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Abstract—The THz frequency spectrum opens a lot of ap-
plications in the imaging at sub-mm level. The increase of the 
operating frequency band for SAR imaging systems to the THz 
range has proportionally affected the amount of raw data to be 
stored and used for accurate image reconstruction. As a conse-
quence, improvements in the existing SAR imaging algorithms 
to reduce the amount of data needed to achieve the appropriate 
quality of imaging is desired. This paper introduces the phase 
control procedure as an extension to the existing sinc interpolator 
for backprojecting complex-valued FMCW SAR data into a 
defned image plane. The proposed extension controls the phase 
of interpolated complex-valued SAR data parameters so that 
it includes appropriate information about the range distance 
between the SAR system and the given point of space. The 
extended algorithm is incorporated into the global backprojection 
algorithm and examined on the measurement data acquired 
via the 2πSENSE FMCW SAR system. The effciency of the 
extended algorithm is evaluated through the comparison with the 
conventional nearest neighbor and sinc interpolation algorithms. 

Index Terms—SAR data interpolation, FMCW Backprojection, 
FMCW SAR, THz. 

I. INTRODUCTION 

Synthetic aperture radar (SAR) is the radar system mounted 
on a moving platform, such as a satellite, aircraft, or unmanned 
aerial vehicle, and has the aperture synthesized based on the 
path of motion of its platform. The advantage of the synthetic 
aperture is that its size can be much larger than the physical 
aperture of the radar antenna, which provides an opportunity 
to perform high-resolution imaging in the cross-range direc-
tion. Among the wide range of SAR applications, including 
change detection and ground moving target identifcation, the 
most fundamental application of SAR is radar imaging. SAR 
imaging can be performed at distances starting from hundreds 
of kilometers from the Earth’s surface to below one meter 
for short-range sensing [1]. Large-distance imaging can be 
used to study geology, and indoor short-range sensing can be 
used in the areas of logistics and security, for which the THz-
frequency spectrum has to be explored. THz SAR imaging is 
a very new and active research topic, where the objective is to 
design an imaging system that can be mounted on various 
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platforms with potential applications in the areas, such as 
security, logistics, and indoor localization. Most of the state-
of-the-art THz SAR systems include ground- and rail-based 
realizations. Different THz SAR testbeds have been developed 
to perform imaging at 0.3 THz [2]–[4], 0.6 THz [5], 0.75 THz 
[6], and up to 1.1 THz, which has been reported recently 
in [7]. Furthermore, THz SAR systems are realized based 
on frequency modulated continuous wave (FMCW) radars 
that operate in the frequency ranges [0.122; 0.17] THz and 
[0.126; 0.182] THz; see [8] and [9], respectively. 

However, in practice, the performance of THz SAR imaging 
systems is sensitive to the path deviation, as reported in [10], 
[11]. To handle this issue, the time-domain backprojection 
algorithms [12]–[14] can be used for image formation. These 
signal processing algorithms can handle signals with large 
fractional bandwidth and include the motion-compensation 
procedure [15], which makes them natural candidates to be 
used in THz SAR imaging systems. The major computa-
tional part of these algorithms is based on the interpolation 
procedure, at which the interpolated complex-valued SAR 
parameter is backprojected into a defned image plane. There 
exist various interpolation algorithms that are in SAR data 
processing. For example, nearest neighbor, piecewise linear, 
four- and six-point cubic convolution, and truncated sinc 
interpolators can be used in SAR interferometry, as reported 
in [16]. Here, six-point cubic convolution interpolator is rec-
ommended as optimal for high-resolution applications. The 
truncated sinc interpolator can be equipped with the Hanning 
window to improve coherency in SAR interferometry [17]. 
Recently, extended versions of linear and cubic interpolators 
with a phase control procedure that assigns information about 
the range distance between the SAR platform and the given 
point in space into the phase of interpolated complex-valued 
parameters have been introduced in [18] to process complex-
valued SAR data for pulse radars. The results demonstrate 
that the proposed procedure provides an opportunity to obtain 
accurate imaging results with linear and cubic interpolators at 
the sampling rate fs = 2fmax. However, to the knowledge 
of the authors, none of the existing interpolation algorithms 
for THz FMCW SAR systems controls information about the 
phase of estimated complex-valued parameters. 
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This paper introduces an extended version of sinc interpola-
tion algorithm that includes the phase control procedure. The 
proposed procedure is developed to ensure that the phase of 
interpolated complex-valued FMCW SAR data includes the 
range distance information between the SAR platform and 
the point of space in the defned image plane. The developed 
algorithm is compared with the conventional nearest neighbor 
and sinc interpolators. All the interpolation algorithms are 
incorporated into the global backprojection algorithm and 
tested on raw data acquired via FMCW SAR operating at 
THz frequencies to reconstruct SAR scenes. Furthermore, the 
comparison is based on the analysis of range and azimuthal 
SAR scene cuts, including the measurements of range and 
cross-range resolutions. 

