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   Abstract—This paper proposes an angle-multiplexed multifocal 
method for designing a 2D beam-scanning transmitarray (TA). 
The angle-multiplexed method is commonly used to generate 
orbital angular momentum (OAM) multiplexing. The multifocal 
phase distribution (PD) is calculated using the combination of the 
angle-multiplexed and bifocal methods to achieve higher gain 
enhancement and 2D beam-scanning with a low scan loss without 
optimisation. The additive manufacturing technology is used to 
fabricate a 3D transmission line component. In the terahertz 
band, the transmitting and receiving (Tx-Rx) unit cell (UC) 
impedance matching can be affected by the Pancharatnam-Berry 
(P-B) method, and a 3D coaxial line is introduced to tackle this 
problem. For proof of concept, the prototype was fabricated. 
Feeded by a WR-06 waveguide probe, the proposed TA achieves 
a gain enhancement of 16.3 dB and ±30° 2D beam-scanning, 
simulated and measured 3-dB gain bandwidths of 19.6% and 
16.3%, and the measured axial ratio (AR) bandwidth of 30.7%.   

Index Terms—Circular polarisation, transmitarray (TA), 
terahertz (THz), D-band, additive manufacturing, multifocal.  

I. INTRODUCTION
ERAHERTZ (THz) spectrum (0.1-10 THz) is getting 
increasing attention. Recently, the THz frequency band 
from 95 GHz to 3 THz has been announced for sixth-

generation (6G) mobile communication experiments, which 
will integrate the connection between air, space and ground 
[1]. THz waves can offer broadband communication for inter-
satellites, and there is little atmospheric absorption in the 
vacuum environment. Transmitarrays (TAs) can realise a high 
gain, high directivity and beam-scanning performance, and 
circularly polarised (CP) antennas mitigate polarisation 
mismatch in space. Thus, THz CP beam-scanning TAs are 
potentially vital for future intersatellite 6G communication. 

Beam-scanning TAs can be classified into three categories: 
TAs with a focal plane [2], [3], a focal arc [4] and a focal 
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locus [5]. TAs with a planar feed source antenna array have 
attracted much attention because they suit planar high-
precision and economical PCB fabrication techniques. 
Therefore, the TA with a focal plane is more desirable. To 
achieve a multibeam TA, the multibeam phase distribution 
(PD) must compensate several PDs with different incident 
angles, minimising their phase errors. Thus, unifocal [3], 
bifocal [6]-[8] and multifocal [4], [9], [10] methods have been 
proposed. The bifocal method relies on averaging PDs of two 
single focal PDs, and optimisation algorithms are partly 
needed, while the multifocal method almost definitely requires 
optimisation algorithms.  

As the operating frequency rises, the minimum design 
feature for the TA is nearing the limits of printed circuit board 
(PCB) technology accuracy, posing challenges for the design 
of THz unit cells (UCs). Designing THz TA UCs with simple 
structures is anticipated to mitigate fabrication challenges. 
According to open literature, THz TA UCs can be realised 
using 3D printed dielectric post [11], [12], the Fabry-Perot-
like resonator [13], [14], frequency-selective surface (FSS) 
[15], [16], Huygens UC [17], and transmitting and receiving 
(Tx-Rx) UCs [18], [19]. However, only a few papers have 
proposed THz TA for converting linear polarisation to circular 
polarisation (LP-CP). In [20], 3D printing has been applied to 
design CP THz TAs, using dielectric UCs incorporating CP 
polarisers to achieve LP to CP conversion. In lower 
frequencies, the LP-CP Tx-Rx UCs include a U-shaped slot 
[21], [22], the off-centre feeding point [23], [24], and the CP 
antenna [25]-[27]. Statistically, the gap between the ground 
hole and the metal via is about 0.01𝜆𝜆0 (central wavelength 𝜆𝜆0) 
in these papers, which reaches the limits of standard PCB 
fabrication in the THz band.  

This work presents a Sub-THz wideband LP-CP TA for 
±30° 2D beam-scanning applications. A new angle-
multiplexed multifocal PD calculation method is proposed for 
2D beam-steering with a higher gain enhancement without 
additional optimisation. A coaxial-line-based UC is proposed 
for a better Pancharatnam-Berry (P-B) phase performance. 
The first D-band conductive and dielectric multimaterial LP-
CP TA was achieved using additive manufacturing, reaching 
the highest achievable frequency range within the precision 
limits of additive manufacturing. The proposed 26×26  LP-CP 
TA realised a high gain enhancement of 16.3 dB compared 
with the standard waveguide probe of WR-06. The simulated 
and measured 3-dB gain bandwidths are 19.6% and 16.3%.  

