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This paper presents a kind of a multichannel THz detector using lens-based bow-tie array. A hyperhemispherical silicon lens is
employed to provide a focal plane; 8 bow-tie elements are arranged on the focal plane with careful design to show a performance
of broadband, high gain, well compact, and easy assembling. These characteristics of the detector are preferred for detecting weak
THz signal. Measured far field shows that the radiation pattern of each element is shifted angularly, by ≈9∘, which can be used
for THz imaging. Tested responsivity of the detector shows a good spectral performance from 260 to 400GHz: respective values
were ≥220V/W, and the best NEP is achieved at about 60 pW/√Hz. Besides that, the proposed antenna has advantages of simple
structure, easy fabrication, and low cost.

1. Introduction

Terahertz radiation is frequently treated as the spectral region
within frequency range of 1–10 THz. It has shown unique
properties and proved a variety of applications, such as con-
cealed weapon detection, spectroscopy, short-range radar,
and secured high-speed data communication [1–3]. For these
applications, THz detector is an essential component. Detec-
tors based on Schottky diode can operate at room tempera-
ture and have an extremely fast response time compared with
other detectors, such as microbolometers [4] or Golay cells
[5]. In order to couple the weak THz radiation to Schottky
diodes, high-gain antennas are preferred. Waveguide-based
detectors connected with horns can provide high gain with
directivity of 22–25 dB; however, the operating frequency is
limited by the cut-off frequency of waveguide [6]. A series of
detectors have been designed by using self-complementary
antennas mounted on silicon lenses, exhibiting a broadband
response and achieving a directivity of up to 30 dB [7–10].
This kind of detector is a good option for THz imaging with
the advantages of low cost, broadband, and fast response.
This imaging system is typically done by a single detector
with scanning optics [11, 12]; however, mechanical scanning
system is always time consuming, costly, and with a large
physical size. Detectors by using integrated antennas to

provide multichannel can significantly simplify the imaging
system and save time. A three-element linear array of double-
slot antennas was fabricated and measured on a silicon lens
at 258GHz [13]. More recently, a 2 ∗ 2 array of 280GHz
Schottky-barrier diode detectors using an on-chip patch
antenna is fabricated in a 130 nm logic CMOS process and
integrated into a 2D focal-plane image scanner [14].

We have done some research on THz generation and
detection [16]. A compact photonic system is used to provide
video-rate THz signal. It has advantages of low cost and high
speed; however, it exhibits a low power. In order to detect this
weak THz radiation for imaging, a high-gain and compact
integrated antenna is employed to providemultioutput. It uti-
lizes an 8-element linear array of bow-tie antennas mounted
on a hyperhemispherical silicon lens. The bow-tie antenna
is well considered according to the requirements of the
detector. Several self-complementary antennas could provide
broadband performance, such as spiral antennas [8] and log-
periodic antennas [7]. But for compact integrated antenna, it
should be with the advantages of small size, enough area for
soldering Schottky diode, and linear polarization. For these
reasons, bow-tie antennas are preferred for this THz detector.

In the following, wewill describe the design andmeasure-
ments of the multichannel THz detector. In Section 2, diode
characteristics and detector circuit are presented to show the
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Figure 1: Dimensions of the antiparallel Schottky diode chip. The
airbridges are approximately 19 𝜇m long. The chip is supported on
GaAs substrates [15].

principle of rectifying signal. Section 3 shows the antenna
design and simulation. In Section 4, measurements including
spectral responsivity and far-field pattern are presented.
Finally conclusions of the detector and antenna performance
are discussed in Section 5.

2. Diode Characteristics and Detector Circuit

When a THz signal is applied, the Schottky diode generates
DC voltage proportional to the signal power due to its second
and other even-order terms associated with nonlinearity. It
can be used to directly detect the THz radiation with proper
antennas. The antiparallel Schottky diodes were fabricated at
STFC Rutherford Appleton Laboratory [15]. The dimension
of an antiparallel pair of air-bridged devices is shown in
Figure 1. The unsupported length of each airbridge is 19𝜇m.
Anodes, 1.0 𝜇m in diameter, are located at the end of the
bridges. The airbridges are made of gold, with a titanium
Schottky metallization contact to the GaAs.

