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Design of a T-shaped terahertz imager
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Abstract: To achieve relatively high frame rates with relatively low costs, a T-shaped terahertz imaging system with
beam-scanning function is presented. The system employs two orthogonally oriented co-polarized scanning fan-beam an-
tennas arranged in a T-shaped configuration. Both transmitting and receiving antennas consist of a pyramid horn feed, a
fixed elliptical main-reflector to generate thin fan beam, and a rotating sub-reflector to realize beam scanning function,
all of which are embedded between two parallel metal plates. In this paper, specific design details of such a system were
discussed, especially for the systematic method proposed to design a fan-beam scanning antenna with high performance.
In addition, some experimental imaging results were shown, which demonstrated the capability of the system.
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Introduction

Because of its unique property different from the
optical or infrared radiation: being able to * see
through > obscuring materials with relatively little
loss, terahertz imaging has attracted great attention in

[12] [34]

the non-destructive testing and security areas

To exploit the potential applications of terahertz ima-
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ging, two typical approaches have been used to im-
plement available terahertz imagers. The first is the

focal-plane-array system'®’

, which can acquire an
entire image at once. However, the high cost of the
terahertz receivers makes the focal-plane-array system
difficult to be widely used. The second approach is

[7]

the scanned-antenna system -, which mainly builds

up an image over a two-dimensional plane through
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mechanically scanning an antenna with a single re-
ceiver. Hence, the scanned-antenna approach is usu-
ally accompanied by very low frame rates owing to
the quite long scanning time. To achieve relatively
high frame rates with relatively low costs, an effective
way is to develop a terahertz imaging system with

. . 89
beam-scanning function'®®’.

In such a system, the
beams of the transmitting and receiving antennas can
scan without moving or rotating the whole antenna or
system, which guarantees a quick imaging speed.

In this paper, a T-shaped terahertz imaging sys-
tem with fan-beam scanning antennas is designed for
the near field application. As an important component
of the system, each antenna features a fixed elliptical
main-reflector, a rotating sub-reflector and a pyramid
horn feed, all of which are embedded between two
parallel conducting plates. To reasonably design and
implement such a terahertz imager, one of the impor-
tant targets is to design and optimize the beam-scan-
ning antennas with high performance. In this paper,
A reversed ray tracing algorithm (RRTA) was intro-
duced to minimize the aberration of the beam-scan-
ning antenna and to determine the optimum positions
and dimensions of the sub-reflector and the pyramidal
horn. To further analyze and verify the performance
of the antenna, a modified physical optics method
based on discrete real mirror image theory ( DRMI-
PO) was developed to analyze the field patterns of the
antenna with enough precision and reasonable compu-
tation complexity. Combined with a continuous wave
source emitter and a Schottky diode detector, a T-
shaped imager is designed and fabricated. Besides,
imaging results of some typical objects with the ima-
ger are measured and discussed.

1 System scheme and antenna design

1.1 Imaging scheme and beam-scanning antenna

Fig. 1 shows the imaging scheme of the T-shaped
terahertz imager. The system employs two orthogo-
nally oriented co-polarized scanning fan-beam anten-
nas arranged in a T-shaped configuration. The trans-
mitting antenna has a fan-beam lying along y direction
and scanning in z direction, while the receiving anten-
na has an orthogonal fan-beam lying along z direction
and scanning in y direction. Hence, it’ s possible to
cover a 2-D plane in a relatively short time as the in-
tersection of the two beams moves.

Fig. 2 shows the inner structure of a fan-beam
scanning antenna. It consists of two cylindrical reflec-

tors and a pyramid horn feed. For the near field appli-
cation, the fixed main-reflector is chosen as an elliptic
reflector to focus the reflecting beam at a certain dis-
tance. The sub-reflector is a rotating one with small
dimension, which is able to change the beam’ s direc-
tion by quick rotating. All the above components are
sandwiched between two parallel metal plates. With
small aperture size in z direction and focusing proper-
ty in x-y plane, the antenna can produce a fan-beam
lying along z direction and scanning in y direction,
corresponding to the vertical antenna’ s beam shown
in Fig. 1.
1.2 Design and optimization of the antenna with
RRTA

According to high frequency approximation, the
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beam generated from the horn feed and then reflected
by the sub-reflector, can be considered as one directly
transmitted by the mirror image of the horn feed to the
sub-reflecting plane. During the sub-reflector’ s rota-
tion, if the contour of the mirror image lies nearby
one focus of the elliptical main-reflector, the final re-
flected beams will certainly converge near another fo-
cus of the ellipse. However, zero-aberration case on-
ly occurs when the mirror image of the hom is exactly
situated at one focus of the ellipse. To simultaneously
meet the requirements of beam focusing and scanning
with aberration as little as possible for different scan-
ning angles, a Reversed Ray Tracing Algorithm
(RRTA) is introduced to derive the optimum contour
of the mirror image.

