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Abstract—Recently, non-metallic materials which are resilient 
to corrosion, low cost, and light weight, have been exploited in 
many industrial sectors such as oil and gas field. A common 
application of them is in the form of pipes. Despite the advantages, 
these pipes can be damaged by delamination, defects, holes, and 
erosion, which may lead to major production failures or even 
environmental catastrophes. To prevent these issues, non-
destructive testing (NDT) of these pipes is required to replace these 
components in a timely manner. Due to the fact that the traditional 
NDT methods are mostly effective for metallic pipes, microwave 
holographic imaging is proposed for inspection of multiple 
concentric non-metallic pipes. Besides, standardized minimum 
norm (SMN) is employed to mitigate the depth biasing problem in 
the proposed imaging technique. In order to reduce the complexity 
of the imaging system, we aim at using the narrowest possible 
frequency band by using an array of receiver antennas. The 
performance of the proposed NDT method is validated through 
simulation and experimental data in two scenarios including the 
antennas placed outside the pipes and inside the pipes. 

 
Index Terms—Microwave imaging, Millimeter wave imaging, 

Non-destructive testing (NDT), Non-metallic pipes, Standardized 
minimum norm (SMN). 

I. INTRODUCTION 
ON-METALLIC and composite materials such as fiber 
reinforced plastic (FRP), glass reinforced epoxy resin 

(GRE), high density polyethylene (HDPE), reinforced rubber 
expansion joints (REJs), carbon fiber reinforced plastics 
(CFRP), and polyvinyl chloride (PVC) are rapidly replacing 
metallic components in various industrial sectors. This is 
mainly due to the significant advantages such as their resilience 
to corrosion, light weight, and low cost. Thus, developing 
reliable non-destructive testing (NDT) methods for quality 
assurance of components made by these materials is an 
important step necessary for their widespread use in critical 
applications. 

One of the commonly used NDT methods for non-metallic 
materials is ultrasonic testing [1][2]. Due to the complex 
structure of composite materials such as FRP/GRE [3], nature 
of defects, and failure morphology particularly in HDPE 
thermal fusion joints, ultrasonic testing fails to perform NDT 
for these materials [4][5]. Another common NDT method is 
radiography which relies on the use of X-ray [6]. In addition to 

extra safety requirements, radiography is not capable of 
detecting delaminations and planar cracks since for such defects 
the local density remains almost the same.  

To address the above-mentioned shortcomings of the 
traditional NDT methods for inspection of non-metallic 
components, microwave measurements have been proposed 
(e.g., see [7], [8]). So far, microwave NDT techniques proposed 
for imaging of cylindrical dielectric materials can be divided 
into two groups: imaging based on raw responses and imaging 
based on synthetic aperture radar (SAR) processing. Regarding 
the first group, in [9]-[12], two dimensional (2D) imaging has 
been performed using scalar measurements only. In [13], a K-
band (18–26.5 GHz) microwave reflectometry system 
employing an in-line crawling robot has been proposed, which 
is capable of providing 2D images of cracks in HDPE pipes. 
Regarding the second group, in [14], wideband millimeter wave 
SAR imaging has been employed to produce three-dimensional 
(3D) images of vertical cracks/flaws in flat and curved HDPE 
pipes. There, a portable and low cost Ka-band (26.5–40 GHz) 
reflectometer with a single antenna has been proposed for the 
measurements. In [15], a SAR-based NDT method for 
multilayered pipes has been proposed in X-band (8.2–12.4 
GHz). There, a closed-form Green’s function has been 
employed which accounts for the different propagation delays, 
internal reflections, and refractions, and the image 
reconstruction process is based on the use of matched filter. In 
[16], time-reversal SAR imaging has been proposed for 
inspections of lossy symmetric and asymmetric layered 
dielectric cylindrical objects in X-band (8.2–12.4 GHz). There, 
the transmission and refraction path at the boundaries between 
different layers have been considered. In [17], an algorithm has 
been proposed to improve SAR imaging for insulated steel 
pipes using X-band (8.2–12.4 GHz), Ku-band (12.4−18 GHz), 
and K-band (18−26.5 GHz). It is based on autofocus range-
Doppler algorithm and singular value decomposition has been 
used to mitigate the effect of the insulation layer. 

Recently, SAR imaging (in the far-field, SAR imaging is 
equivalent to direct holographic imaging [18]) has been 
extended to near-field 2D [19] and 3D imaging [20]-[23]. These 
techniques are commonly referred to as near-field holographic 
imaging techniques. In the latest developments [18], [23], the 
information related to the incident field and the Green’s 
function for a specific imaging system is obtained via the 
measurement of the point-spread function (PSF) of the imaging 
system. In practice, this allows for: (1) achieving sub-
diffraction resolution due to the use of measurable parts of the 

N 

H. Wu, M. Ravan, J. Patel, and R. K. Amineh are with the Department of 
Electrical and Computer Engineering, New York Institute of Technology, 
New York, NY 10023, USA (Corresponding author: R. K. Amineh, e-mail: 
rkhalaja@nyit.edu). 

R. Sharma was with the Department of Electrical and Computer 
Engineering, New York Institute of Technology, New York, NY 10023, USA. 
She is now with the Electro-Metrics Corporation, Johnstown, NY 12095 
USA. 

Authorized licensed use limited to: New York Institute of Technology. Downloaded on May 18,2020 at 19:22:19 UTC from IEEE Xplore.  Restrictions apply. 

mailto:rkhalaja@nyit.edu


0018-9456 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIM.2020.2980340, IEEE
Transactions on Instrumentation and Measurement

 

 

2 

evanescent wave spectrum in the near-field instead of using far-
field analytical terms, (2) reducing the modeling errors as the 
antennas and the imaging setup are not required to be modeled, 
(3) reducing errors due to the uncertainties of the material 
properties since the PSFs are obtained via measurements 
instead of using pre-determined material property values and 
analytical expressions, (4) reducing errors due to the size of 
antennas since they directly measure the PSFs instead of 
assuming point-wise antennas. While it is still possible to use 
analytical expressions for the PSF in the proposed technique, 
the uncertainty in the material properties or the ignored near-
field terms can slightly degrade the quality of the reconstructed 
images. 

