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Abstract: A broadband terahertz (THz) quasi-optical detector based on 3D-printed lens packaging has been pre-
sented, covering two typical atmospheric windows at 220 GHz and 340 GHz. The detector consists of an antenna-
coupled detector chip and a 3D-printed lens. The antenna-coupled detector chip was packaged on the multi-layer
dielectric laminate with the Schottky diode directly integrated across feeding terminals of the chip-on antenna. Pat-
terns of the on-chip integrated broadband planar bowtie antenna were printed on a quartz substrate within the oper-
ation frequency range of 201-360 GHz, serving as a radiator and a radio frequency (RF) choke. It utilized a pair
of capacitively loaded loop (CLL) to broaden the operational bandwidth, while essentially maintaining the overall
antenna dimensions. Additionally, well-designed high-impedance folded low-frequency (LF) leads were integrat-
ed for achieving effective signal isolation and radiation coupling characteristics. To achieve unidirectional antenna
radiation patterns and enhance the overall structural mechanical robustness, a lightweight and lost-cost 3D-printed
lens combined with metallized reflector buried in multi-layer dielectric laminate was proposed. The detector exhib-
its a maximum voltage responsivity of 2200 V/W in the 200-230 GHz range, and 1885 V/W in the 320-350 GHz
range. The measured radiation patterns show good agreement with the simulated results.
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Introduction

< [2:3]
, remote sensing

Wireless communications'"
and imaging “* are arguably the most important applica-
tions of terahertz (THz) technology. In recent years, the
rapidly growing demands for higher data-rate communica-
tions and high-resolution imaging have driven wireless
systems toward increasingly broader operational band-
widths. The THz detector constitutes a key component of
the receiver front end, that directly determines receiver
performance in the absence of a low-noise amplifier.
Generally, THz detectors can be classified into two cate-
gories: waveguide-based detector with a horn antenna
and antenna-coupled detector, namely quasi-optical de-
tector. Compared with the waveguide-based one, the
quasi-optical detector provides several advantages, in-
cluding broader bandwidth, reduced size, lighter and
easier fabrication™. Additionally, it can be much less
expensive in large quantities, and flexibly configured in-
to a miniaturized 2-D array.

To achieve broadband performance, THz quasi-opti-
cal detectors typically employ planar thin-film antennas
with log-periodic'® or spiral geometries''™ , which ex-
hibit stable radiation characteristics across wide frequen-
cy ranges. However, such complementary antenna ele-
ments generally feature complex geometries, imposing
stringent requirements on fabrication processes. There-
fore, it is desirable to adopt a structure that is easily fab-
ricated and robust against minor fabrication tolerances.
In addition, a silicon lens is usually utilized to enhance
the antenna gain, which substantially increases the over-
all cost **". Moreover, when scaling up to large detector
arrays, the use of silicon lens introduces considerable
signal transmission losses and complicates the system as-
sembly.

In this paper, we proposed a broadband and light-
weight THz quasi-optical detector, that operates over 201
- 360 GHz covering two typical atmospheric windows at
220 GHz and 340 GHz. Two major contributions in the
work are highlighted here: 1) a broadband chip-on bow-
tie antenna with a pair of capacitive loop load (CLL) is
proposed for THz Schottky diode-based detector. The op-
eration principle of the antenna was clarified through the
equivalent circuit of the antenna-coupled detector, and
detailed simulation analyses were performed to achieve
high coupling efficiency within the full operational band-
width. 2) a 3D-printed nylon lens, integrated with a bur-
ied metallized reflector, was designed to achieve unidi-
rectional radiation patterns and enhanced antenna gain,
resulting in a low-cost and lightweight detector package.
The detector prototype was fabricated, packaged, and ex-
perimentally characterized. The measurement results
shows that the voltage responsivity is 1025-2200 V/W in
the 200-230 GHz range, and 1033-1885 V/W in the 320-
350 GHz range, demonstrating the feasibility of the pro-
posed broadband detector.

