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M. Ait Assou, G. Humbert, A. Crunteanu (Member, IEEE), C. Decroze

Abstract— We propose a 3D imaging and spectroscopy 

approach in the terahertz (THz) domain based on the synthetic 

aperture (SA) imaging technique achieved using a time domain 

spectroscopy system (TDS). The proposed system enables the 

imaging and spectroscopy of an object in a stationary position in 

transmission configuration. We demonstrate the reconstruction of 

3D amplitude images with a sub-millimeter resolution of a multi-

material object from 0.6 to 1 THz using the back-projection 

algorithm. The reconstructed data is further used to characterize 

the optical properties of the substrates forming the object by 

calculating the refractive index and the absorption coefficient of 

its constituents in the reconstruction frequency band. We 

demonstrate with our work the utilization of the SA not only for 

imaging, but also for material characterization. Consequently, we 

are able to reconstruct 2D high-resolution spectral maps of the real 

refractive index at different THz frequencies of the imaged object.  

 
Index Terms—Terahertz imaging, terahertz spectroscopy, 

material characterization, terahertz time-domain system, 

synthetic aperture, back-projection, 3D image reconstruction. 

I. INTRODUCTION 

T the junction between microwaves and infrared, THz 

imaging techniques offer numerous opportunities in 

non-destructive testing in several industrial sectors like 

building and construction industry and electrical cables industry 

[1], [2], quality control of pharmaceuticals [3], archeological 

studies [4], medical and biomedical imaging [5]–[7], etc. 

In a typical THz imaging setup, the object under test is 

mechanically translated in the focus plane of a THz beam either 

in reflection or transmission configurations [8], [9]. The THz 

image is assembled pixel by pixel based on the complex 

spectrum measured at every scanned point by the focused beam, 

enabling spectroscopic images of the object. This approach is 

nevertheless limited to portable and mechanically translatable 

objects [10]. In specific imaging scenarios, it is more favorable 

to image an object without translating it, such as large, heavy, 

or fragile objects. In addition to that, the lateral resolution 

achieved using a typical imaging setup is defined by the spot 

size of the focused THz beam which depends on the optical 

alignment of focusing lenses or mirrors. 

To overcome the challenges of the classical imaging setup, 

the SA technique is considered in the THz domain. SA is a well-

established imaging technique initially invented for radar 

systems in the 1950s [11] and it was later on adopted at RF and 

microwave frequency bands for a variety of applications in the 

commercial and defense sectors [12], [13], [14] like 

topographic imaging [15], air traffic control [16], meteorology 

[17] and underground resource exploration [18]. Imaging using 

SA consists of reconstructing an image by creating a numerical 

focusing lens by back-projecting acquired signals measured at 

different spatial positions from an illuminated area under 

test[19]. As a result, the spatial resolution of the image is no 

longer defined by the aperture of each antenna, but it depends 

on the space/time localization of the mobile antenna, which 

enables a high spatial resolution with small radiating elements. 

The implementation of the SA technique for imaging in 

the THz range was demonstrated in previous reports using 

either electronic or optoelectronic-based systems in reflection 

configuration. A Vector Network Analyzer (VNA) coupled 

with frequency extenders was used to demonstrate 3D imaging 

at four different frequency bands (220-330 GHz, 325-500 GHz, 

850-1100 GHz, and 1100-1500 GHz). Four different antennas 

were needed to generate THz waves at the four frequency bands 

[20], [21]. To tackle the inherently limited frequency of the 

VNA, the addition of frequency extenders was necessary to up-

convert the low frequency signal from the VNA into the desired 

frequency range, adding to the bulkiness of the VNA based 

imaging system [21]. The object was mounted on a mobile 

platform in order to create a SA while its image was 

reconstructed from back-projected reflected signals. SA 

implementation with a THz-TDS system was firstly 

demonstrated using a photoconductive antenna (PCA) as both 

emitter and detector, in a monostatic configuration, scanned 

over the object to create a synthetic planar array [22]. Reflected 

electric fields acquired at different positions were numerically 

processed to reconstruct a 3D image of the object over a large 

frequency band from 0.3 to 1.2 THz. This imaging system was 

further exploited to differentiate several types of materials of an 

object from the intensity variations on the image at specific 

resonance frequencies [23]. The interest of SA-TDS was also 

demonstrated with 2D imaging of metallic objects within a very 

large bandwidth of 2.5 THz by measuring the reflected signal 

from the objects in rotation. The PCA emitter and detector were 

positioned in a reflection configuration with an angle between 

the two antennas (without collimating or focusing lenses) and 

the objects were rotated to mimic a synthetic array [22]. 