In this paper, a near-field holographic microwave imaging 
technique is proposed to provide images of multiple concentric 
pipes. Such configuration is commonly used in various 
industries, to improve the efficiency and increase the lifetime 
of the wellbore production pipes in oil and gas industry [24] or 
to separate the flow in the fluid transfer pipeline [25]. The use 
of cylindrical setups for pipe imaging necessitates 
modifications in the image reconstruction methods in near-field 
microwave holographic imaging due to the periodic nature of 
the scattered fields along the azimuthal direction (e.g., see [26]-
[28]). Here, an array of receiver antennas are employed which 
allows for using the narrowest possible frequency band. In fact, 
the use of antenna array allows for data collection over diverse 
positions that, in turn, allows for achieving range (radial) 
resolution [29]. Although the pipes may not be highly 
dispersive, they may carry dispersive fluids. In such case, using 
a narrower band allows for reducing the imaging errors due to 
the dispersion. Furthermore, the use of a narrow band system 
allows for using resonant antennas which improves the dynamic 
range of the imaging system (resonant antennas are more 
sensitive to the changes of the materials around them at their 
resonant frequency which allows for detecting smaller defects). 
Another main development, here, is the solution of systems of 
equations in the near-field holographic imaging based on the 
use of standardized minimum norm (SMN) approach which 
alleviates the depth biasing problem. The performance of the 
proposed imaging technique is studied, first, via simuations and 
then through experiments with double PVC pipes with two 
different placements of the antenna array: outside the pipes and 
inside the pipes. 

II. THEORY OF HOLOGRAPHIC IMAGING FOR NON-
METALLIC PIPES 

In this section, we introduce the theory of near-field 
holographic imaging with an array of receiver antennas and 
multiple frequency data for imaging the defects in non-metallic 
concentric pipes. Unlike the previous near-field microwave 
holographic imaging studies based on rectangular setups [20]-
[23], in pipe imaging, the data acquisition and image 
reconstruction need to be performed over cylindrical surfaces 
(along azimuthal and longitudinal directions) at various radii. 
Thus, all the functions are periodic versus azimuthal direction (

 ). This necessitates the use of circular deconvolution method 
that will be discussed as follows. 

Fig. 1 illustrates the proposed microwave imaging setup 
including a transmitter antenna to illuminate pipes and an array 
of AN  receiver antennas that scans the scattered fields. The 
transmitter antenna and the array of receiver antennas scan a 
cylindrical aperture with radius of Ar  and height of Az . The 
scattered field is recorded at N  angles along the azimuthal 
direction   (within [0, 2π]) and zN  positions along the 
longitudinal direction z . The complex-valued scattered field, 

( , )SCE z , is measured, at each sampling position, at N  
frequencies within the band of 1  to N

 , by each receiver. 
Such scattered response is obtained from subtracting the 
response of the pipes without defects from the response of the 
same pipes with defects. The image reconstruction process then 
provides images of the pipes with radii ir  , where 1, , ri N . 
It is worth noting that the imaging system is assumed to be 
linear and space-invariant (LSI). The use of Born 
approximation for the scattering integral leads to the linear 
property of the imaging system [20]. 
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Fig. 1. Illustration of the microwave imaging setup. A transmitter antenna and 
an array of receiver antennas scan a cylindrical aperture and the images are 
reconstructed over cylindrical surfaces with radii r=ri. 

 
For implementation of the holographic imaging, first, the 

point-spread functions (PSFs) of the LSI imaging system are 
acquired. These PSFs are denoted by ,SC CDE  and are 
approximated by measuring small defects called calibration 
defects (CDs) placed on each pipe one at a time. The scattered 
response recorded for a CD placed on the i-th pipe is denoted 
by , ( , )SC CD

iE z . The defects’ response for each pipe, 

( , )SC
iE z , can be written, according to the convolution theory, 

as the convolution of the collected PSF for that pipe, 
, ( , )SC CD

iE z , with the contrast function of the defect on the 
corresponding pipe ( , )if z . Then, the response due to the 

defects on all the pipes under test (PUTs), ( , )SCE z , can be 
obtained from the superposition of the responses of all the 
pipes, ( , )SC

iE z , where 1, , ri N , as: 
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 

       (1) 

  and z  denote for convolutions along   and z, respectively. 

In Eq. (1), PSF functions, , ( , )SC CD
iE z , can be obtained a 

priori via measurement or simulation. Besides, ( , )SCE z  is 
obtained by recording the responses for the defects on PUTs. 
The goal is then to estimate the contrast functions of the defects 

( , )if z . The contrast function of defect, ( , )if z , relates to the 
wavenumbers of defected region (air or fluid), ks, and 
background medium (pipe), kb, as [23]: 

2 2( , ) ( , ) ( , )i s bf z k z k z                      (2) 

To provide more data for image reconstcrution, 
measurements can be implemented at multiple frequencies 
(over the narrowest possible band), n , n=1,…, N  and by 
multiple receivers, ma , m=1,…, AN . Thus, for each receiver 

ma , Eq. (1) can be re-written at all frequencies to provide the 
following system of equations: 

,
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  (3) 

The systems of equations written for all the receivers ma , 
m=1,…, AN , can be combined to find the shared unknown 
parameters ( , )if z , 1, , ri N . In order to solve the system 
of equations, we apply Fourier Transform (FT) on both sides of 
the equations. 