1 Design of the quasi—optical detector

1.1 Package stack—up and design concept

Fig. 1 shows the geometry of the THz quasi-optical
detector. It adopts a hybrid dielectric substrate configura-
tion. From the top to bottom, it consists of an extended
hemispherical nylon lens, a quartz substrate (relative
permittivity: 3. 78) and multi-layer printed-circuit-board
(PCB). The nylon has a low relative permittivity of
2. 64, which helps to minimize the effect of interface re-
flection caused by large difference in relative permittivi-
ty. Besides, the lens is realized via 3D-printed technolo-
gy, facilitating the implementation of a cost-effective and
lightweight. To suppress surface wave excitation at the
THz bands, the quartz substrate has thin thickness of 50
pm. The multi-layer PCB consists of two dielectric lami-
nates and a metal layer as the planar reflector, which en-
hances the structural strength by increasing the total
thickness of the substrates. Here to achieve a broadband
and high-efficiency antenna, a Rogers 5880 substrate
(relative permittivity: 2.2) is chosen as one laminate,
while a cost-effective Rogers 4350B substrate (relative
permittivity : 3. 66) is adopted as the other.

The pattern of the antenna-coupled detector chip is
defined on a quartz substrate as shown in Fig. 1(d) ,
which contains an on-chip bowtie antenna and a Schottky
diode (SBD). The SBD, acting as the detecting ele-
ment, is directly integrated across the feeding terminal of
the antenna. The bowtie antenna is comprised of a pair of
CLL adjacent to the central terminal and folded high-im-
pedance lines at the ends of the two antenna arms. The
two CLLs are symmetrically placed with their openings
facing the central terminal of the antenna. The folded
high-impedance lines are wire-bonded to the PCB, func-
tioning as low-frequency (LF) leads to extract the detect-
ed signal. The signal is subsequently routed through a
signal via to the output port, while a ground via connects
to the metallized reflector.

Additionally, the 3D printing lens, integrated
above the on-chip antenna, plays a significant role in en-
abling the bowtie antenna to generate unidirectional RF
radiation with enhanced directivity and gain. To ensure
reliable operation and protection, a cylindrical air cavity
is incorporated at the bottom of the lens, providing a her-
metic package for the antenna-coupled detector.

1.2 on-chip bowtie antenna and equivalent circuit
model

Fig. 2 shows the details of the integrated on-chip
bowtie antenna. It comprises an antenna element and LF
leads, which are used to receive radio-frequency (RF)
signal from free space and route the detection output, re-
spectively. The Schottky is replaced by a lumped port
with 50 Q'"*". The main body of antenna element is differ-
ential bowtie structure, whose width is gradually widened
following:

w(t) = Wexp [k(t — L/2) ] (1)

Where W is the width of the central terminal, L is the
spacing between central terminal, and k£ is the gradient
factor of the exponential edges.
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Fig. 1 The geometry of the THz quasi-optical detector (Design parameters: #,=50 um, #,=0. 127 mm, 4,=0. Imm)
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The length of the main body L2 is approximately set
as A,/4, where A, is the wavelength at the lower reso-
nance frequency. The exponential edges can facilitate a
smoother impedance transition. However, they will re-
sult in excessively wide ends, leading to a significant dis-
continuity between the antenna element and LF lead. To
mitigate this mismatch and suppress higher-order modes,
the four corners of main body are rounded with a radius of
Ra. Besides, the rounded corners promote smoother cur-
rent flow and increase the equivalent electrical length, ef-
fectively lowering the fundamental resonance frequency.
Consequently, the physical length of the main body can
be reduced while maintaining the desired resonance char-
acleristics.

To further enhance the bandwidth of the bowtie an-
tenna, two symmetrical split-ring resonators are posi-
tioned near the central terminal of main body, forming
additional resonant loops that act as CLLs and introduce
new resonance frequency *'*. Moreover, when the split-
ring resonators are placed face-to-face, an additional
transmission zero is generated through their electric cou-
pling, which further improving the antenna’s operational
bandwidth'"”. Fig. 3 presents the simulated IS11 of the
main body with and without CLLs. The results clearly
demonstrate that the incorporation of CLLs leads to a sub-
stantial enhancement in bandwidth, expanding from 25%

to 64%.