It is worth stating that SA-TDS offers a large bandwidth, 

coherent detection and does not require the optical focalization 

system associated with the classical imaging approach to have 

high range and cross-range resolutions. However, none of the 

SA systems reported so far, have yet paired SA imaging with 

spectroscopy analysis to extract the optical parameters of the 

materials forming the object. 

In this work, we experimentally demonstrate 3D THz imaging 

and spectroscopy analysis based on the SA imaging approach 

implemented on a TDS system, which is performed in a 
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transmission configuration for the first time. In our system, the 

synthetic array is realized by moving a PCA along a scanning 

plane. We present numerically reconstructed 3D images of a 

complex planar object (made of air, metal, magnesium oxide 

and quartz) using the back-projection algorithm. The 

reconstructed complex data is further used to compute the 

refractive index and the absorption coefficient of the object. 

Our proposed approach goes beyond the utilization of the SA 

imaging technique in previous studies. Instead, we leverage the 

phase and amplitude of the reconstructed data to calculate the 

real refractive index and absorption coefficient, pushing SA 

from being just an imaging tool to a valuable approach for 

material characterization. This approach is particularly useful 

for spectroscopy in fields where immobile objects are more 

common and the elimination of the focusing lenses is favorized. 

The results show the potential of the proposed approach as an 

experimental technique for sub-millimeter 3D imaging and 

spectroscopy in the THz range of multi-material objects. 

Moreover, our approach has the potential to extend THz 

imaging beyond traditional reflection-based imaging by 

favoring substrates with high transmittivity, in contrast to SA in 

reflection configuration, which requires a big portion of the 

THz beam to be reflected back to the detector. By exploiting the 

low dynamic range of the signal in the chosen transmission 

configuration, we were able to reconstruct 3D images, similar 

to those demonstrated in reflection configuration, opening 

doors to test other types of objects. 

II. SA-BASED 3D IMAGING AND SPECTROSCOPY 

In this section, we briefly recall the numerical process 

allowing the reconstruction of a 3D image from measured data 

using a SA. To synthesize a radiating aperture, a mobile antenna 

is periodically translated on a distance D, with a step d in a two-

dimensional plane perpendicular to the direction of propagation 

(figure 1). For each transmit antenna position (𝑥𝑛, 𝑦𝑛 = 0, 𝑧𝑛), 

with 𝑛 ∈ [1, N] and N the total number of spatial scanned points 

in the XOZ plan, a temporal signal 𝑠𝑚𝑒𝑠(𝑡, 𝑥𝑛 , 𝑧𝑛) is measured 

on the stationary receiving antenna. 

The 3D image is reconstructed in the frequency domain using 

an image reconstruction method known as the back projection 

(BP) algorithm [23]. The BP algorithm acts as a digital lens by 

compensating the phase of the signals propagated from the 

antennas to the scene to be imaged. The frequency-dependent 

reconstructed complex transmittivity of each voxel is expressed 

as: 

�̃�𝑟𝑒(𝑓𝑚, 𝑥𝑝, 𝑦𝑝 , 𝑧𝑝) ≈ ∑ 𝑆𝑚𝑒𝑠(𝑓𝑚, 𝑥𝑛 , 𝑧𝑛) . 𝑒−𝑗
2𝜋

𝑐
𝑓𝑚𝑟𝑛

𝑝
 𝑁

𝑛=1   (1) 

 

With c is the speed of the THz wave in vacuum, 𝑚 ∈ [1, 𝑀] 
with M the total number of frequency points, and 𝑝 ∈[1, P] with 

P the total number of voxels of the reconstructed image. 