Let’s first consider the spatially-sampled versions of 
( , , )

m

SC
a nE z  , ,

, ( , , )
m

SC CD
ni aE z  , and ( , )if z  denoted by 

( , , )
m

SC
a z nn n E , ,

, ( , , )
m

SC CD
z ni a n n E , and ( , )i zn nf , 

1,...,n N   and 1, ,z Zn N , with spatial and angular 
intervals denoted by z  and  , respectively. Then, the 
convolutions in Eq. (1) can be written in spectral domain as 
[30]: 

,

,
, ,,
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where ,DTFTz   denotes discrete time FT (DTFT) along 
azimuthal and longitudinal directions, respectively. Sequences

( , , )
m

SC
a z nn n E , ,

, ( , , )
m

SC CD
z ni a n n E , and ( , )i zn nf  are 

aperiodic along the longitudinal direction z. The DTFTs with 
respect to z  are denoted by ( , , )

m

SC
a z nn k E , 

,
, ( , , )

m

SC CD
z ni a n k E , and ( , )i zn kf . Since these functions are 

periodic along  , the convolution along that direction can be 
considered as a circular convolution [30]. Then, the DTFTs for 
the N -periodic sequences along   are computationally 
reduced to discrete Fourier transforms (DFT) of these 
sequences [30]. The DFTs with respect to the   variable for 

sequences ( , , )
m

SC
a z nn k E , ,

, ( , , )
m

SC CD
z ni a n k E , and ( , )i zn kf  

are denoted by ( , , )
m

SC
a z nk k E , ,

, ( , , )
m

SC CD
z ni a k k E , and 

( , )i zk kf , where k  is an integer from 0 to 1N  . 
Using the transformations discussed above at all the 

frequencies for each receiver ma  leads to the following system 
of equations at each spatial frequency pair ( , )zk k : 

,
1 1,

1

,
,

1

( , ) ( , ) ( )

( , ) ( , ) ( )

r

m m

r

m m

N
SC SC CD
a ii a

i

N
SC SC CD
a N N ii a

i
 

 

 












 






E E f

E E f

  

  

             (5) 

By merging the systems of equations for all the AN  
receivers, the following system of equations is obtained at each 
spatial frequency pair ( , )zk k : 

SC E DF                                    (6) 

where 
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       (8) 

These systems of equations are solved at each spatial 

frequency pair ( , )zk k  to obtain the values for ( )if  , 

1, , ri N . Then, inverse DTFT along longitudinal direction 
z  and inverse DFT along azimuthal direction   are applied to 
reconstruct images, ( , )i zn nf , over all the pipes with radii 

ir r , 1, , ri N . At the end, the normalized modulus of 
( , )i zn nf , ( , ) | /i zn n M| f , where M  is the maximum of 
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( , ) |i zn n| f  for all ir  , is plotted versus   and z  to obtain a 
2D image of the defects on the i-th pipe. We call 

( , ) | /i zn n M| f  the normalized image. 

III. SOLUTION OF THE SYSTEMS OF EQUATIONS WITH 
STANDARDIZED MINIMUM NORM APPROACH 

The common approach to solve the systems of equations in 
near-field holographic imaging is the well-known minimum 
norm (MN) solution [20]-[23]. However, the MN solution is 
notorious for depth biasing, i.e., underestimation of deep 
features in favor of ones that are more superficial. Here, this 
leads to only detection of the defects that are closer to the 
antennas. In this project, inspired by standardized low-
resolution brain electromagnetic tomography using EEG data 
[31], we study the improvements gained via standardization of 
the minimum norm inverse solution. Using this concept, the 
objective function to be minimized is constructed as: 

2
SCJ   E DF F                         (9) 

where  is a regularization parameter. This parameter is 
taken as the variance of the noise in the simulated or measured 
data. Here, we estimate the noise variance by minimizing the 
generalized cross-validation (GCV) score [32] using MATLAB 
command evar. In this method, it is assumed that the value for 
which the GCV score is minimal can provide the variance of 
the additive noise. The functional J is to be minimized with 

respect to F , for given D , SCE , and  . The explicit solution 
to this minimization problem is: 

SCF PE                                (10) 

where 

H H 


  
  

P D L LDD L L  ,                  (11) 

F  is the estimate of F , T T/
A AN N N N   L I 11 1 1  denotes the 

centering matrix, 
A AN N N N I  is the identity matrix, 1AN N 1  is 

a vector of ones,  
H

  is Hermitian transpose operation, and  




denotes Moore-Penrose pseudoinverse. Standardization of the 

estimate F  requires an estimate of its variance. The true 

variance of F is equal to the identity matrix but this is for an 

ideal case when F  is estimated without error. Thus, in reality, 

to obtain variance of F  denoted by
F

S , from (10), we have: 

H
SC

EF
S PS P                              (12) 

where SCE
S  is the variance of SCE  from the Bayesian point of 

view and it is due to the noisy measurements. Assuming 

independence of F  and measurement noise, SCE
S  can be 

written as: 

H H
SC SC

noise    
E E

S DD S DD L                 (13) 

Therefore, from (12) and (13), the variance of F  is 
               

   H H H H 


   
F

S P DD L P D DD L D         (14) 

The standardization of F  is then estimated as [33]:  

1(Diag( )) SC
F

F S PE
           

             (15) 

where Diag( )
F

S is the diagonal matrix formed by the diagonal 

elements of 
F

S . 

IV. SIMULATION RESULTS 
To study the performance of the proposed imaging technique, 

here, the capabilities and limitations of single frequency 
imaging is studied via simulations based on FEKO software. To 
expedite the study, the scanning and image reconstructions are 
performed one-dimensionally along the azimuthal direction at 
the operation frequency of 10 GHz. 

