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A Terahertz Low Scan Loss High Gain Beam Steering Transmitarray
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Abstract—This paper presents a terahertz high gain beam steering transmitarray antenna (BSTA)
working at 340 GHz. Substrateless double hexagon ring slots unit-cells which present low loss
characteristics at THz band are used to constitute the layout of THz BSTA. To improve the beam
steering performance, bifocal technique is used to design the layout of BSTA. Because the fabrication
risk of the THz BSTA prototype increases a lot as the aperture dimension is enlarged, four inch silicon
wafer is chosen after weighting the risk and gain of the BSTA. Micromachining process is used to fabricate
the large aperture THz BSTA to ensure the machining accuracy of the unit-cells. The measured results
of the prototype show that the THz BSTA could realize —15° ~ 15° range beam scanning with gain
> 38.3dB, scanning loss < 1.2dB, and side lobe level < —17.8dB, by moving the feed along the focal
plane of the BSTA.

1. INTRODUCTION

Deep space exploration at terahertz band has attracted more and more attention these years [1,2]. The
working frequencies of terahertz limb sounder cover frequencies from 118 GHz to 2.5 THz, and many key
spectrum lines of the molecules such as O3, HCI, HoO, HNO3, CH3CN, N5O, ClO, CO, HCN, OH, SO»,
and ice water content (IWC) of clouds could be observed at the frequency band [3]. In terahertz limb
sounder system, beam steering antennas that could flexibly change the beam to the specified direction
are usually used to realize vertically layered atmospheric detection, which could save volume and weight
compared to traditional mechanical scanning antennas.

Transmitarray antennas (TAs) are a kind of lens antenna with flat structure, which combines the
optical theory and array technique. The transmission unit-cells periodically distributed on the panel
of TA could compensate the spherical wave front phase to plane wave radiated from the feed, so as to
realize high gain beam at specific direction [4,5]. TAs are very good candidates for high speed moving
platforms such as vehicles, unmanned aerial vehicles (UAVs), and small satellites because their flat
panel profile and light weight features [6].

Because the penetration ability of terahertz wave is weak, the reflection and transmission loss on
the surface of and inside the substrate will greatly affect the performances of THz TA [7]. Standard
printed-circuit-board (PCB) process has been used to fabricate THz TAs working at 250 GHz and
0.3THz in [8-10], respectively. Receiving/transmitting elements based on low-temperature co-fired
ceramic (LTCC) technology has also been used to fabricate a high gain and high aperture efficiency
THz TA working at 140 GHz [11]. Three metal layers receiving/transmitting elements with more than
30% fractional band based on PCB technology were used to fabricate a wideband high gain TA working
at D-band (120 ~ 170 GHz) [12]. To eliminate dielectric loss induced by substrate, a substrateless
THz TA working at 340 GHz was fabricated by two inch silicon wafer micromaching technology [13].
Perfect transmission and complete phase control have been realized by accurate model of the unit-cell
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anisotropic behavior in [14], and a three layer TA without any vias working at 300 GHz was fabricated
by PCB process, which could reach 36.5% aperture efficiency and 25.1% of 3-dB bandwidth.

Mechanically moving the feed along the focal plane of passive TA is a good solution to realize
beam steering, which avoids using solid state switches and corresponding DC bias controlling lines in
reconfigurable TA (RTA) [15] and reconfigurable reflectarray (RRA) [16], but the scanning loss could
reach 5dB for £30° steering range because of the higher spillover loss and phase aberration loss as the
feed moving further off the TA’s focus [17]. The scanning loss of steering beams could be reduced to
2.8dB for wide angular scanning range of 50° by introducing bifocal Gaussian weight functions and
expanding the transverse aperture of TA [18,19].

A novel terahertz high gain beam steering TA (BSTA) centered working at 340 GHz is demonstrated
in this paper. Substrateless double hexagonal ring slots unit-cell presented in [20] which expresses low
loss performances at terahertz band is used to constitute the layout of THz BSTA. Improved bifocal
theory is used to design the phase distribution of BSTA to promote the phase compensation effect
as the feed offset the center focus of BSTA. A prototype is manufactured by four inch silicon wafer
micromachining process whose area is almost four times of the two inch THz substrateless TA shown
in [13]. The fracture risk of the metal unit-cell layer increases unpredictably as the diameter increases,
and improved manufacture process is proposed in the paper to prevent the risk. Two optical theodolites
are used to calibrate the position relationship between the feed and THz BSTA in measurement. The
measured results of the prototype indicate that high gain, low side lobe level, and quite low scanning
loss are reached by the steering beams.

2. DETAILED DESIGN OF THZ BEAM STEERING TRANSMITARRAY

2.1. THz Bifocal BSTA Design

The proposed architecture figure of THz BSTA is shown in Fig. 1. The aperture dimensions of BSTA
are Dy x Dy, and D, is larger than D, to decrease spillover loss as the feed deviates from the central
focal point of the TA. The THz BSTA has two focal points, F')p; and Fpy, located at (z, y;, —F') and
(x, ya, —F), respectively. F is the focal length of the THz TA. A THz pyramidal horn is used to
illuminate the BSTA, and the main beam direction could steer from 6; to 65 as the horn moving from
J1 to fa.