The rest of the paper is organized as follows. Section II 
describes the basic principles of FMCW SAR, the image 
formation algorithm, and the supporting interpolation methods. 
The measurement setup and experimental results are presented 
in Section III. Finally, the paper is concluded in Section IV. 

II. THEORY 

A. FMCW Synthetic Aperture Radars 

Consider a monostatic stripmap FMCW SAR system that 
performs two-dimensional imaging. Suppose that the FMCW 
radar transmits a complex-valued linear frequency-modulated 
continuous-wave signal, which mathematically can be ex-
pressed as 

−j2π(fmin t+κt2/2)STX(f(t)) = e , 0 ≤ t ≤ T. (1) 

Here, fmin denotes the start frequency of the emitted frequency 
ramp, t the range time, and κ and T are the slope and the 
duration of the emitted frequency ramp, respectively. 

Suppose that a scatterer is located in the scene under 
illumination at the range distance R. The received signal 
refected from the target can be written in the simplifed form 
as 

−j2π[fmin(t−τ )+κ(t−τ)2 /2]SRX(ξ, f(t)) = e . (2) 

Here, τ = 2R/c0 is the range-time delay, where c0 denotes 
the speed of light in vacuum and the range distance R can be 
determined as p

R = (ξ − ξ0)2 + (ρ − ρ0)2 , (3) 

where (ξ, ρ) and (ξ0, ρ0) are azimuthal and range coordinates 
of the SAR platform antenna and the corresponding target, 
respectively. 

To ensure that the received signal is sampled properly, it 
is downconverted to the intermediate frequency (IF) domain 
by performing the mixing of transmitted (1) and received (2) 
signals as: 

SIF(ξ, f(t)) = STX(f(t))S ∗ 
RX(f(t)) 

−j2π(f(t)τ −κτ 2/2) ≈ e −j2πf(t)τ = e . (4) 

Here f(t) = fmin + κt so that fmin ≤ f(t) ≤ fmax for 
t ∈ [0, T ], and the second term under the exponential argument 

in (4) can be neglected for short distances between the aperture 
antenna and the target at which f(t)τ � κτ 2/2. 

Considering the IF signal (4) as a function of frequency f , 
the time-domain representation of the downconverted signal 
can be obtained via the inverse Fourier transform as 

sIF(ξ, t) = F−1{SIF(ξ, f)} 
(t−τ)= B sinc[πB(t − τ)]ej2πfc , (5) 

which is equivalent to the representation of range-compressed 
signal due to a point target. Here, B = fmax − fmin is the 
bandwidth, and fc = (fmax + fmin)/2 the center frequency. 
In the presence of multiple targets in the scene under illumina-
tion, the downconverted signal in the time domain for this case 
is considered as a generalization of (5) and can be analytically 
be expressed via the Born’s approximation as 

KX 
(t−τj )g(ξ, t) ≈ B sinc[πB(t − τj )]e

j2πfc , (6) 
j=1 

where τj , j = 1, . . . ,K, denotes the round time needed for 
a signal to be transmitted from the FMCW SAR aperture 
antenna to the corresponding j-th target and backwards, and 
K ≥ 1, K ∈ Z, is the total number of targets. 

B. Image formation 

To form an image based on the acquired IF data, we 
employ time-domain backprojection in this study. Let the 
global backprojection algorithm be the algorithm to be used 
to reconstruct SAR scenes. The algorithm is based on the 
superposition of received signals that are backprojected into a 
defned image plane, which can be expressed as Z DSAR/2 

h(ξ, ρ) = g(ξ, t) dξ, (7) 
−DSAR/2 

where DSAR is the length of synthetic aperture, and g(ξ, t) is 
the range-compressed signal estimated for the given azimuthal 
position of the FMCW SAR system and the two-range distance 
between the platform and the point in the defned image plane, 
which is related to the range time t. 