A. Circular Scanning and Image Reconstruction with Antenna 
Array Outside the Pipes 

In this section, we study the performance of the system when 
the antenna array is placed outside the pipes. In a reference 
setup, we use an array of 13 dipole antennas, as illustrated in 
Fig. 2, separated at a  = 10° angles along the ϕ direction 
(azimuth angles) and scanning at Ra = 50 mm from the center. 
The center element is excited while the rest of the antennas are 
used as the receivers. The radii of the inner and outer pipes Rout1 
and Rout2 are 20 mm and 40 mm respectively. The thickness of 
both pipes is D = 2 mm. There are two defects on the outer pipe 
centered at   10° and −10° ( d  20° in Fig. 2), and one 
defect on the inner cylinder centered at    0°. All defects have 
the same shape and size. They are semi-cylindrical with radius 
of 0.75D (with reference to Fig. 2, Wd = 0.75D and Ld = 1.5D). 
Table I shows the values of the parameters for this reference 
setup. The pipes have a relative permittivity ɛr of 2.25 and loss 
tangent of 0.0004. 

In FEKO, we perform the scanning of a circular aperture to 
get the complex-valued S-parameters by rotating the antenna(s) 
along the azimuth angle (ϕ) from 0° to 360° in 181 grid points 
(every 2°). To have a realistic simulation study, white Gaussian 
noise with signal-to-noise ratio (SNR) of 20 dB is added to the 
data using the awgn commend in MATLAB by which the signal 
level is computed first, to determine the appropriate noise level 
based on the value of SNR. 

First, we perform a simulation of the pipes without the 

0 
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presence of any defect to obtain the background responses. 
These responses are then subtracted from the responses 
simulated in the presence of the defects on the pipes to obtain 
the scattered responses. Then, holographic imaging is applied 
on the scattered responses. Fig. 3 shows the reconstructed 
images for the outer and inner pipes. It is observed that when 
using holographic imaging with SMN approach compared to 
MN approach, the quality of the reconstructed images 
drastically improves, in particular, for the inner pipe as 
expected. We can clearly detect the defects at their true 
locations on both pipes after applying holographic imaging with 
SMN approach. We estimate the resolutions of the images in 
the azimuthal direction. The resolution evaluation is 
implemented based on the 3-dB level (half-power level) as it is 
common in the diffraction limited systems (e.g., see [34], [35]). 
Thus, it is the distance between two points marking 0.7 times 
the peak value. Resolutions are found to be approximately 4.8 
mm and 3.4 mm for the outer and inner pipes, respectively. 
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Fig. 2. Illustration of FEKO simulation setup consisting of NA receiver antennas 
and one transmitter antenna with angular separation of a scanning outside 
the pipes at radius of Ra along the azimuthal direction. The two pipes have radii 
of Rout1 and Rout2. The thickness of the pipes is D. The outer pipe has two defects 
with angular separation of d , opening of Ld, and depth of Wd. The inner pipe 
has one defect with the same size. 
 

TABLE I 
PARAMETER VALUES FOR THE SETUP IN FIG. 2 (REFERENCE SETUP) 

NA a  Ra Rout1 Rout2 D Ld Wd d  

12 10° 50 mm 20 mm 40 mm 2 mm 1.5D 0.75D 20° 

 
In the following, we study the effects of some of the most 

important parameters. To evaluate the quality of the 
reconstructed images, we define a reconstruction error 
parameter TE  as: 

,
1

( , ) | / ( , )
rN

T i z i ideal z
i

E n n M n n 


  | f f           (16) 

where , ( , )i ideal zn nf  is the ideal image for which the values are 
all 0 except being 1 at the true positions of the defects. 

First, we study the effect of standoff distance Ra for the 
antenna. We record the responses when the antennas are 
scanning the pipes at Ra = 51 mm and 52 mm (instead of Ra = 
50 mm in the reference setup) and we reconstruct images with 

the PSFs obtained for Ra = 50 mm. Fig. 4 shows the 
reconstructed images for Ra = 52 mm. Also, Table II compares 
the values of the reconstruction error for these various standoff 
distances. It is observed that the quality of the images degrades 
with the error in the standoff distance. The degradation less 
severe when using SMN approach. 

 
Fig. 3. Reconstructed images in case of NA = 12 dipole receiver antennas 
separated a = 10° from each other at a distance of Ra = 50 mm from the 
center. For this example, the parameters are Rout1 = 20 mm, Rout2 = 40 mm, D = 
2 mm, and SNR = 20 dB. 

 
Fig. 4. Reconstructed images when parameters are the same as those for the 
reference setup except that Ra = 52 mm. 
 

TABLE II 
VARIATION OF ET FOR VARIOUS STANDOFF DISTANCES 

Ra (mm) 50 51 52 
ET (MN) 2.63 3.08 3.53 

ET (SMN) 2.15 2.19 2.23 
 
Next, to study the effect of number of antennas, we 

reconstruct images using data collected by only NA = 4 or 8 
antennas (instead of NA = 12 in the reference setup). Fig. 5 
shows the reconstructed images when using 4 receiver antennas 
and Table III shows the reconstruction error when using NA = 
4, 8, and 12 receiver antennas. It is observed that the error 
increases with the decrease in the number of employed receiver 
antennas. The degradation less severe when using SMN 
approach. 

Then, to study the effect of the angular separation between 
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the antennas, we study the reference setup with different a  

values. Fig. 6 shows the reconstructed images for 12 receiver 
antennas with a  = 7° and Table IV shows the reconstruction 
errors for various angular separations between the antennas 

a  ( a  = 27° corresponds to the case that the antennas 
distribute almost uniformly over the full circle). It is observed 
that when using MN approach, increasing Δϕa from 7° to 10° 
leads to the decrease in the ET. This is due to the fact that by 
increasing Δϕa, information is collected over more diverse 
positions where the responses of the defects are strong. But 
there is a limit for the improvement in ET with the increase of 
Δϕa. This is due to the weaker receiver responses for larger 
values of Δϕa (larger than the limit discussed above) 
compromising the effect of collecting information in diverse 
positions. Very large angular separation between the receiver 
antennas, in fact, increases the overall travel path of the waves 
from transmitter to receivers via defects (transmitter-defect path 
plus defect-receiver path). When using SMN approach, with 
increasing Δϕa from 10° to 27°, the values of ET do not vary 
much. 