Figure 3 shows the basic schematic of RRTA.
The main idea of RRTA can be summarized as fol-
lowing: In the geometrical optics approximation, as-
sume there are a bundle of incident rays, emitted re-
versely from a point on the imaging plane, shining
upon the elliptical reflector and then reflected. If there
exists a point in the first focal region which makes the
mean square distance between itself and all the reflec-
ting rays get minimal value, the point is reasonably to
be chosen as the optimum position of the mirror im-
age. For every point on the imaging plane, the corre-
sponding optimum position of the mirror image can be
found in the same way. With the optimum contour of
the mirror image determined, the antenna parameters
including the positions and dimensions of the sub-re-
flector and horn feed can be optimized through some
optimization algorithms.

1.3 Analysis and verification of the antenna with
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Fig.3 Schematic of reversed ray tracing algorithm
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DRMI-PO

With RRTA to minimize the aberration of the
beam-scanning antenna, we have determined the opti-
mum positions and dimensions of the sub-reflector and
the feed horn. Next, we further analyzed and verified
the performance of the antenna with electromagnetic
simulation. Owing to the existing of two large metal
plates in the antenna structure, traditional physical op-
tics (PO) appears to be inapposite because it usually
deals with standard 3D problem. Moreover, if the full
wave method is applied, run time and memory re-
quirements will be prodigious. To analyze this special
antenna structure with enough precision and reasona-
ble computation complexity, a modified physical op-
tics method based on discrete real mirror image theory
(DRMI-PO) is proposed here.

To start with, we may find that all the electro-
magnetic field between the two parallel metal plates
can be solved based on the equivalent currents on the
aperture of the horn. As shown in Fig. 4, based on
the traditional discrete real mirror image theory

(TDRMI) , the current densities 7 and M inside two
parallel metal plates can be equivalently transformed
to an infinite summation of their images. However,
due to the unique antenna structure with large electri-
cal dimensions in x-y directions and small size in z di-
rection, the field solutions in form of infinite summa-
tion derived from the equivalent currents usually con-
verge quite slowly. To overcome the disadvantages of
TDRMI, a modified version of the real mirror image
theorem is developed as following.

First of all, it may be noted that equivalent cur-

rents J ’and M’ (infinite summation) are both a peri-
odic function with respect to z, whose period is 2d.
Hence, they can be expanded into Fourier series

J(xy,2) = Y Jha,ped (1a)

m= -

M (x,5,2) = Y M, (x,ppe’ ,  (1b)

m= -

where subscript x = x, v,z represents the components
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Fig.4 Schematic showing the currents between two parallel
metal plates
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in x, y and z direction, respectively. Besides, the co-

efficient T . and A7I,;,K can be derived as the integrals
of the original currents in the finite region[ -d/2 d/2].
Due to the similarity of the field distribution on the
aperture of a pyramid horn to the TE10 mode of its
feeding waveguide, the series in (1) converge rapid-
ly at small number of terms m = N. In the design of
the antenna for the THz imager in this paper, N =3 is
enough for achieving desired precision.

Because that both the sub-reflector and the main-
reflector have uniform structures along z direction,
the vector potentials induced by each term of equiva-

lent currents J' and M’ degenerate to a two dimen-
sional problem as
2 40 2 47 )
vxyAm,K(xJ) +kmAm,K(x,}’) = ‘,U«J,,.,K(x,y) ’ (23)
vz AM (x,)’) +k2AM (x,)’) :‘SM’m,K(xJ) ’ (2b)

Xy Tm,K m'tm,k
m2’n_2
2 2
where k2 =k - ,
m d2

Finally, the total vector potential induced by the

equivalent currents J’ and M’ can be expressed by the
summation of small amount of terms with good con-
vergence.

N :

A (x,y,2) = Y A et (3)

m=-N
Based on the total vector potential, the electromagnet-
ic fields can be derived.

Owing to the large dimensions of the structures
in x-y directions, we can apply standard 2D physical
optics for each term and then linearly combine them
into the total fields. We named such a method as the

modified physical optics method based on discrete real
mirror image theory ( DRMI-PO).

2 System design and experimental results

2.1 Design of the T-shaped terahertz imager

Based on the design methods which have been
discussed in section 1, the T-shaped terahertz imager
can be designed and fabricated based on two orthogo-
nally oriented co-polarized scanning fan-beam anten-
nas. Both of the antennas are made from stable alu-
minium alloy to minimize warping of the large parallel
metal plates. The dimension of the transmitting antenna
is approximately 750 mm x 830 mm x 55mm with an
aperture of 680 mm x 5 mm. The receiving antenna
has a total dimension of 747 mm x 860 mm X 56. 8§ mm
with an aperture of 680 mm x 6.8 mm.

