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Abstract—Microwave imaging has been developed recently and
is used in many applications. Kirchhoff’s migration technique
is one of the most popular methods to recover the geometric
info of any inaccessible target from raw data. The conventional
Kirchhoff’s migration assumes a uniform propagation velocity
in the far-field region of the transceiver, i.e., the antenna. In
the near-field region of the antenna, the pulse propagation
happens at a significantly greater speed compared to the far-
field region. The propagation speed of the pulse depends on the
antenna dimensions and varies as a function of the distance and
angle of the antenna in a non-linear manner. This non-linearity
causes non-focused images. In this work, a modified Kirchhoff’s
migration method is proposed to take into account the non-
uniformity of the propagation speed. Then, the proposed method
is verified through several simulations and experiments and it is
shown that the modified Kirchhoff’s migration results in focused
images in the near-field region.

Index Terms—Near-field imaging, Kirchhoff’s migration, syn-
thetic aperture radar (SAR), ultra-wideband (UWB) technology.

I. INTRODUCTION

M ICROWAVE imaging is a nondestructive technique
to acquire information on inaccessible objects in the

ground, behind the wall, etc [1]–[5]. The data acquisition
can be performed either in the time-domain or the frequency-
domain [6]. The raw data is then post-processed and converted
to the spatial domain to form a focused image of the Region
of Interest (ROI). The process of converting the raw time-
space or frequency-space data to a 2D or 3D image is called
migration [7].
In the literature, various migration techniques are avail-
able, which can be classified into i) Diffraction summa-
tion, (ii) Phase-shift migration, iii) Kirchhoff’s migration,
vi) Frequency-wavenumber (w-k) migration, and v) Back-
projection based migration [7]–[9]. Diffraction summation
and phase-shift migration are the most popular algorithms
thanks to their easy implementation. However, they are not
well-suited for high-quality imaging applications. This inac-
curacy originates from the fact that these methods are not
developed based on rigorous wave equations [8]. Kirchhoff’s
and frequency-wavenumber migration techniques are rooted in
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wave equations. The goal of Kirchhoff’s migration is to find a
solution to the scalar wave equation, and it exploits Kirchhoff’s
integral theorem [10]. Kirchhoff’s migration technique can
provide higher-quality images compared to diffraction sum-
mation. The frequency wave number is also derived from
the scalar wave equation, and the image reconstruction is
done in the spatial Fourier domain. Frequency wave number
migration is a more computationally efficient method than
other time-domain integral techniques, i.e., Kirchhoff’s mi-
gration. However, the data acquisition must be in uniformly
spaced transceiver positions, which may limit the usage of
this technique [8]. The back-projection based migration tech-
niques are developed on the tomographic principles. Unlike
the frequency-wave number migration, the back-projection
algorithm does not need an evenly-spaced data acquisition.
Another advantage of this migration is that the image re-
construction can be started before the data capture is en-
tirely completed, making this technique suitable for real-time
applications. However, back-projection techniques migrate a
single spike to an arc that causes the undesired sidelobe in the
reconstructed image [11].
In ultra wide-band (UWB) microwave imaging, the ROI is il-
luminated by a series of short pulses and the transient response
is recorded. Then the space-time domain data are transformed
into a 2D or 3D image by one of the aforementioned migration
techniques. Kirchhoff’s migration provides a focused image
with significantly higher quality and is more computationally
efficient. For these reasons, Kirchhoff’s migration is the most
popular focusing technique for UWB radar SAR imaging [8],
[12].
In many practical applications, the target is in the antenna’s
near field. Many researchers developed near-field migration
techniques [13]–[17]. However, none of them has addressed
the time-domain Kirchhoff’s migration in the near region of
the antenna. In [18], the propagation speed of the signal in the
medium is considered to be constant. This approximation is
not valid in the near-field and Fresnel region of the antenna
[19], [20] and deteriorates the reconstructed image created by
Kirchhoff’s migration.
In this paper, a modified Kirchhoff’s migration technique for
the near-field region is proposed, and the non-uniformity of
the pulse propagation speed is compensated. Then, the mod-
ified technique is validated through several simulations and
experimental scenarios. The proposed modified Kirchhoff’s
migration is applied to Circular SAR (CSAR) and Linear
SAR (LSAR) techniques, and the reconstructed images are
compared to the conventional Kirchhoff’s technique.
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This paper is organized as follows. The methodology and
formulation of the proposed technique are described in Sec-
tion II. Section III is devoted to the simulation validation.
Experimental validation is presented in Section IV. Section V
summarizes the results and concludes the paper.