T 
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II. UNIT CELL DESIGN 
 The proposed designs are fabricated using an additive 

manufacturing technique [28]-[31]. The arbitrary thickness of 
the dielectric layer (𝜀𝜀𝑟𝑟 = 2.7, tanδ = 0.04 at D-band) can be 
obtained. The accuracy reached through this method is 
approximately 36 μm for printing the conductive layer. The 
accuracy of the thickness of the dielectric layer is about 17 𝜇𝜇𝜇𝜇. 
The minimum width of the conductive layer is 100 𝜇𝜇𝜇𝜇, and 
the minimum diameter of the metallic via is 200 𝜇𝜇𝜇𝜇 . The 
coordinate system of the proposed TAA with several feed 
sources and three beams is shown in Fig. 1 (a). In Fig. 1 (b), a 
planar Tx-Rx UC utilizes a ground hole and a metal via as a 
connection between the LP Rx patch and the CP Tx patch for 
the right-hand circularly polarised (RHCP) wave generation. 
A three-dimensional coaxial line (CL) is introduced in the 
revised UC, and the size of the patches is optimised for 
impedance matching in the same frequency band. Fig.1 (c) 
shows an exaggerated structure; the actual size depends on the 
data. The coaxial line and the patches are made of the same 
material, and the different colours are only used to distinguish 
them. As shown in Fig. 2, rotating the CP patch of the planar 
UC without the coaxial line will significantly impact the 
reflection and transmission coefficients. Because the gap 
between the ground hole and metal via is 0.1 mm (0.04𝜆𝜆0 @ 
125 GHz) and can not be reduced due to the manufacturing 
precision.  

The simulated performance of the revised UC with the 
coaxial line is given in Fig. 3. A wide -10 dB bandwidth is 

from 116.7 GHz to 142.4 GHz (19.8%) for any rotation angles. 
The peak transmission coefficient from X to RHCP polarised 
waves is -2 dB, which includes a 1.5 dB loss introduced by the 
lossy substrate, and the normalised -1 dB bandwidth is from 
116 GHz to 141.1 GHz (19.5%). The UC can provide a 360° 
phase modulation.  

III. ANGLE-MULTIPLEXED MULTIFOCAL METHOD 

A. 1D Bifocal PD Calculation 
The proposed CP UC is designed for a 26×26 TA. A TA 

with a focal plane is designed for beam-scanning applications. 
For comparison, the bifocal method [6]-[8] and the angle-
multiplexed multifocal method are adopted to calculate the PD 
for 1D beam-scanning. The related coordinate system is 
depicted in Fig. 1 (a), 𝜃𝜃  is the titled angle of the radiation 
beam, 𝑑𝑑  represents the offset of port 1 to the centre. The 
common bifocal PDs for port 1 and port 2 can be given by:  

 
 Ψ1 = 𝑘𝑘0(�𝑥𝑥2 + (𝑦𝑦 − 𝑑𝑑)2 + 𝐹𝐹2 + 𝑦𝑦 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) (1) 

 
 Ψ2 = 𝑘𝑘0(�𝑥𝑥2 + (𝑦𝑦 + 𝑑𝑑)2 + 𝐹𝐹2 − 𝑦𝑦 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) (2) 

 
 Ψ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_1 = (Ψ1 + Ψ2)/2 (3) 
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Fig. 1. (a) Coordinate system of the proposed TAA with three feed 
sources. (b) Structure of the planar and revised UC (c) Exploded diagrams 
and details:  H1 = 0.175, H2 = 0.2, H3 = 0.24, L1 = 0.33, L2 = 0.4, W1 = 
0.3, W2 = 0.5, D1 = 0.2, D2 = 0.1, D3 = 0.2, D4 = 0.1, D5 = 0.1, D6 = 0.4, 
P = 1.1. Units: mm. Φ is the rotation angle of the CP Tx patch. 

  
(a)                                                      (b) 

 
(c)                                                      (d) 

Fig. 3. P-B performance of the revised UC with the coaxial line. (a) 
Reflection coefficients from X to X polarised waves; (b) transmission 
coefficients from X to RHCP waves; (c) Transmission coefficients from X 
to LHCP waves, (d) Transmission phase of  |𝑇𝑇𝑅𝑅−𝑋𝑋|. 