However, modern radar systems, including FMCW radars, 
operate with discrete signals. The downconverted signal in (4) 
is discretized with the sampling rate fs, so that the length of the 
sample sequence can be obtained as N = fsT . Consequently, 
the frequency variable can be expressed as 

κn 
f [n] = fmin + (8)

fs 

for n ∈ [0, N − 1]. The azimuthal parameter ξ can also be 
discretized assuming that the FMCW SAR system performs 
a fnite number of measurements M that are equidistantly 
distributed along the azimuthal axis. The backprojection al-
gorithms for image reconstruction based on the discrete time 
sequences can then be expressed as 

MX 
h(ξ, ρ) = gint[m, tp], (9) 

m=1 



where m = 1, . . . ,M denotes the number of corresponding 
aperture positions and tp is the time for signal’s trip from 
SAR antenna aperture to the point of space in the defned 
image plane. Here, gint denotes the interpolated complex-
valued parameter, which is estimated based on time-domain 
range compressed data samples 

j2πfmint[n]g[m, n] = N IFFT{SIF[m, n]}e , (10) 

where the phase correction term depends on the frequency 
fmin at t = 0. In this paper, we consider three interpolation 
algorithms for estimating complex-valued gint[m, tp]. 

1) Nearest neighbor (NN) interpolator is one of the con-
ventional and simplest interpolation techniques that estimates 
the unknown parameter gint,NN at tp through the assigning the 
data value of one of the two neighbor samples t[n] and t[n+1], 
t[n] < tp < t[n + 1]. Mathematically, it can be expressed as 

gint,NN[m, tp]( 
1g[m, n], t[n] ≤ tp < (t[n] + t[n + 1]),2 

= 
1 g[m, n + 1], (t[n] + t[n + 1]) < tp ≤ t[n + 1].2 

(11) 

2) The sinc interpolator is used for ideal reconstruction 
of bandlimited discrete signals [19]. One of the practical 
realizations of sinc interpolator is given by 

n+L � �X π(tp − t[i]) 
gint,sinc[m, tp] = g[m, i]w[i] sinc ,

T 
i=n−L 

(12) 
where the infnite series is truncated up to 2L +1 terms, L ≥ 
0, L ∈ Z, and weighted with the Hanning window w[i] to 
suppress the Gibbs phenomenon. However, the conventional 
sinc interpolation algorithm does not account for the range 
distance between the SAR platform and the spatial point in 
the defned image plane Rp = c0tp/2. As a result, the phase 
of the interpolated complex-valued parameter gint,sinc does not 
contain a correct information about the range time tp, which 
requires an extension of the existing interpolation algorithm. 

3) The sinc interpolation with the phase control procedure 
is developed to interpolate complex-valued FMCW SAR data, 
so that it is ensured that information about the range distance 
between the SAR platform and the given point of space 
in the defned image plane is assigned into the phase of 
the interpolated complex-valued SAR data parameter. The 
extended sinc interpolator is based on the approach introduced 
for pulse radars in [18] and mathematically can be expressed 
as 

n+L � �X π(tp − t[i]) 
gint,sincPC[m, tp] = g̃[m, i]w[i] sinc ,

T 
i=n−L 

(13) 
where 

(tp−t[i])g̃[m, i] = g[m, i]ej2πfc . (14) 

Here, g̃[m, i] denotes the data samples involved in the in-
terpolation procedure, the phase of which contains similar 

R0 ≈ 1.67 m
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Fig. 1. Measurement setup. 

information about the assigned range time tp. The proposed 
extension increases the complexity of the sinc interpolation 
algorithm by additional 7(2L + 1) operations. However, the 
order of computational complexity of the global backprojec-
tion algorithm remains the same O{NξMρMξ}, where Nξ 

is the total number of aperture positions, and Mξ and Mρ 

are the numbers of SAR scene pixels in azimuthal and range 
directions, respectively. 

III. EXPERIMENTATION 

In this section, the interpolation algorithms described in 
Section II-B are tested on FMCW radar signals. The eff-
ciency of the proposed interpolation scheme based on the 
sinc interpolator is compared with the results based on the 
nearest neighbor and conventional sinc interpolators. The sinc 
interpolators used in this section are truncated to 2L +1 = 25 
sinc functions, where L = 12. The radar signals were acquired 
via the 2πSENSE FMCW radar system that operates in the D-
frequency band, i.e., in the range [0.126, 0.182] THz. 