II. MODIFIED KIRCHHOFF’S MIGRATION FORMULATION

The scalar wave equation in a lossless medium can be
written as [12]

∇2Ψ(~r, t)− 1

vm2

∂2Ψ(~r, t)

∂t2
= −f(~r, t) (1)

where Ψ is the wave amplitude, vm is the propagation speed,
and f is the source function of the wave evaluated at position
~r and time t. In a source-free ROI, i.e., f(~r, t) = 0, Green’s
theorem can be applied to solve the (1).

Ψ(~r, t) = − 1

4π

∫ ∞

0

∫ (
Ψ
∂G

∂n′
−G∂Ψ

∂n′

)
dA′ dt′ (2)

(2) is known as Kirchhoff’s integral theorem, where n′ and G
are the unit normal vector to the surface and Green’s function,
respectively. In an isotropic medium [21]

∂G

∂n′
= 0 (3)

It should be noted that the wave amplitude or Ψ can be
acquired from the measurements. The solution to the above
equation is

Ψ(~r, t) =

∫∫
V

( cosθ
vm r

∂

∂t
Ψ(~r, t − r

vm
)
)
dφ dρ (4)

where θ is the angle of the incident wave to the propagation
axis. i.e., z . cosθ can be calculated as follows

cosθ =
z − zt
r

(5)

where (xt, yt, zt) and (x, y, z) are the coordinates of the
observation point and receiver, respectively. The above inte-
gral equation with N number of receiver positions can be
approximated with the following

Ψ(~r, t) =

N∑
i=1

(
cosθi
vm ri

∂

∂t
Ψ(~r, t − ri

vm
)
)

(6)

where ri is the Euclidean distance between the observation
point and the receiver position.
To reconstruct the image of ROI, each point of the imaging
area can be considered as a point scatterer and the goal is
to retrieve the wave amplitude at the time the wavefront
interacts with that point. For all the receiver apertures, the
above procedure is carried out and an image value is calculated
for each observation point by aggregating the wave amplitudes.
As mentioned in (4), the propagation velocity of the wavefront
is needed for the reconstruction. In the far-field region of the
antenna, the group velocity can be acquired as follows

vm = c =
c0√
εr

(7)

where c and εr are the speed of the light in the medium,
and the dielectric constant of the propagation medium, re-
spectively. However, in the near-field region of the antenna,
the group velocity is not equal to c0. In [13], [20], is shown
that the pulse propagation speed is a function of the distance
and angle in the near-field propagation region. To compensate
for the variable propagation speed for Kirchhoff’s Migration,
the modified Kirchhoff’s is proposed as:

Ψ(~r, t) =

∫∫
V

( cosθ

vm(φ, ρ) r

∂

∂t
Ψ(~r, t − r

vm(φ, ρ)
)
)
dφ dρ

(8)
where the propagation velocity i.e., vm is a function of the

observation point. This is significantly essential for any near-
field microwave imaging since the pulse propagation speed
can escalate up to 6 times for a 6-GHz dipole antenna as we
move from the far-field region to a few centimeters [13]. In
order to verify the proposed modified Kirchhoff’s migration,
the discrete version of the (8) is presented as follows

Ψ(~r, t) =

N∑
i=1

(
cosθi

vm(φ, ρ) ri

∂

∂t
Ψ(~r, t − ri

vm(φ, ρ)
)
)

(9)

Note that vm should be measured beforehand the data
collection for SAR imaging; different transceivers demon-
strate various pulse peak velocities profiles. In this work,
miniaturized Vivaldi antennas, as shown in Fig. 1a, are used
as a transceiver, and the pulse propagation velocity as a
function of distance and angle i.e., vm(φ, ρ) is employed to
reconstruct the image. To measure the velocity profile, the
Vivaldi transceiver is set up as shown in Fig.1b, and metal pins
are placed at different angles and distances of the transceiver,
i.e., ri = 1, 2, 3, . . . ., 15 cm. Then, the actual time that it
takes for the pulse peak to be transmitted, reflected back, and
received by the transceiver is measured by a sampling oscillo-
scope. Fig. 1c illustrates the measured pulse-peak velocity of
the miniaturized Vivaldi antenna transceiver as a function of
distance and angle. Note that pulse-peak velocity measurement
is done in air, i.e., εr = 1. Also, the propagation medium for
all simulations and measurements is air.

III. SIMULATION VALIDATION

In order to verify the proposed modified Kirchhoff migra-
tion, several imaging scenarios are conducted in the near-field
region of the antenna. In all cases, the reconstructed images by
conventional and modified Kirchhoff migration techniques are
presented side by side for comparison. The SAR technique is
exploited to sample the wave amplitudes in the spatial domain.
To mitigate the effect of surrounding objects, the calibration
procedure is done as follows

scal,i = sraw,i − sam,i, i = 1, 2, ..., N (10)

where scal,i, sraw,i, and sam,i are the calibrated signal,
the raw signal, and the ambient signal of the aperture i,
respectively. Please note that the ambient signal comprises
the combined effects of the transmitter and receiver antenna’s
mutual coupling, radar fixture, and nearby objects. However,
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in the simulation validations, the ambient signal specifically
refers to the mutual coupling between the transmitter and
receiver. Two sets of experiments are conducted, including
CSAR and LSAR configurations. Note that all the images are
presented in a log scale to highlight the distinction of the
targets with respect to the background.