   
(a)                                                      (b) 

Fig. 2. P-B performance of the planar UC without the coaxial line. (a) 
Reflection coefficients and (b) transmission coefficients. |𝑅𝑅𝑋𝑋−𝑋𝑋| represents 
the reflection coefficient from X to X polarised waves. |𝑇𝑇𝑅𝑅−𝑋𝑋| represents 
the transmission coefficient from X to RHCP waves.  
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where 𝑘𝑘0 is the wave number in free space, and (𝑥𝑥,𝑦𝑦) is the 
position of the transmitarray unit cell. The focal length is 12 
mm, and the θ is set to 30°. Two single-focal PDs Ψ1 and Ψ2 
are shown in Fig. 4 (a) and (b), respectively. The common 
bifocal PD is presented in Fig. 4 (c). The basic principle of the 
bifocal method is based on similar PDs for two focal points. 
When the following equation holds:  

 
     𝑑𝑑 = 𝐹𝐹 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (4) 

 
The centres of the two single-focal PDs are located in the 
centre of the transmitarray, which can minimise the phase 
errors of the Ψ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_1. On the other hand, the authors take an 
initial approach by adopting the angle-multiplexing technique 
adapted from OAM metasurface designs [32], [33].  
 
 Ψ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_2 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎[𝑒𝑒𝑒𝑒𝑒𝑒(𝑗𝑗Ψ1) + exp(𝑗𝑗Ψ2)] (5) 
 
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎[∙]  is used to obtain the complex phase angle. The 
angle-multiplexed PD is shown in Fig. 4 (d). The difference 
between both in Fig. 4 (e) has two numbers, 0 and 180 deg, 
meaning Ψ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_1  and Ψ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_2  have an almost similar 
pattern. The angle-multiplexed multifocal method was first 
validated in a 1D application scenario, demonstrating that it 
can achieve equally accurate results without adding 
complexity to the computational algorithm. The advantages of 
this approach become significantly more evident in the 
following subsection for 2D application scenario. 
 

B.   2D Multifocal TA Design 

When designing for a 2D beam-scanning TA, the difference 
between the common and angle-multiplexed method increases. 
Fig. 5 (a) shows eight PDs for a single tilted beam, and Fig. 5 
(b) and (c) are the combination of these PDs using the 
common and angle-multiplex methods. These PDs can be 
calculated by:   

 

 

Ψ𝑛𝑛 = 𝑘𝑘0(�(𝑥𝑥 − 𝑑𝑑 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝑛𝑛)2 + (𝑦𝑦 − 𝑑𝑑 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝑛𝑛)2 + 𝐹𝐹2 
           −𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∗ [𝑥𝑥 ∗ cos(𝜑𝜑𝑛𝑛 + 𝜋𝜋) + 𝑦𝑦 ∗ sin (𝜑𝜑𝑛𝑛 + 𝜋𝜋)]) 

𝜑𝜑𝑛𝑛 = (𝑛𝑛 − 1) 𝜋𝜋
4

    n=1, 2, 3, … , 8 

(6) 

 

 Ψ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_1 =
1
8 �Ψ𝑛𝑛

8

𝑛𝑛=1

 (7) 

 

 Ψ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_2 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎[�𝑒𝑒𝑒𝑒𝑒𝑒(𝑗𝑗Ψ𝑛𝑛)
8

𝑛𝑛=1

] (8) 

 
where the parameter 𝜑𝜑𝑛𝑛 represents the angle between the focal 
point and the X-axis. The 𝜑𝜑𝑛𝑛 + 𝜋𝜋 is the direction of the TA 
radiation beam. The simulated radiation patterns and gains 
versus frequency are shown in Fig. 6. The simulated results 
are based on a lossless material to show the improvement of 
the proposed method. The beams for the direction of (φ,θ) 
have been coloured: red for the plane of φ = 0°, and green for 
the plane of φ = 90° . The plane of φ = 45°  (black) is 
omitted for clarity. They are correlated with the radiation 
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Fig. 5. Phase distributions (PDs) at 125 GHz. (a) Eight PDs for a single 
tilted beam. (b) Conventional bifocal PD, Ψ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_1 . (c) Angle- 
multiplexed PD, Ψ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_2 
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Fig. 4. Phase distributions (PDs) at 125 GHz. (a) (b) PD Ψ1, Ψ2 fed by 
port 1 and 2 only for a single tilted beam, as shown in the coordinate 
system in Fig. 1 (a). (c) Common bifocal PD, Ψ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_1 . (d) Angle-
multiplexed bifocal PD, Ψ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_2. (e) The difference between Ψ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_1 
and Ψ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_2.  
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Fig. 6. Comparison between the angle-multiplexed and common method with a lossless material. (a) Schematic of three beams. (b) and (c) Radiation patterns 
at 125 GHz. (d) and (e) Gain versus frequency of four beams.  
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patterns beside. In Fig. 6 (b) and (c), the gains of four beams 
by using the common method are 21.6 dBic for the direction 
of (φ = 0°, θ = 0°), 19.8 dBic for (φ = 0°,θ = 30°), 19.1 
dBic for (φ = 90°, θ = −30° ), and 19.2 dBic for (φ =
45°, θ = −30°). By comparison, the gains by using the angle-
multiplexed method are 24.8 dBic, 23.6 dBic, 23.8 dBic and 
23.6 dBic. In Fig. 6 (d) and (e), compared with the common 
method, about 3-4 dB gain enhancement and 1.2 dB scan loss 
are achieved by using the angle-multiplexed method.   