[PAnf LU

It is noteworthy that the LF leads alter the imped-
ance characteristics of the antenna element, which may
significantly deteriorate its overall performance. To miti-
gate this effect, effective isolation between the RF and
LF signals is essential. Accordingly, the LF leads are de-
signed as folded high-impedance transmission lines to
achieve sufficient signal isolation.

To clarify the operating mechanism of the integrated
broadband bowtie antenna for detector, the equivalent
circuit model of antenna-coupled detector is presented in
Fig. 4. The circuit comprises two distinct signal paths,
where the blue and green loops represent the RF and LF
paths, respectively. The incident RF radiation is cou-
pled by the integrated bowtie antenna and converted into
RF current, which will then be detected by SBD and out-
put at the bottom of multi-layer PCB.

The integrated bowtie antenna is equivalent to a se-
ries connection of a differentially fed antenna and a pair
of inductors at two sides in the circuit. In the RF path,
the differential antenna serves as a radiator for receiving
RF signal from free space, but behaves as a non-radiat-
ing transmission line in the LF path.

The CLLs are loaded in parallel with the bowtie an-
tenna, while the TT'plane perpendicular to the electric
field direction of the bowtie antenna acts as PEC bound-
ary. The resonant circuit model of CLL is illustrated with-
in the green dashed box. The L and C represent the in-

Luml‘aed port

Fig. 2 The details of the on-chip integrated bowtie antenna (Design parameters: L/=40 um, L2=131 um, , L3=65 um, L4=42 ym, L5
=20 um, L6=360 um, WI=50 um, W2=100 um, S/=5 um, Ra=120 pm, g=10 pm)
2 A b IR Rk iy B A (5328 L1=40 um, L2=131 pum, , L3=65 um, L4=42 ym, L5=20 pm, L6=360 um, W1=50

um, W2=100 pum, S1=5 um, Ra=120 pm, g=10 pm)
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Fig. 3 Simulated reflection coefficients of the bowtie antenna
with and without CLLs
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trinsic inductance and capacitance of the CLL, whereas
C, denotes the equivalent capacitance arising from the
coupling between the two CLLs.

Accordingly, the resonant frequency of the two elec-
trically coupled CLLs can be expressed as:

S — 2)
27 JL(C+ C,)

It can be seen that the resonant frequency f is pri-
marily determined by the effective electrical length of the
two CLLs and the spacing g between them. Therefore, by
adjusting the CLLs length and the coupling degree, the
antenna bandwidth can be flexibly tuned while preserving
the overall dimensions of the bowtie antenna. To clarify
this, a group of simulated IS11[ of the antenna with differ-
ent values of g is plotted in Fig. 5.

The simulation results indicate that variations in the
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Fig. 4 The equivalent circuit model of antenna-coupled detector
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spacing between the two CLLs have little effect on reso-
nant frequency of the bowtie antenna. However, as the
spacing increases, the slanted edges of the bow-tie anten-
na lead to an expansion of its effective width, thereby re-
ducing the effective electrical length of the CLL. Conse-
quently, the intrinsic resonant frequency of the CLL
shifts toward higher values. Moreover, the increased
spacing weakens the coupling between the two CLLs,
which is consistent with the elevated reflection coeffi-
cients observed in the simulations. Considering both the
effects of dimensional variation on the resonant frequency
and the coupling strength, the spacing between the two
CLLs is chosen to be 10 pm.

To reduce the impact of LF loading on the antenna’s
impedance matching, the LF leads are implemented as
folded high-impedance transmission lines, that block RF
current while allowing LF current to pass. In the equiva-
lent circuit model, the LF leads are represented by in-
ductance L and assigned to the LF signal path. Addition-

54
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- - - g=20 um ;
304 —o=g=40pum
260 2;0 360 3;0 460 4;0 500
Frequency/GHz

Fig. 5 Simulated reflection coefficients of the bowtie antenna with different values of g
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ally, the planar reflector under the bowtie antenna serves
as an impedance tuner for the RF path and a ground
plane for the LF signal.