 

 
Fig. 5. Reconstructed images when parameters are the same as those for the 
reference setup except that NA = 4. 

 
TABLE III 

VARIATION OF ET FOR VARIOUS NUMBER OF RECEIVER ANTENNAS 
NA (mm) 4 8 12 
ET (MN) 4.14 3.51 2.63 

ET (SMN) 2.37 2.21 2.15 
 
Next, to study the effect of thickness of the imaged pipes, we 

increase the thickness of the pipes in the reference setup to D = 
5 mm and 7 mm. Fig. 7 shows the reconstructed images for D 
= 5 mm. Also, Table V shows the computed values for ET for D 
= 5 mm and 7 mm. It is observed that the value of ET increases 
with the increase of D when using both MN and SMN 
approaches. To study the possible reason for image quality 
deterioration, we performed the simulations on lossless pipes 
(tan δ = 0) using the same parameters for the case shown in Fig. 
7. The reconstructed images of the defects on two lossless pipes 
have better quality than the ones in Fig. 7, as deduced from 
comparison of reconstruction errors in Table V. Thus, one of 

the reasons for the deterioration of the images for larger pipe 
thicknesses is due to the wave attenuation. Besides, it is 
observed that the quality of the images for lossless pipes with 
D = 5 mm is still lower when using MN approach compared to 
the one with D = 2 mm. We believe that another reason for this 
quality deterioration is the stronger multiple scattering between 
the pipes for larger pipe thicknesses. 

Last, in order to study the range (radial) resolution, we 
perform image reconstructions with various Rout1 while keeping 
Rout2 = 40 mm. Fig. 8 shows the reconstructed images when Rout1 
= 37 mm (1 mm gap between the two pipes). Also, Table VI 
shows the variation of the ET when the gap between the two 
 

 
Fig. 6. Reconstructed images when parameters are the same as those for the 
reference setup except that a = 7°. 

TABLE IV 
VARIATION OF ET FOR VARIOUS ANGULAR SEPARATION BETWEEN ANTENNAS 

a  (°) 7 10 15 27 
ET (MN) 3.12 2.63 2.89 2.98 

ET (SMN) 2.36 2.15 2.14 2.12 

 
Fig. 7. Reconstructed images when parameters are the same as those for the 
reference setup except that D = 5 mm. 
 

TABLE V 
VARIATION OF ET FOR VARIOUS PIPE THICKNESSES 
D (mm) 2 5 5 (tan δ = 0) 7 

ET (MN) 2.63 3.32 3.24 3.38 
ET (SMN) 2.15 2.17 2.02 2.41 
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pipes decreases. It is observed that, when Rout1 varies from 20 
mm to 30 mm (as the inner pipe is getting closer to the antenna 
array), the value of ET decreases for both MN and SMN 
approaches due to the stronger signal recorded by the receiver 
antennas for the defects on the inner pipe. Besides, although all 
of the defects are still resolvable in Fig. 8, for the smallest gap 
between the two pipes (Rout1 = 37 mm) the values of ET increase 
for both MN and SMN approaches compared to the case in 
which Rout1 = 30 mm. According to our study, the reason is that, 

for Rout1 = 37 mm, the columns of matrix of coefficients D  for 
the system of equations in (6) become more correlated, leading 
to larger condition number and more erroneous solution. 

 
Fig. 8. Reconstructed images when parameters are the same as those for the 
reference setup except that Rout1 = 37 mm. 
 

TABLE VI 
VARIATION OF ET FOR VARIOUS RADII OF THE INNER PIPE 

Rout1 (mm) 20 30 37 
ET  (MN) 2.63 2.34 2.75 

ET  (SMN) 2.15 1.99 2.39 
 

B. Circular Scanning and Image Reconstruction with 
Antenna Array Inside the Pipes 
In this section, we study the performance of the system when 

the antenna array is placed inside the pipes. We use an array of 
9 dipole antennas with angular separation of a  = 30° and 
scanning at the radius of Ra = 47 mm, as illustrated in Fig. 9. 
The center antenna is excited while the rest are receivers. The 
radii of the inner and outer pipes Rout1 and Rout2 are 57.5 mm and 
79 mm, respectively. The pipes have a thickness of D = 2 mm. 
There are two defects on the outer pipe centered at   10° and 
−10° ( d  20° in Fig. 9), and one defect on the inner pipe 
centered at   0°. All defects have the same shape and size. 
They are semi-cylindrical with radius of 0.75D (with reference 
to Fig. 9, Wd = 0.75D and Ld = 1.5D). Table II shows the values 
of the parameters for the setup. The pipes are with relative 
permittivity ɛr of 2.25 and loss tangent of 0.0004. 

In FEKO, we perform the scanning of a circular aperture to 
get the complex-valued S-parameters by rotating the antenna(s) 
along the azimuth angle (ϕ) from 0° to 360° in 181 grid points 
(every 2°). To have a realistic simulation study, additive White  
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Fig. 9. Illustration of FEKO simulation setup consisting of NA dipole receiver 
antennas and one transmitter antenna with angular separation of a scanning 
inside the pipes at radius of Ra along the azimuthal direction. The two pipes 
have radii of Rout1 and Rout2. The thickness of the pipes is D. The outer pipe has 
two defects with angular separation of d and opening of Ld and depth of Wd. 
The inner pipe has one defect with the same size. 

