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ABSTRACT Back projection algorithm (BPA) and range migration algorithm (RMA) are two common
approaches for image reconstruction in synthetic aperture radar (SAR) imaging. Imaging is implemented in
spatial domain and spatial frequency domain, respectively and these two methods are often considered to
generate the same results. This is true in normal microwave/millimeter wave SAR imaging systems, since
the object of interests is located far away and the applied wavelength is long. In this case, the location of the
object is the most important issue and there is no impetus to image the object with very fine details. In case
of terahertz (THz) imaging, we have found some differences by using the two algorithms above, including
the position of the object and resolution in 2D and 3D imaging. Some insights are given and we believe there
should be some guidelines regarding the pros and cons before choosing the exact algorithm, especially when
high-performance imaging is pursued.

INDEX TERMS Ambient environment sensing, THz imaging, image reconstruction.

I. INTRODUCTION
Autonomous driving is important for smart traffic in future,
which requires accurate positioning and imaging abilities [1].
Based on visible light or near-infrared facilities, Lidar and
cameras are being investigated intensively. Such facilities are
welcome since they deliver images similar to what we can
see by eyes. However, since these systems relies on optics,
they do not perform well in bad-weather conditions like
fog, rain and snow. All-weather sensing ability is expected
consequently. Positioning systems are possible at radio fre-
quencies, but they do not supply images and accuracy is
limited due to the long wavelengths. Millimeter wave radars
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are popular nowadays and they have already worked well
for anti-collision and blind-zone detection. However, they
do not offer imaging ability nowadays. It is expected that
high-performance imaging is desired in future [2], which is
able to supply people with decent pictures of static environ-
ment in bad weather. A THz imager might be a good candi-
date for such applications in future due to the fine resolution.
Moreover, they will not be influenced by weather.

Due to the progress in fabrication, material science,
communication and laser technologies, THz technology
developed rapidly in the past ten years [3]–[9]. For THz
imaging, there are two common working mechanisms which
are focal plane imaging and SAR imaging, respectively. For
the first one, an object can be illustrated well by measuring
the intensity distribution on imaging plane; while for the
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latter one, coherent measurements should be implemented
on a dedicated aperture and the object is focused via signal
processing by making the wave propagates backwards to its
exact location. In case of SAR imaging, there are two pop-
ular algorithms for digital focusing process, including back
projection algorithm (BPA) and range migration algorithm
(RMA), which implement the calculations in spatial domain
and spatial frequency domain, respectively. Limited by the
power of THz transmitters and the sensitivity of detectors
nowadays, near-field imaging dominates and far-field imag-
ing is rare. Objects can be imaged with very fine details
thanks to the short wavelengths at THz frequencies. How-
ever, THz imaging technique is not as mature as classical
microwave imaging. Whether we should simply copy previ-
ous success at microwave frequencies is a question and the
near-field scenario can make some difference.

BPA was first proposed in 1991 and it was applied to the
airborne radar for remote sensing. After collecting echoes,
both the geography and objects on the ground can be recon-
structed [10]. The complexity of this algorithm is O(N 3),
with N as the number of transmitting pulses and the N by
N to discretize the measured area. It may cause a problem
for real-time imaging due to the huge calculation amount.
With the aid of fast Fourier transform (FFT), the complexity
changes from O(N 3) to O(N 2logN ) [11]. Range migration
algorithm (RMA) was first proposed in 1987 [12]. It has the
complexity of O(N 2logN ), which is comparable to the fast
BPA in [11]. It has been applied effectively in a lot of scenar-
ios, including seismic survey [13], security checking [14], 3D
reconstruction [15], biological applications [16] and so on.

