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 

Abstract—We investigate the effect of side lobe level (SLL) and 
multipath propagation in millimeter-wave(mmWave) and 
terahertz (THz) imaging systems for various transceiver array 
topologies. This work considers practical limitations in high-
resolution active imaging systems and focuses on electrically large, 
planar antenna array topologies. As such, we investigate the 
imaging performance of sparse transmitting/receiving (Tx/Rx) 
array topologies that enable high angular/spatial resolution 
imaging with minimum hardware complexity. We show that 1) 
properly tapering the sparse array excitation can mitigate image 
clutter caused by high side lobes and 2) sparse arrays are more 
vulnerable to multipath reflections and clutter in dense scenes with 
highly reflective surfaces. We present both full-wave numerical 
analysis and laboratory experiments (250-300 GHz) to verify and 
compare the imaging array performance for several exemplary 
scenes. 

 
Index Terms—Terahertz imaging, sparse array, nonuniform 

amplitude, multipath reflection 

I. INTRODUCTION 

N recent years, millimeter and terahertz (THz) waves (30 
GHz – 10 THz) have become attractive in imaging 

applications due to the small wavelength, penetration into many 
common materials and thin biological tissues, and operation in 
low visibility conditions [1-3]. Additionally, THz waves are 
suitable for non-line-of-sight (NLoS) imaging due to their 
strong specular reflections from common rough surfaces [4-5]. 

Many early THz imaging techniques were developed based 
on optical components (e.g., lenses and mirrors) and 
mechanical raster scanning [6-7]. On the other hand, using 
antenna arrays is an alternative approach as it can achieve 
compact dimensions, low weight, and rapid image acquisition. 
Traditional antenna array theory requires that the spacing 
between the array elements must be less than λ/2, where λ is the 
wavelength of the highest operating frequency, to avoid any 
grating lobes in the array factor [8]. Nevertheless, for high-
resolution imaging electrically large apertures are needed which 
can easily result in an unpractically large number of antenna 
elements. This poses engineering challenges due to the complex 
and lossy feeding networks [9]. 

Therefore, for active imaging systems, using sparse arrays is 
an attractive solution to reduce the number of elements while 
maintaining the attractive beamforming properties of the dense 
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array counterparts. In sparse arrays, spacing between elements 
can be larger than λ/2. Although this will lead to grating lobes 
in the array factor, by properly designing the transmitting and 
receiving (Tx and Rx) arrays, these grating lobes can be 
removed in the two-way array factor (the product of the Tx and 
Rx array factors [10]). As such, sparse arrays can achieve 
similar two-way array factors to dense arrays while keeping 
much smaller total numbers of elements. 

Using sparse arrays with uniform amplitudes on millimeter 
wave (mmWave) and THz imaging has been reported in [11-
13]. Nevertheless, antenna arrays with nonuniform amplitudes 
can generate array factors with lower side lobes. Such 
capability is valuable in identifying objects with low reflectivity, 
thus increasing the system’s dynamic range, and reducing 
clutter due to stray signals that originate from multiple 
reflections in the scene. For example, when an object with low 
reflectivity (weak scatterer, such as dielectric materials with 
relatively low permittivity) is located close to an object with 
high reflectivity (strong scatterer, such as metal), the reflection 
from the weak scatterer may be even lower than the side lobes 
of the strong scatterer. In this case, the weak scatterer will 
become invisible in the reconstructed image. 

In this paper, for simplicity and without any loss of generality, 
we use linear antenna arrays and 2D images (range and cross-
range) to show the imaging performance of multiple types of 
antenna arrays. Numerical and measurement results are 
presented in sections II and III, respectively. 

II. NUMERICAL COMPARISON OF DENSE AND SPARSE 

IMAGING ARRAYS 

To compare the performance of dense and sparse arrays, we 
numerically investigate several imaging scenarios. For 
simplicity and computational efficiency, we used a 2D EM 
simulator based the method of moments (MoM), namely WIPL-
D 2D solver [14], to model a 2D imaging scenario (range and 
cross-range). 