When a small AC signal is applied, the Schottky diode
generates DC voltage proportional to the signal power due to
its square law I-V performance. The square law I-V relation-
ship is caused by the dynamic resistance 𝑅

𝑗
of the Schottky

contact, 𝑅
𝑗
= 𝑑𝑉/𝑑𝐼. The series resistance 𝑅

𝑠
, saturation

current 𝐼
0
, and ideality factor 𝜂 are determined by data fitting

with the classical Schottky model [19]:

𝐼 (𝑉) = 𝐼
0
(exp(
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𝑠
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where 𝑞 is the electron charge, 𝑇 = 293.1K, and 𝐾
𝐵
is Boltz-

mann’s constant 1.38 ⋅ 10 − 23 J/K. Respective values are 𝑅
𝑠
=

13.67Ω, 𝐼
0
= 0.98 fA, and 𝜂 = 1.18. For our diode model,

the zero voltage junction capacitance 𝐶
𝑗
is around 1.42 fF

related to the anode area of 0.95 𝜇m2, which results in a high
cut-off frequency, 𝑓

𝑇
= 1/2𝜋𝑅

𝑠
𝐶
𝑗
≈ 8THz. The intrinsic

voltage responsivity of the diode 𝑅V can be determined from
the diode I-V equation [19],
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From (2), the voltage responsivity peaks when bias current
is close to zero. But this is not desired because low reverse
saturation current brings a high junction resistance (>1MΩ),
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Figure 2: Simplified detector circuit.
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Figure 3: Schematic diagram of the compound antenna.

which is too high for efficient power matching to the diode
[14]. In this case, the diode in the detector design is forward
biased. The simplified detector circuit is shown in Figure 2.
The bias current is around 150 𝜇A which keeps the 𝑅

𝑗
closed

to 200Ω. The modulated THz signal illuminates the bow-tie
antenna and couples to the diode. Then, the rectified signal
passes the filter and goes to the low-noise amplifier.

3. Antenna Design and Simulation

The antenna used for coupling the THz radiation to Schottky
diodes is shown in Figure 3. Incoming wave is focused by a
high dielectric constant silicon lens into the focal plane. By
linearly arranging the detector diodes with a proper antenna,
a large-scan angle is obtained for imaging.

The antenna array used on the focal plane is supported by
a 0.15mm thick quartz substrate. Bow-tie element is chosen to
provide a broadband response, symmetrical far-field pattern,
linear polarization, and large area for diode soldering. The
feed gap is 0.03mm ∗ 0.03mm for soldering Schottky diode.
In order to resonate on 300GHz, the arm length should
be close to 1/4 wavelength of the medium, taking into
account the quartz dielectric constant: 3.78. The flare angle
is optimized to achieve a symmetric far-field pattern. By
using Ansoft High-Frequency Structure Simulator (HFSS),
the whole size of the bow-tie element is 0.21mm∗ 0.1mm as
shown in Figure 4.

The geometry of bow-tie element array is displayed in
Figure 5. Eight elements are arranged in parallel with bow-
tie arms; this arrangement provides a lower mutual coupling
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Figure 4: Geometry of the bow-tie element.