These two algorithms have the same function and they are
just implemented in two different domains. There are few
reports on the comparison of them at microwave frequencies.
In [17], simulation studies have been done at 400 MHz and
the target is 1025 meters’ away. It is concluded that these
two algorithms have almost the same performance, with BPA
taking more time on calculations. In [18], comparisons are
implemented based on the measurements of a UWB system
with the central frequency at 225MHz and it is concluded that
the two algorithms have the same range resolution. In [19],
RMA has better performance in cross range resolution and
it has lower side lobe levels than the BPA for the point
spread function. By sweeping the frequency from 90 GHz to
95 GHz, RMA gives the cross range resolution of 1.22 cm,
which is slightly better than 1.4 cm of BPA. While, for range
resolution, BPA is 3.31cm and RMA is 3.35cm. However,
due to the low frequencies, such differences are not clear,
and there is a lack of insights. Moreover, to the best of our
knowledge, there is no comparison between these methods
for THz imaging.

In this paper, BPA and RMA in THz near-field imaging,
are compared. According to the experimental results, there
are some obvious differences. We will try to explain the
phenomenon and pros and cons for both algorithms are given.
This paper is structured as followčžIn section two, a brief
review of the two algorithms is implemented. In section three,

experimental studies are reported in both 2D and 3D imaging
scenarios. Section four gives conclusion of this paper.

II. REVIEW OF ALGORITHMS
A. BRIEF REVIEW OF BPA
For a SAR imaging system, the transmitted signal can be
defined as

s(t) = Aej2π ft (1)

where A is the amplitude of signal, j is a unit of com-
plex number, f is the frequency of transmitted signal. The
back-scattered wave of the target is

s(m, f ) = δms(t)ej2π f τm (2)

where m represents the position of receiving antenna during
scanning process, τ is twice the time delay of signal from the
antenna to the object. Time delay τ is defined as

τ =
2d
c

(3)

where d is the distance between the antenna and the target,
c is the speed of light. The main process of BPA can be
expressed as

δBP(x, y, z) =
M∑
m=1

N∑
n=1

s(m, fn)e−j4π fndm/c (4)

where M is the number of scanning points. According to
equation (4), the object function can be calculated accord-
ing to the complex ratio between transmitting and receiving
signals by solving the matrix for a given distance. By inte-
grating echoes at different frequencies, BPA can reconstruct
the object.

B. BRIEF REVIEW OF RMA
RMA is also called the ω-k algorithm. Through back prop-
agation of electromagnetic wave, digital focusing can be
realized via signal processing [20]. Since the wave travels a
round-trip,

k2x + k
2
y + k

2
z = (2k)2 (5)

where k = ω/c is the wavenumber and ω = 2π f is the
angular frequency. kx , ky, kz indicate three components of k
along the x, y, z-axis, with

kz =

√
4
(ω
c

)2
− k2x − k2y (6)

Reflection coefficient is expressed as

δ(x, y, z)

= IFT3D[Stolt[FT2D[s′(x, y, ω)]e−jkzz]]

= IFT3D[Stolt[FT2D[s′(x, y, ω)]e
−j
√
4k2−k2x−k2y z]] (7)

where Stolt[ ] is Stolt interpolation for a function [21], which
deals with the uneven distribution of wavenumbers in spatial
frequency domain for ease of numerical calculations.
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FIGURE 1. Experimental setup for THz near-field SAR imaging. a) Photo of
the measurement setup. b) Sketch map of the experiments.

III. EXPERIMENTAL STUDIES
A. EXPERIMENTAL SETUP
The facilities and object of interests are illustrated in Figure 1.
The two letters of A and H are made up of metal foil and the
interval between them is 6.5 cm. Frequency sweeping is done
between 270 GHz to 290 GHz for data acquisition, with a
scanning area of 15 cm × 20 cm.
Figure 2 illustrates the raw data of measurements, and the

letters of A and H are not clear due to diffraction. The edges
of the letters are blurred. Moreover, the contrast ratio between
background and the target is low. In order to visualize the let-
ters clearly, two imaging algorithms are applied to reconstruct
the objects.

FIGURE 2. 2-D illustration of the raw data.

B. COMPARISONS OF 2-D IMAGING
By using BPA and RMA, restored images are shown in
Figure 3, which are much more clear than in Figure 2.
Although both algorithms can recover the letters, RMA per-
forms better than BPA. This is especially true at the edge
of the letters. Moreover, two bars made of High Density
Polyethylene(HDPE) are applied to fix the letters, which are
quite visible in Figure 3 (c) and Figure 3 (d). In Figure 3 (a),
an H is quite visible besides the letter A, although we only
wish to see the letter A in this plane. In Figure 3 (c), the letter
H is more blurred than in Figure 3 (a). It means that RMA
has better filtering performance for the out-of-focus objects.