To improve radiation performances of scanning beams as the feed moving along the focal line
of BSTA, bifocal theory is introduced to design the proposed THz TA, and the bifocal TA phase
distribution design formulas are shown as follows [19].

w1 X @1+ wa X @2
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where ¢; (i = 1, 2) are unifocal phase distributions as the focal points are located at f; and fa,
respectively,
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wy and wy are exponential weight coefficients according to illuminating edge taper of the feed,
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The corresponding design parameters are shown as follows: D, = 70mm, D, = 89mm, 7 = 0.7
(corresponding to illuminating edge taper of T, = —14dB), o0 = 13.8, y1 = —9.38mm, 6; = 15°,
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y2 = 9.38 mm, and 03 = —15°. F = 35mm corresponding to F'/D, = 0.5 is chosen base on our previous
design experiences in [21]. The periodic size of unit-cell is P = 0.57\¢g = 0.5 mm, and Ag is the free-space
wavelength at the centered working frequency of 340 GHz. The layout of the BSTA is constituted by
140 x 178 unit-cells arranged in an elliptical frame, as shown in Fig. 1. According to the bifocal TA
phase design function (1), the computed phase distribution of THz bifocal BSTA is shown in Fig. 2.
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Figure 1. Architecture figure of THz BSTA. Figure 2. Computed transmission phase
distribution of THz bifocal BSTA.

The substrateless four layers double hexagonal ring slots unit-cell which shows low transmission
loss better than —1 dB at 340 GHz is used to constitute the layout of THz bifocal TA, as shown in Fig. 3.
The unit-cell contains four metal layers with the thickness of 7' = 0.01 mm, and there are three identical
air gaps with a height of H = 0.21 mm between adjacent metal layers, as shown in Fig. 3(b). There
are two concentric hexagonal ring slots on each metal layer. The radius of the inner hexagonal ring is
r. The width of hexagonal ring slot and gap between two slots are set w = 0.05 mm and g = 0.05 mm,
respectively. On the left and right sides of the unit-cell, there are two symmetrical 30° triangular
notches, as show in Fig. 3(a).
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Figure 3. Substrateless double hexagonal ring slots unit-cell. (a) Top view. (b) Side view.

Figure 4 presents the simulated transmission coefficients vs. frequency of the different unit-cells
with 0°, 90°, 180°, and 270° states (corresponding to r = 81 um, 70 pm, 60 pm and 86 wm, respectively)
at 340 GHz. The results show that the transmission magnitudes are better than —3 dB between 313 GHz
and 344 GHz for all the unit-cells, which represents that the —3 dB fractional bandwidth is 9.1% around
340 GHz. In the whole bandwidth, the transmission phase curves are quasi-linear and parallel. A THz
pyramid horn has been used as the feed of THz BSTA. The gain of 12.8 dBi and illuminating edge taper
of —14dB are offered by the THz pyramid horn at 340 GHz.
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Figure 4. Transmission (a) Magnitude and (b) phase of the unit-cells with 0°, 90°, 180° and 270° state
at 340 GHz.

3. FABRICATION OF THE THZ BSTA

The microfabrication process presented in [13] was used to manufacture the four inch diameter
substrateless THz TA. In order to prevent fracture of the electroplated metal layer, which without
silicon substrate support in the middle section of the BSTA, 3 um nickel layer was electroplated in the
middle of the copper layer to improve toughness of the electroplated metal layer, as shown in Fig. 5.
Two pairs of high precision vernier caliper unit-cells are used to realize high precision alignment between
adjacent layers for transverse and longitudinal directions [22].
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Figure 5. Electroplated metal layers on the Si  Figure 6. (a) Photo of fabricated THz BSTA
substrate. prototype and (b) optical microscope image of
fabricated double hexagonal ring slots unit-cell.

A photo of the fabricated THz BSTA prototype is shown in Fig. 6(a). The optical microscope
image of fabricated double hexagonal ring slots unit-cell is shown in Fig. 6(b), and the unit-cells are
completely processed according to the design drawing. The measured dimension errors of fabricated
unit-cells are less than 1 um, which have very little impacts on the transmission performances.

4. EXPERIMENTAL RESULTS

The far-field radiation patterns of the THz BSTA were measured by NSI Model 905V high frequency
(40-500 GHz) planar near-field system. Two optical theodolites are used to calibrate the position
relationship between the feed and THz BSTA, as shown in Fig. 7. A high precision three-dimensional
optical displacement platform was used to adjust feed’s position precisely. A measurement photo of the
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Figure 7. Position relationship calibration Figure 8. THz BSTA measured by WR-2.2 near
between the feed and THz BSTA. field OEWG probe.