𝑆𝑚𝑒𝑠(𝑓𝑚, 𝑥𝑛 , 𝑧𝑛) is the Fourier Transform of the measured time 

domain signal with 𝑓𝑚 the frequency. The parameter 𝑟𝑛
𝑝

=

√(𝑥𝑝 − 𝑥𝑛)
2

+ (𝑦𝑝)2+(𝑧𝑝 − 𝑧𝑛)
2
 is the distance between an 

antenna n of the planar synthetic array, to a voxel p of the 

reconstructed 3D matrix.  

The intensity of each voxel of the reconstructed 3D image can 

be expressed as: 

 

𝐼(𝑥𝑝, 𝑦𝑝, 𝑧𝑝) = |∑ �̃�𝑟𝑒(𝑓𝑚, 𝑥𝑝 , 𝑦𝑝, 𝑧𝑝)𝑀
𝑚=1  |           (2) 

 

The spatial theoretical resolutions of the resulting 3D image, 

using a planar synthetic array of isotropic antennas, are 

expressed as [11]: 

 

                            ∆𝑥=
𝜆.𝑅

𝐷𝑥
 , ∆𝑦=

𝑐

𝐵𝑊
  , ∆𝑧=

𝜆.𝑅

𝐷𝑧
                      (3) 

Where ∆𝑥, ∆𝑦 and ∆𝑧 are the cross-range, range and elevation 

resolutions respectively, 𝐷𝑥 is the length of the SA along (OX) 

axis, 𝐷𝑧 is the length of the SA along (OZ) axis, BW is the 

available frequency bandwidth and 𝜆 is the wavelength of the 

propagating beam. However, in reality, the resolution is limited 

by the divergence of the antenna’s radiation pattern [11]. 

The SA allows a lateral field of view (FOV) of: 

 

𝐹𝑂𝑉𝑥 =
𝜆.𝑅

𝑑𝑥
,  𝐹𝑂𝑉𝑧 =

𝜆.𝑅

𝑑𝑧
                         (4) 

  

Where 𝑑𝑥 and 𝑑𝑧 are periodical antenna increments in the 

synthetic array along X-axis and Z-axis respectively. 

 

Fig. 1. Schematic of SA imaging in a transmission 

configuration. The moving divergent antenna is mechanically 

scanning the plane XOZ to create a planar synthetic antenna 

array. At each position of the mobile antenna, the emitted beam 

passing through the stationary object is focused on the fixed, 

detecting antenna. 

The complex reconstructed data can be further used to extract 

the frequency-dependent refractive index 𝑛(𝑓) and the 

absorption coefficient 𝛼(𝑓). Similar to classical THz-TDS 

measurement, our approach requires the measurement of both 

reference and sample signals. In our study, the reference data 

was obtained using a synthetic antenna array, similar to the one 

used for measuring the sample data. The reference 

measurement is obtained by scanning the emitter antenna step 

by step while detecting the THz radiation through air (without 

the object to be imaged) using the stationary detector and a 

collimating lens. Following the acquisition of the reference 

data, we reconstructed a reference complex transmittivity 
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�̃�𝑟𝑒𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
(𝑓, 𝑥𝑝, 𝑧𝑝) independently from the sample data by 

applying Equation 1. This allowed obtaining a frequency-

dependent reconstructed spectrum at each pixel, which served 

as a reference spectrum for each corresponding pixel in the 

sample complex transmittivity  �̃�𝑟𝑒𝑜𝑏𝑗𝑒𝑐𝑡
(𝑓, 𝑥𝑝 , 𝑧𝑝). 