IV. RESULT AND DISCUSSION 
The prototype is shown in Fig. 7. The TA is fed by the 

standard WR-06 waveguide probe. The measured and 
simulated radiation patterns at 125 GHz are presented in Fig. 8. 
The beams' directions are −30° , −15° , 0° , 15° , and 30° . 

Seven beams have been marked from #1 to #7, and their 
related feed sources position is plotted in Fig. 8 (d); the related 
position of the seven points are (0,0) , (3.5,0) , (7,0) , 
(2.47,2.47) , (4.95,4.95) , (0,3.5) , and (0,7) . The simulated 
gain of the TA reduces to 22.7 dBic with a scan loss of 1.2 dB, 
while the measured one is 19.6 dBic and 0.7 dB.  

The simulated and measured gain and AR curves versus 
frequency for various beams are shown in Fig 9. The 
simulated overlapped 3-dB gain bandwidth for beams #1-#7 is 
from 114 GHz to 138 GHz (19.6%), and the AR bandwidth is 
from 110 GHz to 145 GHz (27.4%). The measured overlapped 
1-dB and 3-dB gain bandwidth and the AR bandwidth are 
from 120.6 to 133.8 GHz (10.4%), from 116.2 to 136.8 GHz 
(16.3%) and 110 to 150 GHz (30.7%) for various beams. The 
average beam scan loss is about 1.7 dB. The performance 
comparison is given in Table I. The increase in feed source gain 
can lead to an increase in TA antenna gain. Therefore, the gain 
enhancement compared to the feed source is discussed to show 
the performance of the TA only. The proposed TA can achieve 
a higher gain enhancement of 16.3 dB using the angle-
multiplexed multifocal method, even including a 2-3 dB 
material loss. The gain increase is partly at the cost of the gain 
bandwidth and beam coverage.  

V. CONCLUSION 
The proposed sub-THz CP TA for 2D beam-scanning can 

realise a high gain enhancement of 16.3 dB, the polarisation 
conversion from LP to CP, and a wide 2D beam-scanning 
range of ±30°  with a scan loss of 1.7 dB. The angle-
multiplexed multifocal method is superior for 2D beam-
scanning to achieve a higher gain. The proposed TA is a 
promising candidate for future inter-satellite communication.  
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Fig. 7. (a) Back and front of the prototype and the zoom-in image. (b) 
Transmitarray antenna. 
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Fig. 8. Measured and simulated radiation patterns at 125 GHz in the plane 
of (a) φ = 0°, (b) φ = 45°, and (c) φ = 90°. (d) The position of four feed 
sources with marks under the TA. Solid line: simulated results. Dash line: 
measured results.  

 

(a)                                                    (b) 
Fig. 9. Measured and simulated gain and AR. (a) Beam #1 and Beam #2. 
(b) Beam #3 and Beam #4. 

TABLE I 
PERFORMANCE COMPARISON WITH OTHER TRANSMITARRAYS 

Ref. Freq 
(GHz) Pol. F/D Gain (dBi) 

Gain 
Enhancement 

(dB) 

1dB Gain 
BW 

3dB Gain 
BW AR BW Beam 

Coverage 

Scan 
Loss 
(dB) 

Thickness 
(𝜆𝜆0) 

[2] 27 LP-CP 0.44 21.5 11.5 N.G. 33.3% 40.7% ±33° (1D) 2 0.39 
[8] 26 CP 0.37 21.4 13.4 N.G. 20.0% 20.0% ±33° (2D) 1.2 0.27 
[17] 200 LP 2.47 29 7 N.G. 19.1%  N.A. ±48° (1D) 2.85 0.17 
[20] 300 LP-CP 2 30 7 13.3% 13.3%  18.8% N.A. N.A. 2.40 

Proposed 125 LP-CP 0.42 22.8 16.3 10.4% 16.3% 30.7% ±30° (2D) 1.7 0.28 
N.G. : Not Given;  N.A. : Not Applicable 
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