FIGURE 3. 2-D imaging result by BPA and RMA. a) Letter ‘A’ by BPA.
b) Letter ‘H’ by BPA. c) Letter ‘A’ by RMA. d) Letter ‘H’ by RMA.

While in BPA, it is easier to sense those objects in front of or
behind the focal plane, implying that it has a larger equivalent
depth of focus.

FIGURE 4. 2-D imaging after threshold processing and mean filtering.
a) Letter ‘A’ by BPA. b) Letter ‘H’ by BPA. c) Letter ‘A’ by RMA. d) Letter ‘H’
by RMA.

To visualize the result more clearly, threshold processing
and averaging operations are implemented with correspond-
ing results shown in Figure 3. Consequently, the contour of
the target is more clear, and the noise of the target-free area
is suppressed well in Figure 4. Obviously, there is a clear
offset for the letter H . By using BPA and RMA, the letter is
not in the same position. Since BPA only performs optical
path calibration for echoes at each frequency, the position
of the object should be accurate. However, by using RMA,
Stolt interpolation and approximations are implemented so as
to calculate the Fourier transform numerically. These could
make the calculations different besides a pure transform
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FIGURE 5. 2-D imaging by RMA. (a) (c) Without Stolt interpolation.
(b) (d) After Stolt interpolation.

in mathematics. Consequently, the object moves away from
its exact location, which is a cost for the processing above.

According to Figure 4, there is an offset for the letter H.
Since BPA works in spatial domain, the location of the object
should be accurate. While for RMA, Stolt interpolation is
applied for ease of numerical calculations. This might change
the calculation results. To understand the influence of Stolt
interpolation in 2D imaging, the following two cases have
been compared: first, each letter is fixed at its exact location
and 2D RMA is implemented at a single frequency; then
as above, Stolt interpolation is application and 3D IFFT is
applied to reconstruct the letter without knowing the distance.
In this way, the only reason for the differences in images are
due to the Stolt interpolation solely.

In Figure 5, imaging results with and without Stolt interpo-
lation are compared. Obviously, 2D RMA operations without
Stolt interpolation give higher resolution. Besides the letter A,
there is a blurred letter H in Figure 5 (b). As shown in
Figure 5 (c) and Figure 5 (d), the letter A in front of the
letter H can be visualized somewhat. The Stolt interpolation
degrades the imaging performance, and the object is not at
the perfect location in 3D reconstruction. While by giving
the exact distance of the object, it is possible to give a better
focusing effect. Moreover, there a clear offset in both letters.
The letter A shifts 5 pixels and the letter H shifts 6 pixels in
Figure 5. For imaging applications, it might not be a trouble.
However, in case of positioning operations, Stolt interpola-
tion may introduce errors in this way.

Similar comparisons have also been implemented in spatial
frequency domain, with the results shown in Figure 6. The
left two figures give the accurate results; while the right two
figures correspond to the results by using Stolt interpolation.
It is obviously that spectrums with and without interpola-
tion are similar in shape, but after using Stolt interpolation,
some high spatial components are lost, which account for
the resolution in imaging. Moreover, DC power is lower in
Figure 6 (b) and (d), which decrease the contrast in

FIGURE 6. Wavenumber domain 2D data. a) Letter A without Stolt
interpolation. b) Letter A after Stolt interpolation. c) Letter H without Stolt
interpolation. d) Letter H after Stolt interpolation.

reconstructed image. Tomake the comparisons quantitatively,
correlation has been calculated, which can describe the simi-
larity of the figures mathematically.