Based on the reference and sample reconstructed 

transmittivities, a complex transmission coefficient of the 

object is calculated at each frequency 𝑓 following this equation: 

 

 
�̃�𝑟𝑒𝑠𝑎𝑚𝑝𝑙𝑒

(𝑓,𝑥𝑝,𝑧𝑝)

�̃�𝑟𝑒𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
(𝑓,𝑥𝑝,𝑧𝑝)

= 𝜌𝑟𝑒(𝑓, 𝑥𝑝 , 𝑧𝑝)𝑒−𝑗𝜑𝑟𝑒(𝑓,𝑥𝑝,𝑧𝑝)   (5) 

 

This ratio leads to 𝜌𝑟𝑒(𝑓, 𝑥𝑝 , 𝑧𝑝) and 𝜑𝑟𝑒(𝑓, 𝑥𝑝, 𝑧𝑝), the 

amplitude ratio and phase difference, respectively, between the 

spectral components of the sample and the reference 

reconstructed transmittivities.  

Consequently, the values of the real part of the refractive index 

𝑛(𝑓, 𝑥𝑝, 𝑧𝑝), its imaginary part 𝜅(𝑓, 𝑥𝑝 , 𝑧𝑝) and the absorption 

coefficient 𝛼(𝑓, 𝑥𝑝 , 𝑧𝑝) of the object under test can be derived 

for every pixel of the reconstructed object image using the 

following equations [24]: 

 

𝑛(𝑓, 𝑥𝑝, 𝑧𝑝) = 1 + 𝑐
𝜑𝑟𝑒(𝑓,𝑥𝑝,𝑧𝑝)

2𝜋𝑓𝑒
                  (6) 

 

       𝜅(𝑓, 𝑥𝑝, 𝑧𝑝) = −
𝑐

4𝜋𝑓𝑒
ln (𝜏(𝑓, 𝑥𝑝, 𝑧𝑝)𝜌𝑟𝑒(𝑓, 𝑥𝑝, 𝑧𝑝))    (7) 

 

With                 𝜏(𝑓, 𝑥𝑝 , 𝑧𝑝) = 1 − 
(𝑛(𝑓,𝑥𝑝,𝑧𝑝)−1)

2

(𝑛(𝑓,𝑥𝑝,𝑧𝑝)+1)
2                 (8) 

 

𝛼(𝑓, 𝑥𝑝 , 𝑧𝑝) =
4𝜋𝑓

𝑐
𝜅(𝑓, 𝑥𝑝 , 𝑧𝑝)                  (9) 

 

With e the thickness of the sample measured with a digital 

micrometer gauge (having a precision of +/- 1 micrometer) 

before performing the THz imaging and spectroscopy 

experiments. The measured thickness is then used as an input 

parameter to calculate the parameters above from the 

reconstructed data. 

III. EXPERIMENTAL SETUP: SA IMPLEMENTATION IN A 

THZ-TDS 

SA-TDS approach was implemented in broadband THz-

TDS system (TERA K15 all fiber-coupled Terahertz 

Spectrometer from Menlo Systems GmbH). The system 

illustrated in figure 2 is using a femtosecond laser operating at 

𝜆 = 1550 𝑛𝑚. The laser beam is split into a probe and pump 

beam. The pump beam irradiates a biased photoconductive 

antenna (PCA) which will emit a THz pulse, while the probe 

beam is irradiating a second PCA which will generate an 

electrical signal proportional to the incident THz wave 

amplitude. The temporal THz pulse allows to acquire a complex 

spectrum from 0.1 THz to 6 THz. The emitter and receiver 

PCAs are commercial fiber-coupled TERA15-FC antenna 

modules in strip line and dipole configurations respectively, 

paired with a high refractive index silicon (HR-Si) hyper-

hemispherical lens at the output side, resulting in a divergence 

angle of THz radiation of about 14.5°. 

 

Fig. 2.  Classical focused configuration of THz TDS. The 

imaged object is mechanically translated in the XOZ plane 

using a two-axis translation stage. The focal plane of the 

focused THz beam is achieved using four TPX lenses. 

SA-TDS system was achieved by attaching the emitter antenna 

to a mechanical 2D translation arm to record the transmitted 

THz pulse at different spatial positions (figure 3). Both receiver 

and emitter antennas can be translated to create a synthetic 

antenna array as they are both lightweight, compact and fiber 

optic pigtailed PCAs. For simplicity, the emitter antenna was 

chosen because it is not attached to a current amplifier as in the 

case of the receiver, which otherwise restrains the range of 

movement and calls for a more complicated support system to 

securely move the amplifier together with the receiver. 