TABLE VII 
PARAMETER VALUES FOR THE SETUP IN FIG. 9 

NA a  Ra Rout1 Rout2 D Ld Wd d  

8 30° 47 mm 57.5 mm 79 mm 2 mm 1.5D 0.75D 20° 

 
Fig. 10. Reconstructed images in case of NA = 8 dipole antennas separated at 

a = 30° from each other at a distance of Ra = 47 mm from the center. For this 
example, the parameters are Rout1 = 57.5 mm, Rout2 = 79 mm, D = 2 mm, and 
SNR = 20 dB. 
 
Gaussian noise with signal-to-noise ratio (SNR) of 20 dB is 
added to the data. Acquisition of the simulated scattered 
responses is implemented in a similar way as in the case that the 
antenna array is placed outside the pipes in section IV.A. Then, 
holographic imaging is applied on the collected data. The 
reconstructed images using holographic imaging with MN 
approach and SMN approach are shown in Fig. 10. When using 
MN approach, two defects on the outer pipe and one defect on 
the inner pipe can be reconstructed. However, large artifacts are 
observed on the reconstructed image of the outer pipe due to the 
farther distance between the pipe and the antenna array. We can 
observe significant improvement in the quality of the 
reconstructed images of the outer and inner pipes when using 
SMN approach. The reconstruction error when using MN 
approach, 3.26, is higher than that when using SMN approach, 

Authorized licensed use limited to: New York Institute of Technology. Downloaded on May 18,2020 at 19:22:19 UTC from IEEE Xplore.  Restrictions apply. 



0018-9456 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIM.2020.2980340, IEEE
Transactions on Instrumentation and Measurement

 

 

8 

2.18. The resolutions are estimated to be approximately 11 mm 
and 9.6 mm for the outer and inner pipes, respectively. 

C. Cylindrical Scanning and Image Reconstruction with 
Antenna Array Outside the Pipes 

In this section, we study the performance of the system for 
reconstructing 2D images for each pipe by scanning the pipes 
over a cylindrical aperture (along both ϕ and z directions). 

The values of the parameters are the same as in Table I except 
the dimensions and locations of the defects. The pipes are with 
height of 100 mm, relative permittivity ɛr of 2.25, and loss 
tangent of 0.0004. The antennas scan over a cylindrical aperture 
with   = 2°, 5z  mm, 100Az  mm. An X-shape defect is 
placed at   0° on the outer pipe while two rectangular defects 
are placed at    90° on the inner pipe. 

Fig. 11 shows the reconstructed images. The white dashed 
lines show the true boundaries of the defects. It is observed from 
Fig. 11(a) that the X-shape defect on the outer pipe can be 
distinguished when using holographic imaging with MN 
approach while two rectangular defects on the inner pipe cannot 
be reconstructed well. After applying holographic imaging with 
SMN approach, Fig. 11(b) shows that the X-shape defect and 
two rectangular defects are reconstructed well with drastic 
quality improvement compared to Fig. 11(a). This demonstrates 
the capability of the proposed imaging technique in 
reconstructing the shape of the defects, qualitatively. 

 
(a) 

 
(b) 

Fig. 11. Reconstructed images when using holographic imaging with: (a) MN 
approach and (b) SMN approach. The white dashed lines show the true 
boundaries of the defects. 

V. EXPERIMENTAL RESULTS 
In this section, in order to validate the proposed imaging 

technique, we conduct proof-of-concept experiments. 

A. Antenna Design and Fabrication 
For imaging the pipes, a cavity-backed printed spiral antenna 

is designed and fabricated. The antenna is designed in FEKO 
software with the initial target frequency of 6.6 GHz to 8 GHz. 
This frequency band allows for imaging cylindrical surfaces 
(pipes) with a separation of approximately 11 mm (quarter 
wavelength at center frequency) which is suitable, in practice, 
for standard pipes. Also, the data acquisition systems at this 
frequency is affordable and cost-effective. This band is within 
the ultrawide band (UWB) frequency range which has been 
approved by federal communication commission (FCC) for 
unlicensed low power applications [36]. Furthermore, when the 
pipes carry lossy fluids such as mixtures of water with other 
substances, the penetration of the microwave signals at this 
band allows for reaching to the pipes farther away from the 
antennas.  

Rb

Rt

Hc

coaxial 
cable

cavity

substrateHs
 

(a)                                                 (b) 
coaxial 
cable

Soldered 
parts

Hw

    
                                            (c)                                 (d)                   (e) 
Fig. 12. FEKO simulation model of (a) printed spiral radiators, (b) a cavity 
placed at the back of the substrate and a coaxial feedline, and (c) connection of 
the coaxial cable to the printed spiral radiators. Fabricated (d) printed spiral 
radiators and (e) antenna. 

 
Fig. 13. The measured and simulated |S11| for the antennas. 

TABLE VIII 
ANTENNA PARAMETERS (ALL UNITS ARE IN MM) 

