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Abstract: This paper summarizes the development of novel Schottky-diode-based terahertz frequency
multipliers. The basic structure and manufacturing process of planar Schottky barrier diodes (SBDs)
are reviewed, along with other diode structures that have been proposed in the literature. A numerical
modeling method for the novel diodes in the context of terahertz frequency multipliers is presented,
which includes 3D electromagnetic (EM) modeling, electro-thermal modeling and modeling of
physical non-ideal effects. Furthermore, a general design methodology for developing terahertz
frequency multipliers is introduced, involving a sub-division design method (SDM), a global design
method (GDM) and a half-sub-division and half-global design method (HS-HGDM). These methods
are summarized and compared for 110 GHz and 220 GHz frequency multipliers in the context of
communication and imaging applications. Laboratory measurements of these multipliers show good
agreement with numerical simulations. Finally, several classic terahertz remote sensing systems are
reviewed, and a 220 GHz remote sensing system established using novel frequency multipliers for
security inspection purposes is presented along with associated imaging results.

Keywords: frequency multipliers; Schottky diodes; terahertz; remote sensing; diode modeling

1. Introduction

Terahertz (THz) electromagnetic waves have frequencies in the range of 0.1 THz to
10 THz, with corresponding wavelengths of 3 mm to 30 µm. This frequency range is adja-
cent to millimeter-wave electromagnetic frequencies and infrared light wavelengths, and is
thereby associated with the engineering domain of both electromagnetics and photonics.
Due to insufficient development and utilization, this frequency is often referred to as a
“terahertz gap”. Terahertz-wave technologies have unique properties that include a large-
magnitude skin depth, good directivity, wide bandwidth and high imaging resolution [1,2].
Therefore, terahertz-wave technologies possess an unparalleled advantage for remote
sensing applications [3–5]. Terahertz waves span a wide electromagnetic spectrum and
have unprecedented capability for the extraction of information [6,7]. In addition, the THz
frequency band covers the vibration and rotation energy spectra of many gas molecules,
and the atmospheric trace components of specific chemical species and phase states can
be detected from characteristic absorption lines. Terahertz waves are non-ionized and
have better penetration ability than infrared light. Therefore, terahertz waves utilized for
active remote sensing applications are less attenuated by particles such as dust and smoke,
allowing for detection applications related to fire and particulate matter [8]. Compared with
microwave remote sensing systems, terahertz imaging devices allow for higher resolution
in the context of radar imaging, which is due to the use of shorter wavelengths convenient
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for the collection of imaging data [9–12]. Additionally, terahertz waves have good system
integration potential for satellite, missile, small UAV (unmanned aerial vehicle) and other
robotic platforms due to the use of compact antennas and associated circuits. Terahertz
remote sensing technology, therefore, provides an effective means to detect target object
information for military and civilian applications. However, stable and energy-efficient
terahertz sources have been relatively challenging to develop and terahertz remote sensing
technology has taken a long time to engineer and commercialize. Moreover, associated
application circuits and systems have not been widely promoted for commercialization.
The development of reliable terahertz frequency multipliers with a low cost and small
volume at frequencies < 500 GHz has allowed for the more rapid development of innovative
and novel remote sensing technologies.

Terahertz remote sensing systems can obtain information related to long-distance
targets specified as objects or areal regions, which is accomplished by actively transmitting
a terahertz signal or passively detecting terahertz radiation [13,14]. Terahertz remote
sensing processing pipelines involve: (1) receiving electromagnetic waves; (2) processing
a digitized version of the waveform to obtain remote sensing target entity information;
(3) utilizing inverse and forward models to obtain information related to the target. In
general, the process of remote sensing is associated with forward and inverse modeling.
Forward modeling involves the production of outputs similar to the received waveforms
by utilizing a set of parameters as inputs, whereas inverse models utilize the received
waveforms to reconstruct a set of parameters that have some physical basis.