Several sparse array designing methods are introduced in 
[15]. Here, we intend to compare three array topologies, namely 
a traditional dense array with a half-wavelength spacing, a 
sparse array with uniform amplitudes, and another sparse array 
with nonuniform amplitudes. As such, using the approaches 
discussed in [15], we study three topologies: 
a) Dense array: both the Tx and Rx arrays have 81 dense 
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elements (dTx = dRx = λ/2) and uniform amplitudes. 
b) Rectangular excitation: using the rectangular interpolation 

method (without tapering), the Tx is a sparse array with 7 
elements and the Rx is a dense array with 23 elements (dTx 

= 23  λ/2, dRx = λ/2). 
c) Triangular excitation: using the triangular interpolation 

method, the Tx and Rx arrays both have 17 elements and are 

sparse and dense, respectively (dTx = 9  λ/2, dRx = λ/2). 
When the Tx and Rx arrays are colinear and centered at the 
same point, these three designs generate effective apertures 
with the same number of elements and spacing (N = 161, d = 
λ/2). The dense and triangular designs produce identical 
nonuniform effective apertures (thus they have the same array 
factors) whereas the rectangular design produces an effective 
aperture with uniform amplitudes. However, the dense design 
has a much higher total number of elements than the two sparse 
designs. The element arrangements and normalized two-way 
array factors of the two sparse designs (rectangular and 
triangular) are illustrated in Fig. 1. As expected, the rectangular 
interpolation leads to a narrower main lobe (the half-power 
bandwidth is approximately 0.3 degrees smaller) but higher side 
lobes (the first sidelobe and end-fire direction are 
approximately 13 and 32 dB larger, respectively). 

In the following, we present simulation results using dense 
and sparse designs. The simulations are carried out in the 
frequency range of 250-300 GHz and both the transmitting and 
receiving antennas are linearly polarized and omnidirectional. 
Although in this work we use the image reconstruction method 
presented in [16], using other algorithms does not affect the 
comparison of different array topologies. 

A. Side Lobe Comparison 

First, we study a simple scenario with a 3 mm radius sphere 
(perfect conductor) placed 2.2 m in front of the imaging 
apertures to emulate a point scatterer. Thus, the acquired image 
represents the impulse response of the imaging system. Fig. 2 
shows the obtained images using three different imaging array 
topologies for a 60-degree field of view (-30 to 30 degrees). 

As expected, the dense and triangular designs generate 
indistinguishable images since they have identical effective 
apertures. Meanwhile, the rectangular design features much 
clearer traces in the cross-range direction due to higher side 
lobes, as shown in Fig. 1b. We use the target-to-clutter ratio 
(TCR) to measure the contrast of the target pixels with respect 
to the background [17]: 

��� = 20 log�� �
max(|�(�, �)|)

�

��
∑ |�(�, �)|(�,�)∈�

� �  (8) 

where �(�, �)  represents the intensity of the (�, �)  pixel, C 
represents the cluttered area, and NC is the number of pixels in 
the cluttered area. Here, we select the cluttered area as bounded 
by 2 to 30 degrees with respect to the broadside in angle and -2 
to 2 centimeters with respect to the brightest pixel in range 
(marked in white dashed lines in Fig. 2b and c). This region is 
large enough to provide a reliable estimate of the mean sidelobe 
and is safe to use since the object appears to be outside. As such, 
the TCR of the triangular and rectangular designs are 
approximately 68.3 and 50.7 dB, respectively. We note that the 
rectangular design has lower TCR due to higher sidelobes. 