A. Measurement Setup 

The measurement monostatic THz SAR system was based 
on the D-band 2πSENSE FMCW radar. The radar was 
mounted on the moving track of the print head of a 3D printer; 
see Fig. 1. The 3D printer served as a platform for the THz 
SAR imaging system, for which the maximally achievable 
aperture length is about 23 cm, and provided spatial system 
movement with precise accuracy. In the considered experi-
ment, a 2D THz SAR measurement was performed, where the 
SAR platform was moved in the azimuthal direction (x-axis 
in Fig. 1). The total number of measurements to achieve the 
maximal aperture was Nξ = 118, which were performed with 
a step of Δξ = 2 mm, and the length of emitted frequency 
ramp was T = 4.096 ms. A corner refector, placed at a 
reference distance of about R0 ≈ 1.67 m, was used as an 
object under test. Given the reference distance and aperture 
length 23.4 cm, the integration angle is about φ0 ≈ 8.02◦ . All 
the measurement setup parameters are summarized in Table I. 
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Fig. 2. SAR scenes h of 400 × 400 pixels reconstructed with nearest neighbor and sinc (for L = 12) interpolations: a)–b) and d) without the phase control 
procedure; c) with the phase-control procedure. In a)–c), the sampling rate fs = B = 0.056 THz, and in d), fs = 8B = 0.448 THz. 

TABLE I 
MEASUREMENT SETUP PARAMETERS BASED ON THE FMCW RADAR 

Parameter Value 

The lowest frequency processed, fmin 

The highest frequency processed, fmax 

Ramp duration, T 

0.126 THz 

0.182 THz 

4.096 ms 

Number of range samples, Nρ 4096 

Number of aperture positions, Nξ 118 

Aperture step, Δξ 2 mm 

Reference range, R0 ≈ 1.67 m 

Integration angle, φ0 ≈ 8.02◦ 

B. Results 

Figure 2 depicts results of SAR scenes h of 400 × 400 
pixels reconstructed via the global backprojection algorithm 
(9). Here, the intensity of SAR scenes is normalized with 
corresponding peak intensity values. In Figs. 2a–b, the scenes 
are obtained based on the nearest neighbor (11) and sinc 
(12) interpolation algorithms at the sampling rate fs = B = 
0.056 THz without the phase control procedure. The response 
from the corner refector in these scenes is unfocused, and 
hence, it can be concluded that these interpolators are not 
effcient for image reconstruction at the rate fs = B. However, 
in Fig. 2c is shown the SAR scene reconstruction based on 
the sinc interpolator (13) with the phase control procedure 
(14) at the rate fs = B. The results demonstrate that by 

involving the phase control procedure in the sinc interpolator, 
it is possible to achieve accurate image reconstruction at the 
sampling rate fs = B. It should also be noted that the proposed 
extension (14) is independent of the geometry of targets and 
their location in the scene under illumination and relies only 
on rigorous information about the coordinates of the SAR 
platform antenna and the given point of space in the defned 
image plane. To achieve image reconstruction results of a 
similar level via sinc interpolator (12), the sampling rate has 
to be at least fs = B = 0.448 THz, as shown in Fig. 2d. 

Figures 3a–b depict range and azimuth SAR-scene cuts 
h(ξ, ρ) for fxed azimuth ξ = 0.051 m and range ρ = 1.668 m, 
respectively, where the peak intensity occurs. Here, the SAR-
scene functions are obtained based on sinc interpolator (13) 
with the phase control procedure at sampling rates fs ∈ 
{B, 2B} are compared with the functions h based on sinc 
interpolator (12) without the phase control procedure at the 
rates fs ∈ {5B, 6B, 8B}. The range and cross-range resolu-
tions are measured in terms of the −3 dB beamwidth of the 
mainlobe from the corresponding cuts; all the measurements 
are collected in Table II. The results based on (13) for fs = B 
and fs = 2B demonstrate good agreement both in the range 
and azimuthal cuts in terms of resolution, as indicated in 
Table II, and the intensity of the frst four sidelobes. When 
the phase control procedure (14) is not included into the sinc 
interpolator, it has been investigated that the response from 
the corner refector can be identifed for the sampling rate 
fs ≥ 5B. Furthermore, to achieve agreement with the results 
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Fig. 3. Evaluation of SAR scene cuts h(ξ, ρ): a) for fxed azimuth ξ = 
0.051 m; b) for fxed range ρ = 1.668 m. Here, the scene cuts are obtained 
based on sinc interpolation without phase control (PC) at the sampling rates 
fs = 5B = 0.28 THz, fs = 6B = 0.336 THz, and fs = 8B = 
0.448 THz, and with phase control at the rates fs = B = 0.056 THz and 
fs = 2B = 0.112 THz. 

obtained based on interpolator (13) in terms of range and 
cross-range resolutions, the sampling rate has to be fs ≥ 8B; 
see Table II for details. Hence, it can be concluded that an 
accurate SAR scene reconstruction can be achieved based 
on sinc interpolator with the phase control procedure at the 
rate fs = B and there is no need to perform the FFT-based 
upsampling procedure to increase the sampling rate fs. 