Terahertz sensing technology involves active and passive sensors [15–17]. Active
methods transmit terahertz waves to the target area via an antenna; the reflected terahertz
signal is subsequently received to obtain information related to the measured area. Active
remote sensing is predominantly used for terahertz radar imaging systems. Radar imaging
systems using terahertz-wave technologies have excellent spatial and angular resolution
and are resilient to interference and intentional jamming. Passive terahertz remote sensing
involves receiving a signal radiated or scattered by an object to obtain target area informa-
tion. Compared with active remote sensing, passive remote sensing signals contain more
information. This is due to blackbody radiation and the Stefan–Boltzmann law, whereby
all objects at a temperature above 0 K will produce thermal radiation. Thermal radiation
emitted by objects with lower temperatures > 2 K is mostly concentrated in the terahertz
band. Therefore, compared with active remote sensing technologies, passive remote sensing
signals used for terahertz sensing contain more information.

Active remote sensing is less affected by the radiation of thermal energy from the
surrounding environment. Active remote sensing has advantages of high resolutions and
longer electromagnetic signal ranges, particularly for imaging systems. However, the
design of active remote sensing systems is more complex; active remote sensing systems
require a stable and efficient terahertz source; correspondingly, the cost is higher than for
passive remote sensing systems. Passive remote sensing systems have simpler designs,
do not require terahertz sources, and the costs are correspondingly lower than for active
remote sensing systems. For remote sensing and imaging applications, terahertz radiation
imaging is conceptually similar to optical imaging, involving the identification of objects.
Object identification systems are often designed for outdoor use and strong target object
penetration and backscatter, but such systems are affected by the surrounding environment.
Due to the low energy magnitude of reflected or emitted terahertz signals received from
the target object, terahertz detector circuits are required to have high sensitivity and require
careful design to maximize the signal-to-noise ratio (SNR).

Both active and passive terahertz sensors require circuits with design parameters
related to conditions of stability and high efficiency. Terahertz remote sensing technology
is, therefore, limited by the operation of the terahertz circuitry; this especially involves
terahertz frequency multipliers. With the use of Schottky diode-based frequency multi-
plier sources, terahertz radiation can currently be produced in a stable and low-power
fashion. Terahertz sources are often designed using a microwave oscillator circuit coupled
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with amplification and frequency multiplication circuits utilizing Schottky diodes [18,19].
Therefore, the use of a Schottky diode-based frequency multiplier is an important enabling
technology for terahertz remote sensing.

2. Diode Component
2.1. Diode Structure

Before the end of 1980s, whisker Schottky diodes were widely used for the design
of terahertz frequency multipliers and mixers owing to their extremely low parasitic
parameters (capacitance, resistance and inductance not specified by the design) and simple
processing technology associated with the manufacturing process [18]. The small number
of parasitic elements is due to the completely vertical structure: this produces the minimum
parasitic capacitance between the whisker and the cathode. However, this structure also
has major disadvantages. First, the whisker structure is fragile and can be easily damaged.
Second, the whisker diode can be difficult to form in a planar fashion. Moreover, the
whisker structure cannot be easily mass produced and is associated with a lower yield in
mass production.

Since the 1990s, semiconductor manufacturing technology has progressed, and the
terahertz Schottky diode is nominally made using a planar structure in lieu of the more
traditional whisker structure. In 1987, William L. Bishop proposed a whiskerless Schottky
diode with a multilayer planar structure (Figure 1). Although the parasitic capacitance,
inductance and dielectric loss of the planar structure deteriorate the high-frequency per-
formance, the planar Schottky diode has the advantages of a stable structure, easy planar
integration and good manufacturing consistency. In particular, the adoption of air bridge
technology reduces the parasitic parameters. Consequently, planar Schottky diodes quickly
replaced whisker diodes in semiconductor manufacturing. The planar Schottky diode has
a hierarchical layer structure, as shown in Figure 1; this structure includes a GaAs (Gallium
arsenide) substrate, a highly doped GaAs buffer layer, a lightly doped GaAs epitaxial layer,
an SiO2 (Silicon dioxide) layer and a metallization pattern layer from bottom to top. The
epitaxial layer is lightly doped with a concentration level of ~1017 cm−3 (ranging from
0.5 × 1017 cm−3 to 5 × 1017 cm−3) to form a Schottky contact with the anode, while the
buffer layer is heavily doped with a doping level of ~1018 cm−3 (generally 5 × 1018 cm−3)
to form a low-resistance transmission channel and good ohmic contact with the metal pad
leading out from the cathode of the Schottky diode contacts.