The two antennas have been elaborately designed
and configured to make the centers of their scanning

regions exactly overlap. Fig. 5 shows the configura-
tion of the two beam-scanning antennas. With an off-
set of 361 mm from the fringe, the vertical receiving
antenna is placed below the transmitting antenna,
which is almost horizontal with 5. 7° declination.
Based on such a configuration, the resulted imager
can produce a 60 cm X 60 cm imaging region at the
distance of 2.33 m.

To design a T-shaped imager for a state-of-proof
purpose, an incoherent detection is used to get the
amplitude of the returning terahertz wave. Fig. 6
shows the working schematic of the T-shaped tera-
hertz imaging system. The 100 GHz signal, generated
by a Gunns oscillator, is modulated with a tunable
modulator and converted to a 0. 2THz output signal by
a frequency doubler. After a certain extent of attenua-
tion, the 0. 2 THz signal is then transmitted by the
horizontal beam-scanning antenna. The reflected sig-
nal from the objects is received by the vertical beam-
scanning antenna, detected by a Schottky diode detec-
tor, and then amplified at the intermediate frequency.
After being filtered and digitalized, the detected sig-
nal is sent to a PC for data processing and imaging
processing. In addition, a scanning control system is
constructed to make the two sub-reflectors rotate in
specific sequence. Fig. 7 shows the scanning manner
of the T-shaped terahertz imaging system. Based on
the quick rotation of the sub-reflector inside the trans-
mitting antenna with the max speed of 20 cycles per
second, the scanning of the vertical fan-beam in the
horizontal direction can be repeated rapidly with e-
quivalent maximum speed of 40 rows per second due
to the symmetry of the sub-reflector. Synchronously,
the sub-reflector inside the receiving antenna rotates
with a relatively low speed to realize the gradually
moving of the intersection of the two beams in the
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Fig.5 Schematic showing the configuration of the two beam-
scanning antennas
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Fig.6  Schematic of the T-shaped terahertz imaging system
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vertical direction from up to down only once during
the whole time of imaging. The resulted scanning
trace which is effective to the imaging is illustrated as
the solid lines in Fig. 7.

Regardless of the receiver’ s sensitivity, such an
imager can produce very high frame rates in potential.
However, the practical imaging speed of the whole
system is still limited by the sensitivity of the receiver
which employs the G-band detector as its essential
component. Due to the existence of the flicker noise
at the output of the detector at the intermediate fre-
quency, the signal-to-noise ratio ( SNR) will be af-
fected by the modulation frequency. Since the flicker
noise matches the 1/f shape in theory, the SNR will
decrease in the low frequency band where the flicker
noise plays the main role rather than thermal noise
[10]. We found that, the impact of the flicker noise
on the SNR can be reduced to a negligible extent as
the modulation frequency being increased higher than

10 kHz. Therefore, the frequency to modulate the
Gunns oscillator in our imaging system is finally cho-
sen to be 10 kHz, to obtain an optimized sensitivity
with not very high data rate. The band width of the
intermediate frequency bandpass filter is chosen as
2 kHz to make a compromise between the noise band-
width and the edge blur for the 0.2 THz images of the
objects. Based on the above configurations, a 60 cm x
60 cm image can be obtained at a distance about 2.3 m
within 20 s. The corresponding maximum SNR is
about 900, and the spatial resolution is about 1.5 cm.
2.2 Imaging results and discussion

Fig. 8 shows the imaging results of several test
objects with the T-shaped terahertz imager. The upper
section of every sub-figure is the photograph of the
specific object such as a knife, a spanner, a metal
bottle with a metal cap, two little metal bottles with
plastic caps, a back cover of a cell phone and a metal
letter H target; the lower section shows the corre-
sponding imaging result of every test object. The ex-
perimental results demonstrate the capability of the T-
shaped terahertz imager to detect objects.

The imperfections of the images can be observed
by comparing them with the realistic objects. This
may result from complex factors, including the non-u-
niform distribution of the fan beam, the different ori-
entations in the different parts of an object with re-
spective to the incident waves, and contribution of the
scattering at the sidelobes of the beam. By offsetting
appropriately the above effects in the further imaging
processing procedure, the imaging quality can be fur-
ther improved, especially in a system with coherent
detection which can obtain the phases of the reflecting
waves to realize more advanced and effective imaging
algorithms.

3 Conclusion

Design of a T-shaped terahertz imager with fan-
beam scanning antennas has been presented in this ar-
ticle. The RRTA and DRMI-PO are both proposed
and developed to effectively design and efficiently an-
alyze the antenna with special structures and electrical
large dimensions, which is essential for the imager.
Based on the incoherent detection, a 0.2 THz imager
with state-of-proof purpose is developed to verify the
effectiveness of the imaging scheme and the design
procedure. To further improve the imaging quality
and the speed, coherent detection with higher sensitiv-
ity and phase information can be applied.
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