Fig. 6 presents a comparison of the simulated IS11|
for the broadband bowtie antenna with and without the LF
leads. 1t is observed that the introduction of folded LF
leads shift the bowtie antenna’ s operating frequency to-
ward lower values, but has minimal influence on the cou-
pling strength and relative bandwidth. The resulting
broadband antenna achieves an impedance bandwidth of
201 - 405 GHz with a relative bandwidth of 67%, ef-
fectively covering two typical atmospheric windows at

220 GHz and 340 GHz.

S,,/dB

220 4
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-30 4 — with LF leads:
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Fig. 6 Simulated reflection coefficients of the bowtie antenna
with and without the LF leads
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1.3 3D-printed lens antenna

For generating highly directional beam for effective-
ly coupling the incoming RF radiation, an extended
hemispherical lens is loaded upon the bowtie antenna
and mounted on the front side of the PCB. To maximize
coupling efficiency of the lens antenna, a low-permittivi-
ty nylon material was selected. Considering both cost
and fabrication reliability, the lens was fabricated using
3D printing, a promising technique that enables rapid
production at low cost while maintaining high dimension-
al accuracy™". Furthermore, an air cavity was incorpo-
rated into the lens to prevent direct contact with the an-
tenna-coupled detector, thereby mitigating the risk of
damage, while simultaneously shortening the focal and
extension lengths. This design also enhances focusing ca-
pability and increases the beam deviation angle com-
pared with conventional dielectric lenses, contributing to
a more compact and efficient lens antenna.

The geometry of 3D-printed lens consists of a hemi-
spherical, an extended cylinder , and a cylindrical air
cavily as shown in Fig. 7. The radius r of lens should en-
sure that the lens surface is located in the far field of the
planar bowtie antenna. According to the Gaussian optics
theory, the Gaussian field inside the lens would continue
to propagate and focus on the waist position. The bowtie

antenna, serving as the feeder, should be placed at the
waist position of the Gaussian beam to maximize the cou-
pling efficiency of antenna. Moreover, the size of the
Gaussian waist is dependent on the operating frequency
and the geometry of lens. For the purpose, we chose 10
mm as the lens’s diameter. Based on the method in Ref.
[20], we can estimate the corresponding geometric sizes
and build original lens model. Then the MLFMA algo-
rithm was applied to substitute geometrical optics method
for the calculation of electromagnetic field distribution for
achieving optimal the radiation patterns.

i
Gaussian beam !

v

1 N o8 |
L1 D e itk LAY
1: 1_1—__ ‘\!I.
: a: - ¥y

Fig. 7 The geometry of 3D-printed nylon lens (Design parame-
ters: 7=5 mm, /,=3.5 mm, =3 mm, /=1. 8 mm)
K7 3DITENE B HILAIEAR (B S 4 =5 mm, 11=3.5

mm, ra=3 mm, la=1. 8§ mm)

Fig. 8 presents the simulated radiation patterns of
the bowtie antenna with and without the extended hemi-
spherical lens. By introducing the lens, the planar anten-
na effectively achieves a larger radiating aperture, result-
ing in a significantly narrower beamwidth. At
220 GHz, the realized gain reaches 21  dBi, repre-
senting an improvement of 13.9  dBi compared with the
lens-free planar antenna, while at 340 GHz, the real-
ized gain increases to 22.3  dBi, corresponding to a
15 dBi enhancement.

As shown in Fig. 9, the lens antenna exhibits a 3-
dB gain bandwidth of 150 - 360 GHz, representing an
approximate 12% downward shift relative to the 201 -
405 GHz impedance bandwidth. Despite this shift, the
antenna still effectively covers the 220 GHz and
340 GHz atmospheric windows, demonstrating its suit-
ability for THz applications that demand broadband oper-
ation with high directivity.