 

 
Fig. 3. Transmission based SA configuration using a THz-TDS 

for 3D imaging and spectroscopy. A PTFE lens is used to focus 

the beam onto the fixed detector. 

The merging of the SA approach into the available THz-TDS 

system allows to dispose of the optical focusing system 

illustrated in figure 2. However, the elimination of all TPX 

focusing lenses results in a sensitivity decrease in the system 

therefore a decline in the dynamic range (DR) of the measured 

THz pulse. In a four lenses configuration, the DR is 87 dB at 1 

THz (figure 4, blue curve) and in lens-free configuration, the 
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DR falls to 36 dB at 1 THz (figure 4, yellow curve) that is 

associated with a reduction of the available BW from 6 THz to 

3 THz. 

 

Fig. 4. Amplitude of spectral power recorded with the full 

optical system as in a classical focused TDS system (blue 

curve), with one lens (orange curve) and without any focusing 

lenses (yellow curve). 

In order to increase the DR without focusing the THz beam, a 

PTFE plano-convex lens was added in front of the fixed 

detector (figure 3). The addition of the lens does not affect the 

topology of the synthetic antenna array or the image 

reconstruction algorithm but improves the DR of the signal to 

80 dB at 1 THz (figure 4, orange curve). 

IV. MEASUREMENT RESULTS AND DISCUSSIONS 

To demonstrate SA-TDS imaging in transmission 

configuration with the TDS system, we choose a thin metallic 

plate (2 × 2 𝑐𝑚²) with four open circular holes with different 

diameters from 3 mm to 6 mm (figure 5). A sample of MgO (e 

= 530 µm) is placed behind the hole of 6 mm diameter and 

another sample of quartz (e = 530 µm) is placed behind the hole 

of 5 mm diameter. These samples with different refractive 

indexes will be evaluated for their dielectric THz properties 

along with the 3D reconstruction of the overall object. 

 
 

 

Fig. 5. Object under test: a metallic plate of 2x2 cm² with four 

holes, two holes with diameters 6 mm and 5 mm containing 

MgO (false-colored in orange) and quartz (false-colored in 

green) respectively. The other smaller holes of 3 and 4 mm 

contain air. The thickness of the two substrates is 530 µm. 

 
Fig. 6. Top view picture of the 3D SA-THz imaging system taken 

from top view, including a sketch of the divergent THz beam 

and propagation direction. 

The image reconstruction was performed from 0.6 THz to 1 

THz since this frequency band provides a good tradeoff 

between DR, atmospheric absorption of the THz beam, and a 

smaller wavelength for a higher image resolution. To further 

improve the DR, each signal is generated from 78 averaged THz 

time-domain traces. 

All measurements are performed under typical indoor 

atmospheric conditions at room temperature of 23°C. The rest 

of the parameters of the synthetic array and the acquisition 

process are resumed in table 1. 

 

TABLE I 

PARAMETERS OF THE SYNTHETIC ARRAY 

*Taking into account the divergence of the antenna 

 

The cross-range resolution is 671 µm at FWHM at 1 THz using 

the antenna with a divergent beam of 14.5° and the array 

parameters indicated in table 1, estimated through a calculation 

of the point spread function (PSF) of the imaging system. The 

Symbol Parameter Value 

𝑩𝑾 Bandwidth 0.6 THz to 1 THz 

𝑫𝒙 = 𝑫𝒛 SA length along x-

axis and z-axis 

10 cm 

𝒅𝒙 = 𝒅𝒛 Step size along x-axis 

and z-axis 

2 mm 

𝑹 Object range 21 cm 

∆𝒙= ∆𝒛 X and Z cross-range 

resolutions 

671 µm* @ 1 THz 

∆𝒚  Range resolution 750 µm 

𝑭𝑶𝑽𝒙

= 𝑭𝑶𝑽𝒛 

Field of View along         

x-axis and z-axis 

3 cm @ 1 THz 

𝒂𝒗𝒈 Number of averaged 

signals acquired at 

each position 

78 
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estimated experimental resolution is very close to the 

theoretical resolution of 600 µm. 