between adjacent elements. For an imaging array, each
channel of the array should be closely packed to make full
use of the focal-plane area. But as the interactions between
elements should also be considered, we optimized the spacing
of the array using HFSS to achieve a coupling of −20 dB or
less.This gave an antenna centre-centre separation of 340𝜇m.
The eight bow-tie antennas and associated conductors are
photolithographically patterned in an Au layer deposited on
the quartz substrate, as shown in Figure 6. One side of each
antenna is connected to a common ground line, which in turn
connects to the outmost two pads of the connector array.The
other side of the antenna is connected to one of the middle
eight pads. The conductors close to the antennas are orthog-
onal to the E-field to which the antenna is sensitive: this is
done tominimise the effect on the radiation pattern.The con-
nectors together with bow-tie elements are simulated using
HFSS to calculate the impedance of the bow-tie element. By
using diode parameters,𝑅

𝑠
,𝑅
𝑗
, and𝐶

𝑗
, thematching between

diode and antenna can be derived. As shown in Figure 7,
considering the spectral impedance of the diode, the 𝑆

11
curve

presents undulation growth with frequency. At 300GHz it
is below −10 dB, and the peak value in about −4 dB from
200GHz to 400GHz.

The coupling between the adjacent elements of the array
is simulated using HFSS. As shown in Figure 8, the simulated
𝑆
21

parameter is below −20 dB from 260GHz to 400GHz.
Usually the envelope correlation coefficient is an important
parameter to evaluate the diversity characteristic of a mul-
tiantenna system [20]. The envelope correlation coefficient
computed from 𝑆 parameters is shown as follows [21]:
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From the simulated 𝑆 parameters, the envelope correlation
coefficient was calculated, as shown in Figure 9.The envelope
correlation coefficient has a peak value at 202GHz, ≤0.3, and
typically lower than 0.05 from 210GHz to 400GHz.

The hyperhemispherical lens is a hemispherical lens with
an attached extension length 𝐿, 𝑛 is the index of refraction of
the lens, and𝑅 is the radius of the lens shown in Figure 10.The
hyperhemispherical lens was borrowed into the millimetre
wave field from optics [22], and it was found that it could
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Figure 5: Geometry of the bow-tie element array.

Figure 6: Photograph of the bow-tie array on quartz substrate.
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Figure 8: Coupling between the adjacent elements.
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Figure 9: Envelope correlation coefficient.

effectively increase the gain of the integrated antenna by 𝑛2.
Thehyperhemispherical lens used here has a proper focal area
for bow-tie element array, with a diameter of 12mm, thick-
ness of 7.15mm, and dielectric constant of 11.7. By taking into
account the thickness of the quartz substrate, the extension
length is 1.3mm with a radius of 6mm and gives an 𝐿/𝑅 of
about 0.22.The comparison of far-field pattern between bow-
tie element and embedding silicon lens is shown in Figure 11.
By using hyperhemispherical, the directivity increased about
10 dB, close to 𝑛

2

= 11.7. This is done by using ray tracing
to illuminate the lens surface with the radiation of bow-
tie element (computed via HFSS), and Fresnel transmission
coefficients are employed to compute the fields across the
boundary between lens and the air.

For assembling the antenna, the silicon hyperhemispher-
ical substrate lens is supported by an aluminium bracket and
is clamped by a polyethylene cap, as shown in Figure 12. The
quartz wafer bearing the antenna array is glued in amachined
rectangular depression on the bracket. A ten-pin connector
is soldered to the pads on the quartz, which in turn connects
to a ribbon cable. The other end of the cable is connected to
an eight-channel low-noise preamplifier. Only four channels
were populated with Schottky diodes and tested.
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𝑅

Figure 10: Schematic diagram of hyperhemispherical lens.
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Figure 11: Simulated far field of E plane and H plane on bow-tie
element and embedding silicon lens E plane (line), H plane (dashed
line).

4. Measurements and Results

After antenna assembling, the antenna is soldered with
Schottky diodes and connected to amplify circuits. Direct
measurement on antenna as a passive component, such as 𝑆
parameters, is impossible. But the spectral response of the
detector can mirror the performance of the antenna. One
of the most important performances of detectors is voltage
responsivity 𝑅V, which is mainly decided by the intrinsic
responsivity of the diode and the antenna performance.