Perform correlation calculation on the data before and
after Stolt interpolation in Figure 5 and Figure 6, respec-
tively. In Figure 5, the correlations of (a)(b) and (c)(d) are
0.465 and 0.240. The results show that both coordinates A
andH produce coordinate offsets, and the offset ofH is larger
than A. The correlation calculation is performed only on the
matrix of the letter corresponding size. The correlations of
the letters A and H before and after the Stolt interpolation
are 0.739 and 0.884, respectively. By removing the effect of
coordinate offset on correlation, the correlations of letter A
and H before and after Stolt interpolation have a significant
improvement. It also can be found that after removing the
influence of coordinate offset, letter H has better correlation
thanA. It means that in addition to shifting the letters, interpo-
lation also introduces background noise. Making calculation
in Figure 6, the correlations of (a)(b) and (c)(d) are 0.898 and
0.971. When considering the relationship between individual
pixels and coordinates, the correlation of H is lower, which
means that H has more offsets. When only the letter edge
and energy distribution are considered, H has higher correla-
tion. This is the same as the correlation of the wavenumber
domain.

C. COMPARISON OF 3-D IMAGING
Thanks to the large bandwidth of the THz systems, 3D imag-
ing is feasible with a fine range resolution. To visualize the
results more clearly, point cloud processing is performed.
Each point corresponds to the maxima in terms of amplitude
along the z-axis. Threshold processing is implemented also,
in order to remove the background noise outside the target.
By doing the operations above, 3D figures are obtained. Gen-
erally, range resolution of a SAR imaging system is decided
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FIGURE 7. 3-D imaging of target with point cloud map. a) by using BPA.
b) by using RMA.

by the bandwidth of the transceiver, which is

1z = c/2B (8)

where B is the applied bandwidth. Thus, the range resolution
corresponding to the 20 GHz bandwidth is 7.5 mm. Accord-
ing to Figure 1(b), the distance between the letters A and
H is 65mm. Figure 7 (a) corresponds to the 3D image by
using BPA, while Figure 7 (b) is 3D image obtained by using
RMA.According to Figure 4, the calculated distance between
A and H is 63.75 mm by BPA, and 60 mm by RMA. Thus
the range calculation errors of BPA and RMA are 1.25mm
and 5mm. Contrary to 2D imaging, BPA has a better range
resolution.

In order to compare the imaging effects of these two
algorithms further, a metal ladder with the step of 1 mm
is imaged between 220 GHz and 325 GHz. The theoretical
range resolution is 1.428 mm corresponding to the bandwidth
of 105 GHz. Thus the step of metal ladder is smaller than the
theoretical limit. The model of target is shown in Figure 8.

FIGURE 8. Model of the applied ladder.

In Figure 9, it can be seen that BPA performs better in
visualizing each step of the ladder than RMA. Corresponding
to the profile of BPA, four steps of ladder are distinguished
clearly. RMA can only distinguish each two steps, with the
distance of 2 mm. BPA does not make any approximation in
range direction and it is calculated directly.

Although both algorithms can give good images, it is
important to know the advantages and disadvantages.
Although BPA can be more accurate in terms of range

FIGURE 9. 3-D imaging of ladder with point cloud map. a) BPA. b) RMA.

resolution, it is more calculation intensive and it might be not
suitable for real-time applications. For 3D imaging of static
scenarios or absolute measurements, it might be more suit-
able. RMA can be faster and it is much more efficient for 2D
imaging. For future applications in smart cities, THz imagers
might be promising regarding its all-weather operation ability
and decent imaging performance. Which algorithm to choose
depends on exact applications and both accuracy and calcula-
tion speed need to be improved in future, accompanied with
hardware implementation.

IV. CONCLUSION
In this paper, terahertz SAR imaging algorithms are investi-
gated. For 2D imaging, RMA performs better in cross resolu-
tion, but there might be offset effect due to Stolt interpolation.
For 3D imaging, BPA performs overcomes RMA since it
implements the calculations in spatial domain directly and
there are no interpolation and FFT operations, which may
generate numerical errors in practice. BPA may break the
limit for range resolution defined by the Fourier transform,
which is the case in RMA. In practice, which algorithm
to choose depends on actual requirements for a dedicated
scenario and various factors should be considered carefully
including the accuracy of positioning/imaging and the calcu-
lation speed.
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