Rsub Hs Rb Rt Wt Hw Hc 
10 1.6 0.5 6.5 1 3 5 
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FR4 substrate is used with εr = 4.8 and tan δ = 0.017. To feed 
the antenna a 50 Ω coaxial cable (inner radius of 0.3 mm and 
outer radius of 1 mm) is designed and used. In the model, to 
mimic the practical situation, the shielding of the coaxial cable 
with a length of Hw is removed right before feeding the printed 
spiral radiators. A cavity with height of Hc is used to make the 
antenna directional and eliminate the electromagnetic 
interferences (EMI). To simplify the fabrication process 
(soldering), the cavity is placed on the FR4 substrate side for 
which the spiral radiators are printed. Figs. 12 (a)-(c) show the 
final design of the antenna and Table VIII shows the optimal 
parameters. The antenna is fabricated by using the common 
printed circuit board technology (PCB) for making the spiral 
radiators and then employing the 3D printing to make the 
cavity. The material used for 3D printing is Polylactic Acid 
(PLA). The cavity has a thickness of 1 mm and is covered by 
adhesive copper sheets. Figs. 12 (d)-(e) show the fabricated 
antenna. We made 9 of these antennas so that one antenna 
operates as the transmitter and eight antennas operate as 
receivers. Fig. 13 shows the comparison between the simulated 
and measured |S11| for the antenna. Although the antennas are 
designed to operate within the band of 6.6 GHz to 8 GHz, it is 
observed that the levels of measured |S11| for most of the 
antennas are mainly below −10 dB over 6 GHz to 8 GHz band. 
Thus, we use this frequency band in the following experiments. 
Besides, the measured responses show oscillations which are 
associated with some resonance modes not captured well in the 
simulations. The differences between the measured |S11| for the 
antenna elements in Fig. 13 are mainly due to the fabrication 
errors including: small gaps between cavities and antennas 
when gluing the cavities at the back of the antennas, the slight 
differences in soldering of cables to the printed spiral radiators, 
and the slight differences in the length and orientation of the 
parts of the cables inside the cavities. 

B. Image Reconstruction with Data Acquired Outside the 
Pipes 

The antennas are placed inside a holder made by 3D printing 
and in a configuration similar to the simulation model in Fig. 2, 
i.e., the angular separation of the antennas is a = 20° and the 
transmitter antenna is placed in the middle (four receiver 
antennas on each side of that). The antennas are connected to 
an RF SP8T switch (EV1HMC321ALP4E from Analog 
Devices operating up to 8 GHz). The RF switch is connected to 
an Arduino Uno board which can be controlled via MATLAB. 
We constructed a cylindrical scanning setup with two motors to 
control the longitudinal and azimuthal movements. The 
antennas scan double concentric PVC pipes placed inside the 
antenna holder. Attempts have been made to minimize the gap 
between the antenna holder and the outer pipe. Fig. 14(a) shows 
the complete scanning setup when the antenna array is placed 
outside the pipes. At each sampling step, the complex-valued S 
parameters are measured via an Anritsu MS46122B vector 
network analyzer (VNA). The data collection including 
switching between receiver antennas as well as the control of 
the scanning system is implemented via MATLAB. 

In the experiment, PVC pipes (see Fig. 15) with the outer  

 
                                               (a) 
Fig. 14. Experimental setup with (a) the antenna array placed outside the pipes 
and (b) the antenna array placed inside the pipes. 
 

       
                      (a)                                      (b)                                  (c) 
Fig. 15. (a) Concentric defected pipes with outer and inner diameters of 152.4 
mm (6 inch) and 101.6 mm (4 inch), respectively, and (b)-(c) pipes with 
diameters of 152.4 mm (6 inch) and 101.6 mm (4 inch) with one defect in the 
middle, respectively. 

 
(a) 

 
(b) 

Fig. 16. Reconstructed images of the inner and outer pipes using experimental 
data collected by eight receiver antennas outside the pipes when using 
holographic imaging with: (a) MN approach using 10 frequencies and (b) SMN 
approach using 10 frequencies. 
 
diameters of 152.4 mm (6 inch) and 101.6 mm (4 inch) are 
employed. The height of these pipes is 284 mm. The inner pipe 
has a thickness of 7 mm while the outer one has a thickness of 
5 mm. Circular defects with diameters of 55 mm are made on 
the pipes. We measure PSFs of the outer and inner pipes, 
separately, using the corresponding pipe with a defect at 
( , )z   (0°, 0) one at a time. Then, the responses of a test 
scenario are measured. In the test scenario, two defects are on 
the outer pipe at ( , )z   (±90°, 0) and one defect is on the inner 

(b) 
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pipe at ( , )z   (0°, 0). The PSFs and responses of test scenario 
are collected over cylindrical aperture with radius of 152.4 mm 
and height of 240 mm. The number of samples along the ϕ and 
z directions are 100 and 29, respectively. They are collected at 
10 frequencies over the band of 6 GHz to 8 GHz. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 17. Reconstructed images of the inner and outer pipes using experimental 
data collected by eight receiver antennas inside the pipes when using 
holographic imaging with: (a) MN approach using 10 frequencies, (b) MN 
approach using 20 frequencies, (c) SMN approach using 10 frequencies, and 
(d) SMN approach using 20 frequencies. 
 

After applying the holographic imaging with MN approach 
and with SMN approach to the experimental data collected by 
eight receiver antennas outside the pipes, reconstructed images 
of the pipes are obtained. Fig. 16(a) shows the reconstructed 
images using MN approach. It is observed that two defects on 
the outer pipe can be reconstructed while the one on the inner 
pipe cannot be distinguished well. Fig. 16(b) shows the 
reconstructed images using SMN approach. Compared to Fig. 
16(a) it is observed that the defect on the inner pipe can also be 

reconstructed well. 

C. Image Reconstruction with Data Acquired Inside the Pipes 
In this section, we evaluate the image quality when the 

antenna array is placed inside the pipes. The antennas are placed 
inside a holder made by 3D printing and in a configuration 
similar to the simulation model in Fig. 9 but with the angular 
separation of the antennas being a = 30°. Fig. 14(b) shows 
this configuration. 