The responsivity of the detectors was measured on a
quasioptical system, as shown in Figure 13. A corrugated
horn with a similar aperture with the silicon lens, fed by a
frequency-multiplied source [23], delivered a beam into a
reflective quasioptical system. The detector was placed at the
output beam waist. In this arrangement, almost all the power
from the source illuminated the array lens. A terahertz power
meter was used to calibrate the output power of the source,
which was kept around 20𝜇W.The video-rate modulation is
done by using an optical chopper with space-duty-cycle ratio
of 1 : 1 [24]. This chopper frequency is then used as reference
frequency of the lock-in amplifier. The lock-in amplifier
measures the rms voltage value of the output of the detector.
The expression of the detector voltage responsivity is

𝑅V =
Vout
𝑃in

=

(𝜋/√2)𝑉rms

𝑃in
,

(4)
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(a) Top view (b) Bottom view

Figure 12: Photographs of the fabricated antenna.
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Figure 13: Schematic diagram of responsivity measurement setup.

where 𝑃in denotes the input power of the detector measured
by terahertz powermeter; Vout is𝜋/√2 times as rms value𝑉rms
measured by lock-in amplifier [25].

From (4), the estimated voltage responsivity versus fre-
quency is calculated andplotted in Figure 14.The responsivity
is over 220V/W on the frequency range of 260–400GHz
without preamplifier’s gain.Thepeak responsivity of 330V/W
is measured at 300GHz and meets the predictions of the
diode matching. Taking into account 30% reflection losses,
20% absorbing losses at the silicon lens [10, 26], antenna
coupling mismatch, and nonperfect impedance matching of
the diode to the antenna, we arrive at an intrinsic diode
responsivity of larger than 2000V/W.This is comparable with
theoretical estimation.

Another key performance metric for the detector, noise-
equivalent power (NEP), is defined as the ratio between
the output noise voltage spectral density (V/√Hz) and the
detector voltage responsivity (V/W). In order to characterise
the noise properties, measurements were made on a detector
which has the same configuration of the detector array but
with a single bow-tie antenna on the quartz. A low-noise op-
amp amplifier, with typical input noise level of 3.2 nV/√Hz,
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Figure 14: Voltage responsivity for one channel of detector.

was used to amplify the signal. The output of amplifier was
connected to a lock-in amplifier and spectrum analyser to
measure the noise density over different frequency ranges.
For the frequency range from 10 kHz to 1MHz, which is the
normal video detection modulation rate, the noise is around
20 nV/√Hz. The corresponding NEP is below 100 pW/√Hz
from 260 to 400GHz, and the best NEP is achieved at about
60 pW/√Hz.

The performance of the detector is compared to other
similar works using different antennas shown in Table 1.
Because of the differences in the tuned frequency, it is difficult
to make a clean comparison. Measurements of responsivity
show that the proposed detector has a peak value over
330V/Wat 300GHz, 220–330V/Won the frequency range of
260–400GHz. It is close to the reports of quasioptical detec-
tors by other groups, using logarithmic spiral antenna [9]
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Table 1: Performance of detector compared with prior works.

Technology Best NEP (pW/√Hz) RES (V/W) Freq. (THz) References
RAL SBD QO based on bow-tie 60 220–330 0.26–0.4 This work
ACST ZBD QO based on logarithmic spiral 500 200 0.05–1 [9]

VDI ZBD QO based on folded dipole 20 15–280 0.14–0.24 [17]
QO based on sinuous 5 300–1000 0.15–0.4 [18]

SBD 130 nm logic CMOS 33 50–250 0.27–0.29 [14]
QO denotes quasioptical detectors; SBD denotes Schottky-barrier diode; ZBD denotes zero bias Schottky diode.
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Figure 15: Far-field pattern of detector 275GHz.

sinuous antenna [18], and patch antenna [14]. The best NEP
of the proposed detector can be achieved at 60 pW/√Hz.This
NEP is better than the ACST zero bias detector [9] but worse
than the folded dipole detector [17] and 130 nm logic CMOS
detector [14] at their resonant frequency.These performances
including responsivity and NEP are highly dependent on
the bias current and antenna coupling efficiency. More work
will be focused on understanding how they contribute to the
responsivity and NEP.