A. Modified Kirchhoff Migration for the CSAR Near-Field
Imaging

The simulation setup is a three-point target scenario, as
shown in Fig. 2a. The distance between the three targets
is 2.83, 2.83, and 4 cm. The excitation signal is a second
derivative Gaussian pulse with a full width at half maximum
(FWHM) of 48 ps which corresponds to a -10 dB bandwidth
of 8.66 GHz. The data is collected circularly in 18 different
apertures, as it is marked with green plus markers in Fig.
2a. The calibrated signal along the apertures is illustrated
in Fig. 2b. The focused images using the conventional and
modified Kirchhoff algorithm are shown in Fig. 2c, and Fig.
2d, respectively. Both images are normalized and the same
color map is used for the comparison purpose. As seen, the
conventional Kirchhoff migration is not successful in focusing
the image of the targets due to the non-uniform velocity of
the propagation. However, the proposed modified Kirchhoff’s
algorithm is able to focus the right point target since the
variable velocity profile compensates for the near-field region
non-linearity.
Note that the expected resolution of the CSAR can be calcu-
lated as [6]:

∆R =
c

3BW
√
εr

=
3× 108

3× 8.66× 109 ×
√

1
= 1.15 cm (11)

The targets’ separation in all CSAR simulation and experi-
ments are greater than 1.15 cm, hence it is expected to resolve
the targets successfully.

IV. EXPERIMENTAL VALIDATION

In all conducted experiments, miniaturized Vivaldi antennas
were employed as the radar transmitter and receiver, exhibiting
a gain of 5-8 dBi across the frequency range of 3.2-15 GHz.
The transmitted signal is a second derivative Gaussian pulse
with a FWHM of 48 ps which corresponds to a bandwidth
of 8.66 GHz. This pulse is generated by AVTECH AVP-
3SA-C with a chain of 10-V steps and a pulse repetition
frequency (PRF) of 1 MHz. The receiver antenna is connected
to the high-frequency sampling oscilloscope. To increase the
received signal SNR, a 64-time averaging is performed in the
sampling oscilloscope. The number of time-domain samples
for each aperture is 4050. The recorded data are then inter-
polated to 10000 data points. In addition, a moving average
filter is applied to reduce the measurement noise.

A. Experiment 1, Circular SAR Near Field Imaging

First, a three-target CSAR scenario experiment is conducted.
Three metal nails with a height of 15 cm and radius of 3.75
mm are adhered to a rotating wooden board. The transceiver
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Fig. 1. a) Miniaturized Vivaldi antenna: L = 46mm, W = 36mm,
Ld1 = 12.5mm, Ld2 = 12.5mm, Wd1 = 12.3mm, Wd2 = 14.3mm.
b) Experimental setup to measure pulse-peak velocity. c) Measured
propagation velocity of the miniaturized Vivaldi transceiver in the
near-field region.

-4 -2 0 2 4
X (cm)

-4

-2

0

2

4

Y
 (

cm
)

(a)

0 0.5 1
Time (ns)

0

100

200

300

T
ra

ns
iv

er
 a

ng
le

 (
de

gr
ee

)

-1

-0.5

0

(b)

-4 -2 0 2 4
X (cm)

-4

-2

0

2

4

Y
 (

cm
)

-15

-10

-5

0

(c)

-4 -2 0 2 4
X (cm)

-4

-2

0

2

4

Y
 (

cm
)

-15

-10

-5

0

(d)

Fig. 2. CSAR simulation scenario. a) Simulation setup, b) calibrated
data, c) reconstructed image by conventional Kirchhoff’s migration,
d) reconstructed image by the proposed Kirchhoff’s technique.

radius is 2 cm and the data is collected in 36 positions with
an increment of 10 deg. The reconstructed positive [22] and
real images by the conventional Kirchhoff migration and the
modified Kirchhoff migration are illustrated in Fig. 3 b-e.
All the images are normalized and shown on the same scale
for the purpose of comparison. By comparing Fig. 3c and
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3b, it is observed that the conventional Kirchhoff’s algorithm
represents each point target as multiple point targets, espe-
cially the middle bottom target. While the proposed modified
Kirchhoff’s technique successfully maps the spatial-time data
into one single focused point target with true positions.
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Fig. 3. a) CSAR Experimental setup, b) schematic setup (Top view).
Reconstructed positive image by c) conventional Kirchhoff’s migra-
tion, d) proposed Kirchhoff’s technique. e) Reconstructed real image
by conventional Kirchhoff’s migration, and f) proposed Kirchhoff’s
technique.