THz BSTA is shown in Fig. 8. A WR-2.2 open end wave guide (OEWG) probe was used to measure
the near field amplitude and phase data, and NSI commercial software based on fast Fourier transform
(FFT) algorithm was used to transform the near-field data to far-field radiation pattern. The gain
comparison method is used to measure the gain of BSTA.

As the feed moving to Omm, £3.06 mm, 4+6.17mm, and £9.38 mm offsets the focal point, the
main beams pointing to 0°, +5°, +£10°, and +15° are obtained. Computed and measured scanning
radiation patterns of the THz BSTA in H-plane at 340 GHz are shown in Fig. 9. The measurement
results are in very good agreement with the theoretical calculations. Fig. 10 shows the measured gain
versus frequency curves for the broadside and OFF-axis beams. The measured broadside beam presents
a peak gain of 39.5dBi at 340 GHz, which implies an aperture and radiation efficiency of 10.5% and
70.8%, respectively, and a —3dB gain bandwidth of 11.8%. Besides, the OFF-axis beam pointing to
15° presents a peak gain of 38.3dBi and a —3 dB gain bandwidth of 10%.
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Figure 9. Computed and measured scanning Figure 10. Measured gain versus frequency for
radiation patterns of THz BSTA in H-plane at the broadside and OFF-axis beams.
340 GHz.

The measured performances of the THz BSTA are show in Table 1. The measured gain of scanning
beams is superior to 38.3dB at 340 GHz. Very low scanning loss of 1.2dB with scanning range of
—15° ~ 15° is reached. The half power beam width (HPBW) of the scanning beams are less than 2°,
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Table 1. The measured performances of THz BSTA.
Beam pointing | Gain (dBi) | HPBW | SLL (dB) | —1dB Gain BW | —3dB Gain BW
0° 39.5 2° —194 7.6% 11.8%
+5° 39.35 1.93° —18.8 6.7% 11.2%
+10° 38.7 1.96° —17.8 6.5% 10.3%
+15° 38.3 1.98° —25 6.5% 10%

and the side lobe level (SLL) is less than —17.8dB for all scanning beams, which demonstrates that
high performance scanning beams are radiated by the BSTA at terahertz band. The aperture efficiency,
AE, is calculated by the following formulas [23]:

G 4 A
Diax = —5-
Y )

where G is the measured gain, Dy ax the maximum directivity and A the area of the antenna’s aperture.
The aperture efficiency of the broadside beam is calculated to be 10.5%.

The measured co- and cross-polarization radiation patterns of broadside beam at 320 GHz, 340 GHz,
and 360 GHz are shown in Fig. 11 (H-plane and E-plane). The measured cross-polarization levels are
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Figure 11. Measured co- and cross-polarization radiation patterns of broadside beam at (a) 320 GHz,
(b) 340 GHz and (c) 360 GHz.



Progress In Electromagnetics Research Letters, Vol. 110, 2023 35

lower than —18.3dB, —21.2dB, and —18dB at 320 GHz, 340 GHz, and 360 GHz, respectively. The
measured side lobe levels in two principal planes are lower than —19.1 dB at center working frequency.
It can be observed that the proposed prototype reaches excellent radiation performances above 300 GHz
in terms of gain, aperture efficiency, side lobe level, and cross-polarization level. A brief comparison
with other state-of-the-art THz TA prototypes (none beam steering TA working above 140 GHz found
yet) using different techniques is given in Table 2. It can be seen that its aperture efficiency is not very
ideal, but the working frequency, peak gain, scanning range, and loss of the proposed design are very
attractive for beam steering application at THz band.

Table 2. Comparison with state-of-the-art THz transmitarrays.

Ref. 8] 9] [10] [11] [12] [14] This work
Freq. (GHz) 250 300 300 140 145 300 340
Polarization LP Cp LP LP LP LP LP
Technology PCB | PCB | PCB | LTCC | PCB | PCB MEMS
No. metal layers 2 4 3 7 3 3 4
Diameter 14X | 12.6X | 16.5A | 20X 20\ 20\ | 101.1X x 79.5A
Peak gain (dBi) 28.8 | 26.3 28.7 33.5 33.0 32.2 39.5
—1-dB Gain BW | 6.8% — 23% | 10.7% | 11.7% | 10.5% 7.6%
Aperture efficiency | 32% | 21.4% | 31.2% | 50.1% | 38.3% | 36.5% 10.5%
Scanning range — — — — 30°
Scanning loss — — — — 1.2dB

5. CONCLUSION

A terahertz high gain beam steering TA with low scan loss is demonstrated in the paper. To validate the
scanning performance, a prototype is manufactured by micromachining process. The measured results
show that the THz BSTA could realize beam scanning in a wide angular range of —15° ~ 15° with
scanning loss lower than 1.2dB. High performances such as high gain (> 38.3dB), comparative narrow
beamwidth (< 2°) and low side lobe level (< —17.8dB) are also achieved by the scanning beams.
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