In order to evaluate the imaging performance of the
antenna array, far-field pattern of E plane wasmeasured.This
is done by illuminating the detector array in the far field of a
broadband frequency multiplier-based source. The detector
was fixed on an automated rotationmount.The theta angular
(phi = 0

∘) response of each channel was measured separately
and results are plotted together. Measurements weremade on
4 elements in the same side, and the other 4 elements should
have a symmetric pattern. In order to cover a wide frequency
range, we tested the pattern of 275GHz, 300GHz, 330GHz,
350GHz, and 380GHz, which covered more than 100GHz
bandwidth. Since the antenna is combined with detectors,
only relative gain is obtained, as shown from Figures 15, 16,
17, 18, and 19. For each element of the detector, the radiation
pattern is shifted angularly, by ≈9∘ with 0.34mm spacing on
focal plane. This shifted angle is almost linear with displace-
ment off-axis, as shown in Figure 20, which exhibits excellent
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Figure 16: Far-field pattern of detector 300GHz.
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Figure 17: Far-field pattern of detector 330GHz.

performance for THz imaging. At each frequency, it is found
that there is an inhomogeneity of pattern between different
elements, such as maximum gain and beam width. This is
mainly due to two reasons. The first is the slight difference
in the diode characteristics affecting the responsivity of the
element. The other is that the pattern changes with the
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Figure 18: Far-field pattern of detector 350GHz.
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Figure 19: Far-field pattern of detector 380GHz.

displacement on focal plane [27]. This can be explained by
the function between directivity and the ratio of 𝐿/𝑅. The
corresponding peak directivity as a function of 𝐿/𝑅 is shown
in Figure 21; the maximum directivity is achieved when 𝐿/𝑅
is near 0.34. This calculation meets the report of [10], which
used a double-slot antenna on hyperhemispherical silicon
lens. When the feed antenna is in centre of the focal plane,
the 𝐿/𝑅 is 0.22 for the proposed antenna and provides a
directivity of 21 dB. When moving the feed antenna position
off-axis, the equivalent 𝐿 (distance between feed antenna
and the centre of hemispherical lens) is longer. Therefore
when 𝐿/𝑅 increases with displacement off-axis, the antenna
array exhibits a higher gain on the outmost element. In order
to reduce the differences in gain and shape between each
element, the ratio of 𝐿/𝑅 should be optimized to 0.34. In
this case when moving the feed antenna position off-axis, the
antenna gain changes slightly with increasing 𝐿/𝑅.
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Figure 20: Shifted angle versus off-axis displacement.
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5. Conclusions

In the paper, a multichannel THz detector using integrated
bow-tie antennas is presented. It employed hyperhemispher-
ical silicon lens to provide a high gain more than 20 dB and
bow-tie element array to provide broadband performance.
Simulation of 𝑆 parameters is made to show that the isolation
characteristic (𝑆

21
) is less than −20 dB between adjacent

elements from 260GHz to 400GHz.This brings an envelope
correlation coefficient of this antenna far less than 0.5 which
leads to a good diversity characteristic forMIMOapplication.
Measurements of responsivity and far field were made on
the THz detector. Results of responsivity show that the
detector has a good spectral response from 260GHz to
400GHz: respective values were ≥220V/W, and the best NEP
is achieved at about 60 pW/√Hz. Far-field pattern shows that
the radiation of each element is shifted angularly, by ≈ 9

∘ with
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0.34mm spacing, which exhibits excellent performance for
THz imaging. The antenna structure is highly compact with
low cost and easy assembling, which is promising for THz
imaging.
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