To investigate the effect of sidelobes on imaging 
performance in a more representative example, we carry out the 
following imaging scenario: a dielectric rode (��=2) with a 
radius of 3 mm is placed close to a corner-shaped PEC rough 
surface, as shown in Fig. 3a. Thus, the roughness of the PEC 
object will create strong backscattering whereas the dielectric 
sphere has relatively weak backscattering. Fig. 3b and c 
compare the reconstructed images using the two sparse designs 
(rectangular and triangular). We notice that both images clearly 
show the shape of the corner, but it appears to be thinner in Fig. 
3c due to the rectangular design having a narrower main beam, 
as shown in Fig. 1. However, the dielectric sphere is harder to 
identify in the case of rectangular design due to the strong traces 
in the cross-range direction generated by the rough PEC corner. 
In addition, in both images, there are noticeable bodies behind 
the corner. This is due to the strong specular reflection from the 
rough surface under THz frequencies, and the sphere appears to 
be mirrored behind the surface. This property can be exploited 
to implement THz NLoS imaging, as firstly shown in [4]. 

B. Imaging in the presence of multiple scattering 

Although triangular tapering can achieve the same effective 
aperture as the dense design with much fewer elements, 
limitations occur when multiple objects are present in the scene. 
To illustrate that, we modify the scene shown in Fig. 2 (a single 
PEC sphere) and add another identical sphere such that the two 
spheres have the same distance to the aperture but are relatively 
far away from each other. In the image of the triangular design 
shown in Fig. 4b, the two spheres can also be reconstructed 
correctly, however there are observable artifacts. Again, we use 
the TCR to compare the artifacts with objects. Here, since each 
object corresponds to two artifacts near it, we use the lower 
object as an example and the cluttered areas are marked in white 
dashed lines in Fig. 4a and b (each sub-area features 4 cm and 
6 degrees total ranges). As such, the dense and triangular 
topologies respectively have a TCR of 91.2 and 50.9 dB. The 
triangular topology leads to a smaller TCR due to the artifacts. 

These artifacts are caused by the multiple reflections between 
the two spheres, as illustrated in Fig. 5. The triangular design 
includes a sparse Tx array, which generates multiple grating 
lobes. There are angles where the center of the main beams of 
the Tx and Rx array are not pointing toward any object. 
However, a grating lobe is pointing to one of the objects and, 
due to multiple reflections, the signal is received by the much 
wider Rx main lobe. At such angles, we observe artifacts that 
appear at a distance from the array equal to half of the distance 

Fig. 1. Rectangular and triangular sparse array designs. (a) Arrangements of 
the array elements. (b) Normalized array factors of the effective apertures. 
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traveled by the multipath signal (green line in Fig. 5). This 
multiple reflection effect is similar to the dihedral effect [18]. 
Although in this imaging example we only include two objects, 
we can deduce that more objects would result in even more 
artifacts in the reconstructed images. 

Furthermore, the locations of such artifacts are affected by 
the separation between two objects. For example, in Fig. 4c, the 
spheres are closer to each other, and the artifacts appear at 
different angles and distances with respect to the aperture. In 
the meantime, due to the different sphere locations, two artifacts 
appear near each object in Fig. 4b whereas only one in Fig. 4c. 
In contrast, dense arrays have identical single narrow and 
aligned beams for both Tx and Rx and reduce multipath clutter. 

III. IMAGING EXPERIMENTS USING DENSE AND SPARSE 

ARRAYS 

Due to the lack of multielement antenna arrays in this 
frequency range, we implement a linear multistatic synthetic 
aperture imaging system to carry out various imaging examples. 
As such, two vector network analyzer (VNA) extenders 
(integrated with diagonal horn antennas), and two translation 
stages emulate the linear Tx and Rx arrays, as shown in Fig. 6. 
The Tx and Rx extenders are mounted on the respective 
translation stages (~ 1 μm precision) and are separated by a 
small distance on the vertical axis. The Tx extender moves to 
all the locations of Tx array elements one by one and transmits 
signals to the objects. Meanwhile, for each Tx location, the Rx 
extender moves to all the locations of Rx array elements in a 

 
Fig. 2. Reconstructed images using different imaging array designs when a single PEC sphere is placed in front of the aperture. (a) Dense design. Inset: details 
of the target. (b) Triangular design. (c) Rectangular design. 