2 Detector fabrication and measure-
ment

2.1 Detector implementation and experiment

Based on the designed planar on-chip bowtie anten-
na, a broadband quasi-optical detector was fabricated
and packaged. Fig. 10 shows a micrograph of the fabri-
cated quasi-optical detector chip,which includes the bow-
tie antenna with the electromagnetically coupled CLLs for
broadband, folded high-impedance transmission lines,
pads and SBD. The bowtie antenna and circuits with 200-
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Fig. 8 Simulated radiation patterns of the bowtie antenna at (a)
220 GHz, E-plane, : (b) 220 GHz, H-plane, (c¢) 340 GHz, E-plane,
(d) 340 GHz, H-plane(b) 220 GHz, H-plane, (c) 340 GHz, E-plane,
(d) 340 GHz, H-plane
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Fig. 9 Simulated gain of the lens antenna
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nm-thick gold thin film was deposited on the 50- pm-
thick quartz substrate by semiconductor photolithography
technology. The SBD is flip chip attached across the cen-
tral gap of the bowtie antenna by using the sliver epoxy.
Known from the manufacturer, the critical parameters is
as follows: serial resistance R=6 () , zero-biased junc-
tion capacitance C,;=1. 16 fI', reverse saturation current I,
=9 fA, ideality factor n=1.21. The whole dimensions of
the diode are the length 280 wm, width 95 pwm and thick-
ness 35 wm. The total planar size of the quasi-optical de-
tector is 0.4NX0. 96\,, where N\, is free-space wave-
length. As shown in the inset of Fig. 11, the detector

chip was packaged into a well-designed metal house as a
module, and a 3D-printed nylon lens is loaded upon the
front side of the chip. To ensure that the bowtie antenna
is accurately positioned at the center of the nylon lens,
alignment marks are patterned on the alumina chip, lim-
iting the alignment tolerance to within 100 pm.

The schematic diagram of the detecting measure-
ment setup is utilized to characterize the responsivity and
radiation patterns of the quasi-optical detector, as shown
in Fig. 11. The RF source consists of an 8257D signal
generator and a X24 multiplication chain, providing a
continuous output of 20 mW at room temperature. A
standard transmitting horn with a gain of 20  dBi is posi-
tioned in line-of-sight with the detector at a distance of
40 cm, satisfying the far-field condition. The fabricat-
ed detector under test is mounted on an electrically con-
trolled positioning and rotating stage. A 100 kHz sine-
wave signal from a lock-in amplifier (SR850) is fed into
the signal generator to generate an amplitude-modulated
THz signal. A bias tee integrated on the LF port and DC
current is provided by a de supply.

2.2 Radiation pattern

Due to the lens antenna is integrated with the Schott-
ky diode, it is generally quite difficult to directly mea-
sure the radiation patterns of the RF antenna. It can be
demonstrated in terms of the output voltage V,, recorded
from the lock-in amplifier the rotation stage. Fig. 12
shows the normalized radiating patterns of the lens anten-
na on the E- and H-planes at 220 and 340 GHz. It can
be found that a good agreement is achieved between the
measurement and simulation on the pattern main lobes.
Since the power level in the backside and cross-polarized
direction is quite weak, only radiation patterns in the co-
polarized direction are measured.

2.3 Responsivity

The responsivity R, of the broadband quasi-optical
detector is characterized by R =V, /P,,, with P, the inci-
dent RF power, which is evaluated based on Friis trans-
mission equation as follows:

(PTGT ) RS
G

Where A is the free-space wavelength, P, is the output
power of the RF multiplier-chain module, G, is the real-
ized gain of the RF transmitting horn antenna, and G, is
the realized gain of the detector antenna obtained from
the simulated results of the antenna. Fig. 13 shows the
simulated responsivity of the quasi-optical detector ver-
sus RF frequency, which ranges between 1050 and 2100
V/W from 201 to 360 GHz. However, owing to the ab-
sence of a broadband terahertz source in the laboratory,
the broadband quasi-optical detector was measured only
at frequencies around 220 GHz and 340 GHz in Fig. 13,
which correspond to the well-known atmospheric trans-
mission windows in the terahertz regime. The measured
responsivity ranges between 1025 and 2200 V/W from
200 to 230 GHz, and 1033 and 1885 V/W from 320 to
350 GHz. It is worth noting that the oscillations observed
in the measured responsivity are primarily attributed to
impedance mismatching between the diode and the anten-