The intensity of the reconstructed 3D image using the BP 

algorithm of the object under test is shown in figure 7. The 

shapes of the four holes are correctly reproduced as well as their 

spatial positions on the metallic plate. The reconstructed image 

is located at a depth position of y=21 cm, which corresponds to 

distance between the object and the synthetic array. 

 
Fig. 7. 3D image and associate projections on XOY, XOZ, and YOZ 

planes, reconstructed between 0.6 THz and 1 THz with sub-millimeter 

range and cross-range resolutions. 

This result underlines the strength of the imaging technique that 

does not require any input information about the shape or the 

size of the sample. Amplitude variations between the four holes 

are apparent when projecting the reconstructed amplitude 

image on the XOZ plane as each projection displays a different 

level of intensity proportional to the refractive index of 

mediums in the holes. By projecting the 3D reconstructed 

image on the XOY and YOZ planes (figure 7), the distance 

between the different reconstructed zones can be used to 

retrieve the value of the group refractive index of the medium 

using the equation: 

 

     𝑛𝑔 = 1 +
∆𝑦

𝑒
                                  (10) 

                                   

where ∆𝑦 is the distance between the projection of the 

reconstructed image of a dielectric material (behind an air hole) 

and the reconstructed image of an air hole (reference), and e is 

the thickness of the sample. 

Thus, for a distance between the reconstructed quartz area and 

air of ∆𝑦𝑄 = 500 µ𝑚, the group refractive index is 𝑛𝑔𝑞𝑢𝑎𝑟𝑡𝑧
=

1.94 while for MgO (∆𝑦𝑀 = 1000 µ𝑚), 𝑛𝑔𝑀𝑔𝑂
= 2.88.         

The projections on XOY and YOZ planes coming from the 

areas of MgO, and the air are clearly separated on figure 7 since 

the spatial depth between the two reconstructed zones is higher 

than the depth resolution of 750 µm of our synthetic array while 

the separation corresponding to the projections of quartz and air 

is less visible (∆𝑦𝑄 < 750 µ𝑚). 

We should note that the SA trajectories deviations, caused by 

the error of the positioning of the antenna during data 

acquisition, are limited to 5 µm in both directions according to 

the supplier of the translation motor used in our experimental 

setup. This positioning error results in a phase modulation of 

approximately |∆𝜑| ≤
𝜋

50
≪

𝜋

8
, so in this case the impact of 

phase error on the SA can be neglected. [25]. 

To further demonstrate the capabilities of the proposed 

approach for material characterization, the reconstructed data is 

used to extract the refractive index and absorption coefficient 

as indicated in the previous section.  

The reference time domain signal through air and through the 

quartz and MgO samples after the reconstruction of the image 

are presented in figure 8. 

 

 

Fig. 8. Reconstructed temporal signals at two different 

coordinates: (a) MgO at x=6mm and z=5mm (orange curve) 

and the reference temporal signal corresponding to the same 

reconstructed coordinates (blue curve). (b) Quartz at x=-3mm 

and z=-3mm (orange curve) and the corresponding reference 

reconstructed temporal signal (blue curve). 

The selected materials are non-dispersive, and their thickness is 

500 µm for each, which is thick enough for the propagated short 

pulse to create an isolated echo pulse from the main signal. The 

transmitted temporal signal through the quartz does not display 

any visible multiples (figure 8.a.), while MgO exhibits one 

reflection peak after a trip in the substrate since it has a higher 

refractive index than quartz (figure 8.b.). In this particular case, 

the echo on the temporal signal can be removed using simple 

windowing techniques in the same way echoes could be 

removed when using a classical THz-TDS set up for material 

characterization. 

Based on the reference and sample reconstructed 

transmittivities, a complex transmission coefficient of the 

object is calculated at each frequency following the equation 5. 