 
Fig. 3. A dielectric sphere and a rough PEC corner are placed in front of the aperture. (a) Simulation topology. (b) Reconstructed image using the triangular 
design. (c) Reconstructed image using the rectangular design. 

 
Fig. 4. Reconstructed images of two small PEC spheres. (a) Using the dense array. (b) and (c) Using the triangular tapering array for two different distances 
between the small spheres. 
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similar way and coherently records the backscattered signals for 
both dense and sparse array topologies. 

Similar to the numerical analysis, we set up three imaging 
scenarios that involve potential clutter. First, we use a metal 
post to demonstrate the side lobes of the two sparse array 
designs. As noticed in Fig. 7, the rectangular design generates 
higher side lobes. 

Next, we form a scene with a weak and strong scatterer by 
placing a thin wooden post close to a ceiling panel, as shown in 
Fig. 6. As expected, since the sparse rectangular design leads to 
higher side lobes, the wooden post is barely distinguishable, as 
is observed in the reconstructed images in Fig. 8. 

In the third measurement, we image two metal posts that are 
separately located. Fig. 9 compares the obtained images using 
the dense and triangular designs. We observe that there are 
artifacts in the image of the triangular design due to the multiple 
reflections between the posts. On the other hand, the dense 
design is immune to such problems. 

IV. CONCLUSIONS 

We studied the image aberrations of various transceiver 
topologies in active THz imaging systems. We found that 
triangular interpolation is an effective excitation when low SLL 
is needed in imaging with a sparse array. The simulation results 
show that the rectangular design exhibits much higher side 
lobes, which is detrimental in the presence of a weak scatterer 
next to much stronger ones. We also show that although sparse 
topologies offer valuable advantages in terms of lower system 
complexity while maintaining a same or even better SLL 
compared with dense arrays, it comes at the cost of imaging 
performance when multipath propagation is present. Therefore, 
using dense arrays is still the preferred approach in this case. 

Future THz imaging applications may require the capability 
of identifying multiple objects in the scene with a relatively 

high resolution. Therefore, besides the advantages of sparse 
imaging topologies, the results presented here serve as a 
motivation for the use of dense arrays or other non-sparse 
topologies (e.g., reconfigurable lenses/reflective surfaces [19]) 
when maximum clutter mitigation is needed. 

In both the imaging simulations and measurements, we do 
not account for the mutual coupling between antenna array 
elements. In the simulations we only compute the scattered 
fields, and the synthesized aperture used in the experiments 
does not involve mutual coupling since only one Tx/Rx antenna 
is present. However, in an actual antenna array, the mutual 
coupling between elements can affect the measurement results 
and hence lead to inaccurate images. While a 3D full-wave 
simulation can account for the mutual coupling for a specific 
array, it could be computationally expensive for electrically 
large structures, and the scope of this work is more general. 
Nevertheless, this effect is expected to be more prominent at 
wider scanning angles, which is not necessarily the goal of 
every imaging application. Moreover, it does not affect the 
conclusions of this work. 

 
Fig. 5. Multiple reflection effect in a scene with more than one object. 
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Fig. 6. Use VNA extenders and translation stages to emulate linear sparse 
arrays. A ceiling panel and a wood post are shown as the imaging objects. 

Fig. 7. Reconstructed images using different imaging array designs when a 
metal post is used as the imaging object. (a) Triangular design. (b) Rectangular 
design. 

Fig. 8. Reconstructed images using different imaging array designs when a 
wood post and a ceiling panel are used as the imaging objects. (a) Triangular 
design. (b) Rectangular design. 

Fig. 9. Reconstructed images using different imaging array designs when two 
metal posts are used as the imaging objects. (a) Dense design. (b) Triangular 
design. 
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