions, which are derived in (17)-(21). Here, by 
observing through Figure 3(a)-Figure 3(d), it can be 
seen that the quality factors are limited in 0.2-0.35 
range as |𝑘 𝑅| → ∞. Similar to |𝑘 𝑅| → ∞ case, by 
observing the results for |𝑘 𝑅| → 0, which are given in 
Figure 4(a)-Figure 4(d), the quality factor is seen to be 
confined almost in the same range. As in the previous 
situations, these results imply that in contrast to 
quantitative approaches, which profoundly influenced 
by the high contrast between the target and the 
background [11], the quality of the reconstructions 
obtained by NOSM does not significantly vary with the 
increasing electrical parameter between the target and 
the background medium.
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Figure 1. Quality metric for microwave breast imaging with NOSM. The relative permittivities of the background and the breast 
tissues are swept between 1-80 with a constant step size of 0.1. For this result, the breast and background are assumed to be 
lossless

 

Figure 2. Quality metric for microwave breast imaging with NOSM. The relative permittivities of the background and the breast 
tissues are swept between 1-80 with a constant step size of 0.1. For this result, the background is assumed to be lossless but the 
breast is assumed to have a conductivity of 𝜎 = 1.5 S/m. Note that such a conductivity corresponds a large value that can be 
observed from the breast models in [19]. 
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Figure 3. Quality metric for microwave breast imaging with NOSM when the contrast of target is very large (i.e. as |k R| → ∞). 
Here the relative permittivity of the background is swept between 1-80 with a constant step size of 0.1. For this result, the 
background is assumed to be lossless

 

Figure 4. Quality metric for microwave breast imaging with NOSM when the contrast of target is very low (i.e.as |𝑘 𝑅| → 0). 
Here the relative permittivity of the background is swept between 1-80 with a constant step size of 0.1. For this result, the 
background is assumed to be lossless
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4. CONCLUSION 

In this paper, the quality of the reconstructions of a 
recently proposed qualitative microwave imaging 
(MWI) approach, which is named as Near Field 
Orthogonality Sampling Method (NOSM), is 
investigated. For this aim, a simplistic example, which 
is scattering from a circular cylinder, has been 
employed. The scattered fields from the cylinder has 
been derived first. Then, the indicator function of the 
NOSM, which is the reduced scattered field, has been 
derived for the considered special case. After deriving 
the expression for reduced scattered field, a quality 
metric has been defined and the expression of the 
introduced metric is given in terms of the electrical 
lengths of the scatterer. Here, for better understanding 
the effect of the high contrast situation, the expressions 
of the quality metric for |𝑘 𝑅| → ∞ and |𝑘 𝑅| → 0 
have been derived. The derived quality metrics are 
numerically analyzed for MWI of the breast case. 
Obtained results show that the quality of the NOSM has 
been confined into a narrow interval for all contrasts, 
which is a good behavior compared to the quantitative 
MWI approaches, whose non-linearity is inherently 
linked to high contrast between the target and the host 
medium.  
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