After computing 𝑛(𝑓, 𝑥𝑝, 𝑧𝑝) using equation 6, the frequency 

dependent refractive index, taken at the center pixel of the holes 

containing MgO and quartz, are presented in figure 9.a from 0.6 

THz to 1 THz. The average refractive index on the investigated 

frequency band of MgO is 𝑛𝑀𝑎𝑣𝑔
= 3.01 and the average 

refractive index of quartz is 𝑛𝑄𝑎𝑣𝑔
= 2.07, values which are 

consistent with previous reports [26],[27].  

The absorption coefficient of each pixel of the reconstructed 

image of the object is calculated using equation (7). In figure 

9.b, the absorption coefficient of the center pixel of the hole 

containing MgO (blue curve) and the center pixel of the hole 

containing quartz (orange curve) are presented from 0.6 THz to 

(a) (b) 
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1 THz. The absorption coefficient of MgO is extremely low,  

less than 3 𝑐𝑚−1 in magnitude, the material being nearly 

transparent between 0.6 THz and 1 THz [26]. The quartz sample 

also presents a very low absorption coefficient of less than 

1.5 𝑐𝑚−1 between 0.6 THz and 1 THz [27].  

From the computed 𝑛(𝑓, 𝑥𝑝, 𝑧𝑝), 2D maps of the refractive 

index of the object could be reconstructed at each frequency of 

the reconstruction frequency band. As shown in figure 10, the 

index of the areas of the air holes, MgO sample and quartz 

sample are correctly reconstructed at 603 GHz and 990 GHz, 

emphasizing the interest of SA-TDS for imaging and material 

characterization in the THz rang. A higher resolution could be 

attained by placing the system in a dry air chamber to access 

higher frequencies of the THz spectrum generated by the TDS. 

 

Fig. 9. (a) Frequency dependent refractive index computed from 

reconstructed data using equation (6) at two different 

coordinates: MgO at x=6mm and z=5mm (blue curve) and 

quartz at x=-3mm and z=-3mm (orange curve). (b) Frequency 

dependent absorption coefficient computed from reconstructed 

data using equation (9) at two different coordinates: MgO at 

x=6mm and z=5mm (blue curve) and quartz at x=-3mm and 

z=-3mm (orange curve). The reference measurement for the 

absorption coefficient is obtained using the metallic object 

without the dielectric substrates. 

 
Fig. 10. 2D maps of the reconstructed refractive index of the 

dielectric samples within the imaged object at two different 

frequencies (a) at 603 GHz and (b) at 990 GHz. The 3D imaging 

performed beforehand is used to define the areas of interest, in 

which the refractive index reconstruction could be performed. 

The area of the metallic plate is set with a null refractive index 

for the visual aspect. 

V. CONCLUSION 

We presented an approach to broadband 3D imaging and 

spectroscopy in the THz domain. The measurement setup 

combines the non-focused radiation from a THz-TDS system 

and the SA imaging technique implemented in the transmission 

configuration. The experimental results show that the technique 

can generate 3D images with sub-millimeter resolution in a 

frequency band up to 1 THz of a stationary planar object 

integrating different materials. The 3D amplitude image can be 

used to compute the group refractive index of different 

constituents of the sample, providing a first information on the 

different integrated materials. We further demonstrate the 

pairing of SA technique and spectroscopy analysis of the object 

under test, by using the reconstructed amplitude and phase to 

obtain the refractive index and the absorption coefficient, which 

enables 2D spectroscopy mapping for each frequency of the 

investigated reconstruction band.  

This firstly reported approach, combining imaging and 

spectroscopy for material characterization based on SA TDS 

THz in transmission configuration, can be highly relevant for 

non-destructive testing and spectral characterization of fixed 

objects with different permittivity. This method, which is 

extremely appropriate for the characterization of low absorption 

materials, could be easily implemented in reflection 

configuration, which is more adapted for the characterization of 

absorptive or opaque materials in the THz range. 

The particular implementation we proposed opens robust 

perspectives for real-time 3D imaging and spectroscopy, by 

replacing the mechanical scanning of the antenna used to create 

a SA with a real antenna array illuminating the scene instantly. 
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