Similar holographic imaging with MN and SMN approaches 
are applied to the experimental data collected by eight receiver 
antennas inside the pipes. Fig. 17(a) shows that the defects on 
the outer pipe and inner pipe cannot be distinguished clearly 
when using holographic imaging with MN approach using 10 
frequencies over the band of 6 GHz to 8 GHz. Fig. 17 (c) shows 
the reconstructed images of the pipes when using holographic 
imaging with SMN approach using 10 frequencies. Compared 
to Fig. 16(b), the image quality degraded due to the less diverse 
positions of the antennas leading to acquisition of less 
information. Besides, due to the use of highly directional 
antennas, the data collected by some of them (those at larger 
angular positions from the transmitter) does not contribute 
much in the image reconstruction. In order to better reconstruct 
the defects on the pipes, instead of using 10 frequencies within 
the band of 6 GHz to 8 GHz, 20 frequencies within the same 
band are used to reconstruct images. Fig. 17(b) shows the 
defects on the outer pipe cannot be detected well but the one on 
the inner pipe can be distinguished with MN approach using 20 
frequencies. After applying the holographic imaging with SMN 
approach, defects on the outer pipe and inner pipe can be 
reconstructed well as shown in Fig. 17(d). However, the quality 
of reconstructed images is still not as good as the one shown in 
Fig. 16(b) (when the antennas are outside the pipes). 

VI. DISCUSSION AND CONCLUSION 
In this paper, we proposed an NDT technique based on 

microwave holographic imaging augmented by an SMN 
approach for solving the systems of equations. In general, this 
showed remarkable improvement in the quality of the 
reconstructed images compared to the conventionally used MN 
approach although in few cases (e.g., see Figs. 4 and 8) the 
resolution of the images along the azimuthal direction degrades. 
FEKO simulations are performed to study the effects of 
standoff distance, number of receiver antennas, angular 
separation between the antennas, inner pipe radius (gap 
between the two pipes), and pipe thickness when the array of 
antennas is scanning outside the pipes. To summarize, 
according to our study, smaller standoff distance, more receiver 
antennas, and sufficiently large angular separation between the 
receiver antennas improve the image reconstruction quality. 
The optimal values of these parameters depend on the 
dimensions of the PUTs. Also, please note that, the parameter 
values of the reference setup are not necessarily optimal. 
However, the parametric study in Tables II-VI allows one to 
understand the effects of the main parameters of the setup. We 
also demonstrated the possibility of reconstructing images 
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when the array of antennas is scanning inside the pipes. 
Besides, an experimental setup including a designed cavity-
backed printed spiral antenna is constructed to acquire data in 
two different scenarios including antennas outside the pipes and 
inside the pipes. 

According to our study: (1) the defects on two concentric 
pipes can be reconstructed, (2) the quality of the reconstructed 
images using holographic imaging with SMN approach is 
significantly higher than the one using MN approach, (3) the 
quality of the reconstructed images is higher when the array of 
antennas is scanning outside the pipes (deduced from 
comparing Figs. 16 and 17 when using 10 frequencies) due to 
the fact that the antennas are in more diverse positions leading 
to collecting more information, and (4) having the antennas 
outside the pipes allows for using more directional antennas to 
focus the microwave power toward the pipes and to mitigates 
the EMI (effect of any materials outside the pipes, etc.), 
significantly, and (5) the uncertainty in the gap between the 
antennas and the pipes significantly affects the quality of the 
reconstructed images. To minimize that in the experimental 
setup, the antenna holders were designed such that the antennas 
maintained direct contact with the pipes during the scan. 

Some of the limitations for the proposed imaging technique, 
include: (1) the media inside and around the pipes should be 
homogeneous, (2) the imaging system should be shielded to 
avoid interferences and back-scattering from objects outside the 
pipes, (3) as a holographic imaging technique, it provides 
qualitative images (it recovers the shape of the defects but not 
the thickness of the pipes in the defected region), and (4) the 
effects of fluids flowing inside the pipes have not been 
considered (assuming the pipes are tested while they are 
empty). Their loss, dispersion, and high contrast with respect to 
the air affect the performance of the system although the 
resolution may be improved due to their higher permittivity. 
Besides, in this scenario, PSFs should be collected with the 
presence of fluids. 

In practice, the scattered responses can be obtained by 
subtracting the background responses, obtained by one of the 
following methods: (1) the responses of similar pipes recorded 
without the presence of the defects, (2) the average of measured 
response along ϕ and z, recorded with the presence of the 
defects, assuming that the defects are small, or (3) the scattered 
responses with the presence of the defects but at positions far 
away from them to ensure negligible contribution of the 
defect’s response. We studied the above-mentioned methods 
and for the simulated and experimental examples, in this work, 
they worked equally well. Besides, the PSFs need to be 
measured a prior along ϕ and z. We can establish a database for 
PSFs of the pipes of specific materials and dimensions by 
measuring such configurations then use the collected 
information for imaging of the corresponding PUTs. Obtaining 
PSF information via measurements significantly reduces the 
modeling errors, errors due to the uncertainties of the material 
properties used in analytical expressions of the incident field 
and Green’s function, and errors due to the size of the antennas. 

For thin pipes (studied in this work), there is no noticeable 
difference between the qualities of the images when the CDs 

are placed on the outer or inner surfaces of the pipes. However, 
for thicker pipes, we expect that the placement of the CD would 
affect the quality of the reconstructed images depending on the 
defects being on the inner or outer surfaces of the pipes. In 
practice, the CD is the smallest defect that the system can 
measure which, in turn, depends on the dynamic range of the 
data acquisition setup. This indicates that CD can be different 
for each pipe and at each frequency range. Parameters that 
influence the dynamic range of the system include: noise floor 
of the data acquisition system, mechanical ripples, and other 
uncertainties in the measurement setup. The chosen CDs based 
on the above-mentioned factors are the building blocks for any 
larger arbitrary defect to be reconstructed. 

To expedite the data acquisition process and improve the 
robustness of the system, an electronically switched antenna 
array similar to the security screening systems in the airports 
[37], [38] can be implemented. 

By employing the proposed NDT system, non-metallic 
concentric pipes can be inspected in a reliable and robust 
manner which would promote their use in various industrial 
sectors, for instance, in oil and gas field. 
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