B. Experiment 2, Circular SAR Near Field Imaging

The second experiment is a four-target scenario which is
emulated by gluing four metal nails in a tilted square shape, as
shown in Fig. 4a. The square side is 2 cm and the transceiver
radius is 5 cm. The total number of aperture is 36 with a
10 deg increment to cover 360 deg.
The spatial-time domain collected data is exploited to focus
2D image by conventional and proposed modified Kirchhoff’s
migration technique. The reconstructed conventional image
using c0 is shown in Fig. 4b, and the reconstructed image
using the specified pulse-peak velocity is shown in Fig. 4c.
The reconstructed image using the characteristic speeds clearly
focuses four targets; whereas, in the conventional Kirchhoff
image, the four targets are completely merged together.

C. Experiment 3, Linear SAR Near Field Imaging

In this subsection, the LSAR configuration is used to collect
data, where the antenna apertures are aligned in a line. The
total aperture length is 41 cm with a spacing of 1 cm, as
illustrated in Fig. 5a. The targets are two metal pins that are
glued to a wooden board with the cartesian coordinates of
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Fig. 4. CSAR Experiment with four nails. a) Experiment setup.
b) Reconstructed image by conventional Kirchhoff’s migration. c)
Reconstructed image by the proposed Kirchhoff technique.

(3.7, 1.4) cm and (12.7, 2.3) cm, as shown with blue dots in
Fig. 5a. The expected cross-range resolution can be estimated
as [23]:

δx ∼=
λcR0

2Lx
(12)

where Lx, R0, and λc are the synthetic aperture length, the
antenna distance to the target scene, and the wavelength at the
center frequency, respectively. Hence the expected cross-range
resolution is:

R0 = 2.3 cm, fc = 5.83 GHz ⇒ δx ∼= 7.5 mm (13)

The reconstructed image using conventional Kirchhoff and the
one using the proposed modified Kirchhoff are shown in Fig.
5b and 5c, respectively. As can be seen, the conventional
Kirchhoff’s migration image fails to focus the target, par-
ticularly the left nail, which is very close to the transceiver
antenna, and the propagation speed is more deviated from
c0. The modified Kirchhoff’s technique, which takes into
account the variable propagation speeds, focuses the targets
with correct positions.

D. Experiment 4, Linear SAR Near Field Imaging

The last experiment is conducted to emulate UWB SAR
technology for oil well perforation [1]. The transceiver con-
figuration is monostatic, with a spacing of 0.5 cm between
the Tx and Rx antenna. Three holes with a radius of 1.27 cm
are cut from a metal sheet. Then, the metal sheet is placed at
a distance of 1 cm below the transceiver. The total antenna
aperture length is 50 cm, with a 1 cm distance between each
aperture. The experiment setup details are illustrated in Fig.
6a. The target is in the near-field of the transceiver antenna.
In this experiment, the expected cross-range resolution can be
estimated using 12:

R0 = 1 cm, fc = 5.83GHz ⇒ δx ∼= 7.3 mm (14)

The conventional modified Kirchhoff’s migration is applied
to reconstruct the ROI. Then a threshold of 0.6 is applied, and
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Fig. 5. Linear SAR Experiment. a) Experimental setup. b) Recon-
structed image by conventional Kirchhoff’s migration, c) recon-
structed image by the proposed Kirchhoff’s technique.
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Fig. 6. Linear SAR Experiment. a) Experimental setup. b) Recon-
structed image by conventional Kirchhoff’s migration, c) recon-
structed image by the proposed Kirchhoff’s technique.

the image is shown in Fig 6b. Then the space-time domain
data is fed to the proposed modified Kirchhoff’s, and the same
threshold is applied. The final image is illustrated in Fig.
6c. The modified Kirchhoff’s migration technique produced
the images of three holes in their true position; however, the
conventional Kirchhoff’s technique focuses the energy in the
wrong positions.

V. CONCLUSION

This paper presents a novel focusing algorithm based on
Kirchhoff’s migration technique to compensate for the super-
luminal group velocity in the near-field region of the antenna.
The proposed modified Kirchhoff migration is applied to
various scenarios, including CSAR and LSAR. First, a CSAR
data acquisition is generated in the simulator, and the image is
reconstructed using different target scenarios, and the image of
the ROI is reconstructed using the conventional Kirchhoff and
the proposed modified Kirchhoff’s migration. It is shown that

the conventional Kirchhoff’s migration fails to focus the en-
ergy on at least one target among all the experiments. In LSAR
experiments, the modified Kirchhoff algorithm generates the
image with the correct position and dimension, whereas in the
image reconstructed by conventional Kirchhoff, the position of
the targets is not matched to the true location. The proposed
algorithm can be effectively used for near-field radar imaging.
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