TABLE II 
MEASURED −3 dB RESOLUTION 

Interpolation Method Axis 
Range ρ (mm) Azimuth ξ (mm) 

Sinc, fs = 5B, Without PC1 5.4 8.1 
Sinc, fs = 6B, Without PC 4.1 7.4 
Sinc, fs = 8B, Without PC 3.8 7.3 

Sinc, fs = B, With PC 3.8 7.3 
Sinc, fs = 2B, With PC 3.8 7.3 

1PC denotes the phase control. 

In Figs. 4a–b, the SAR scene cuts h(ξ, ρ), which are 
obtained based on sinc interpolation with phase control (13) 
and depicted in Fig. 4, are compared with corresponding range 
and azimuthal scene cuts obtained based on nearest neighbor 
interpolator (11) for sampling rates fs ∈ {64, 256}. It has 
been investigated that to obtain range SAR-scene cuts based 
on the nearest neighbor interpolator with an accuracy close to 
the results obtained based on (13), the data has to be sampled 
at the rate of about fs = 20B = 1.12 THz; however, for 

Fig. 4. Evaluation of SAR scene cuts h(ξ, ρ): a) for fxed azimuth ξ = 
0.051 m; b) for fxed range ρ = 1.668 m. Here, the scene cuts are obtained 
based on nearest neighbor interpolation at the sampling rates fs = 64B = 
3.584 THz and fs = 256B = 14.336 THz, and based on sinc interpolation 
with phase control (PC) at the rates fs = B = 0.056 THz and fs = 2B = 
0.112 THz. 

azimuthal scene cut, this sampling rate is not suffcient to 
obtain such a level of accuracy in terms of sidelobe intensity. 
When the sampling rate is fs = 64B, it is possible to 
achieve the intensity agreement in the frst three sidelobes 
for azimuthal scene cut; see Fig. 4b. However, to achieve a 
higher level of accuracy, the sampling rate has to be increased 
several times higher, to fs = 256B, which is caused by a high 
sensitivity of the signal’s phase to the range-time changes at 
THz frequencies. Furthermore, for this sampling rate, the com-
putational complexity of the FFT-based upsampling procedure 
O{2Nξ uNρ log2{uNρ}} will become larger than the com-
putational complexity of the global backprojection algorithm 
O{NξMρMξ}. Here, u denotes the upsampling factor, Nξ 

and Nρ are the total numbers of aperture positions and range 
samples, respectively, and Mξ and Mρ are the numbers of SAR 
scene pixels in azimuthal and range directions, respectively. 
Hence, the opportunity to avoid the upsampling procedure and 
to obtain accurate image reconstruction at the sampling rate 
fs = B demonstrates the advantages of the proposed sinc 
interpolation algorithm with the phase control procedure (13) 
over the conventional nearest neighbor and sinc interpolators. 

IV. CONCLUSIONS 

In this paper, the extension of the existing sinc interpolation 
algorithm to process accurately complex-valued SAR data has 
been proposed. The extension is based on the phase control 
procedure that assigns information about the range distance 
between the SAR platform and the point of space in the 



defned image plane into the phase of the estimated complex-
valued parameter. The proposed extension is independent of 
the geometry of targets and their location in the scene under 
illumination and relies only on rigorous information about the 
coordinates of the SAR platform antenna and the given point 
of space in the defned image plane. The developed interpola-
tor has been examined on the real data acquired via the FMCW 
SAR that operates in the range [0.126, 0.182] THz. It has been 
investigated that by involving the phase control procedure in 
the sinc interpolator, a SAR scene can be reconstructed at 
the sampling rate fs = B, which is not achievable based on 
the conventional nearest neighbor and sinc interpolators. The 
developed interpolation algorithm can also be incorporated 
into other backprojection algorithms, such as the fast and the 
fast-factorized backprojection algorithms. 
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