(3)

RF
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Fig. 10 Micrograph of fabricated quasi-optical detector chip
EI10 il S a2 e v i) i i

s

Schottky diode

13
k\ Broadband

bowtie antenna

DU

_ Bias tee
DC input o~ n
y = |
Frequency /I 40 cm ( o/
Multiplier \l \am Ve ' oort
- ) po
‘ 7
- 100 KHz
Agilent
i SR 850

3D-printed "

nylon lens
Fig. 11 Schematic diagram of the quasi-optical detector measurement setup, the inset shows the packaged detector module
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Fig. 12 Simulated and measured radiation patterns of the lens antenna at (a) 220 GHz, E-plane, : (b) 220 GHz, H-plane, (c) 340 GHz,
E-plane, (d) 340 GHz, H-plane(b) 220 GHz, H-plane, (¢) 340 GHz, E-plane, (d) 340 GHz, H-plane
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na, antenna radiation characteristics, as well as various
21U Since the diode is

directly integrated at the feeding port of the antenna, it

measurement and calibration errors

becomes challenging to achieve efficient impedance
matching between the diode and the antenna in the ab-

sence of an impedance matching network, while main-
taining desirable radiation performance. In future work,
we will focus on designing advanced antenna and circuit
structures to realize efficient impedance matching and ef-
fective RF coupling. Additionally, efforts will be devot-
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ed to establishing accurate modeling and optimization
methods to further enhance system performance.

The noise equivalent power (NEP) is also an impor-
tant parameter for the quasi-optical detector, which can

be evaluated by
Vy
EP = —* 4
NEP = @
Where V, is the thermal noise voltage spectral density of
the detector that is mainly contributed by SBD. V, can be
obtained by

Vy=./4T(R +R,) (5)

Based on (4) and (5), and the measured NEP of
the quasi-optical detector can is 1.18-2.53 pW/H" in
the 200-230 GHz range and 1.37-2.51 pW/H"’ in the
320-350 GHz range. Table 1 summarizes the perfor-
mance of the proposed quasi-optical detector in compari-
son with other SBD-based counterparts. The results indi-
cate the proposed quasi-optical detector, distinguished
by its lightweight design and mechanical robustness, per-
forms betters than other forms of detector in terms of
broad operational bandwidth and responsivity.

3 Conclusions

In this paper, a broadband quasi-optical detector
operating from 201 to 360 GHz has been presented, fea-

2500

turing a lightweight 3D-printed lens. A bowtie antenna
integrated with a pair of CLL is employed to extend the
operational bandwidth without significantly altering the
overall antenna dimensions. To achieve unidirectional ra-
diation and gain enhancement, a 3D-printed lens is com-
bined with a planar reflector embedded in a multi-layer
substrate. Based on the integrated bowtie antenna and
SBD, an antenna-coupled detector is fabricated and ex-
perimentally characterized. The measured responsivity
ranges from 1025 to 2200 V/W in the 200-230 GHz
range, corresponding to a NEP of 1. 18-2. 53 pW/HO. 5,
and from 1033 to 1885 V/W in the 320-350 GHz range,
corresponding to a NEP of 1.37-2.51 pW/HO. 5. These
experimental results validate the proposed design, exhib-
iting huge potential in the sub-THz sensing and imaging
applications.
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Fig. 13 Simulated and measured responsivity of the quasi-optical detector
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Table 1 Comparisons with other reported terahertz detectors

F1 SHMREHAHFZRNEX L

Max. Resp. SBD. Type
Ref. Freq. /GHz
component /(VIW) technology
[7] 270-290 Reflector 250 CMOS Monolithic
(8] 75-170 Silicon Lens 800 GaAs Monolithic
(9] 140-240 Silicon Lens 280 GaAs Hybrid
[12] 150-440 Silicon Lens 1000 Zero bias
This work 201-360 3D—printed Lens+reflector 2200 GaAs Hybrid
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