Remote Sens. 2021, 13, x FOR PEER REVIEW 3 of 27 
 

 

is, therefore, limited by the operation of the terahertz circuitry; this especially involves 
terahertz frequency multipliers. With the use of Schottky diode-based frequency 
multiplier sources, terahertz radiation can currently be produced in a stable and low-
power fashion. Terahertz sources are often designed using a microwave oscillator circuit 
coupled with amplification and frequency multiplication circuits utilizing Schottky 
diodes [18,19]. Therefore, the use of a Schottky diode-based frequency multiplier is an 
important enabling technology for terahertz remote sensing. 

2. Diode Component 
2.1. Diode Structure 

Before the end of 1980s, whisker Schottky diodes were widely used for the design of 
terahertz frequency multipliers and mixers owing to their extremely low parasitic 
parameters (capacitance, resistance and inductance not specified by the design) and 
simple processing technology associated with the manufacturing process [18]. The small 
number of parasitic elements is due to the completely vertical structure: this produces the 
minimum parasitic capacitance between the whisker and the cathode. However, this 
structure also has major disadvantages. First, the whisker structure is fragile and can be 
easily damaged. Second, the whisker diode can be difficult to form in a planar fashion. 
Moreover, the whisker structure cannot be easily mass produced and is associated with a 
lower yield in mass production. 

Since the 1990s, semiconductor manufacturing technology has progressed, and the 
terahertz Schottky diode is nominally made using a planar structure in lieu of the more 
traditional whisker structure. In 1987, William L. Bishop proposed a whiskerless Schottky 
diode with a multilayer planar structure (Figure 1). Although the parasitic capacitance, 
inductance and dielectric loss of the planar structure deteriorate the high-frequency 
performance, the planar Schottky diode has the advantages of a stable structure, easy 
planar integration and good manufacturing consistency. In particular, the adoption of air 
bridge technology reduces the parasitic parameters. Consequently, planar Schottky 
diodes quickly replaced whisker diodes in semiconductor manufacturing. The planar 
Schottky diode has a hierarchical layer structure, as shown in Figure 1; this structure 
includes a GaAs (Gallium arsenide) substrate, a highly doped GaAs buffer layer, a lightly 
doped GaAs epitaxial layer, an SiO2 (Silicon dioxide) layer and a metallization pattern 
layer from bottom to top. The epitaxial layer is lightly doped with a concentration level of 
~1017 cm−3 (ranging from 0.5 × 1017 cm−3 to 5 × 1017 cm−3) to form a Schottky contact with the 
anode, while the buffer layer is heavily doped with a doping level of ~1018 cm−3 (generally 
5 × 1018 cm−3) to form a low-resistance transmission channel and good ohmic contact with 
the metal pad leading out from the cathode of the Schottky diode contacts. 

Epitaxial
Buffer mesa

Passivation

 Substrate

anode
Cathode

Cpp1

Cpp2

Cfp

Rf Lf

Rs

(a) (b)
 

Figure 1. (a) Microphotograph of planar Schottky diode. (b) Equivalent parasitic parameters. 

With the development of planar Schottky diodes, some new diode structures have 
been developed for different applications. The heterojunction barrier diode (HBV) was 
first invented by Chalmers University of Technology during the early 1990s [20]. The HBV 

Figure 1. (a) Microphotograph of planar Schottky diode. (b) Equivalent parasitic parameters.

With the development of planar Schottky diodes, some new diode structures have
been developed for different applications. The heterojunction barrier diode (HBV) was
first invented by Chalmers University of Technology during the early 1990s [20]. The HBV
diodes were invented based on harmonic generation in resonant tunneling diodes (RTDs),
and were developed from the semiconductor superlattice theory proposed by L. Esaki
and R. Tsu [21,22]. The first planar HBV with airbridges was presented by the University
of Virginia in 1997 [23]. This design involves even symmetric C-V (capacitance-voltage)
characteristics and odd symmetric I-V (current-voltage) characteristics. Therefore, the
structure will produce odd harmonics rather than even harmonics, making it suitable for
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higher-order frequency multipliers [24] (3× [25–27], 5× [28] and 7× [29] as three-times,
five-times and seven-times).

In order to easily integrate the diode into millimeter and sub-millimeter circuits, a
quasi-vertical diode [30] was proposed by researchers at the University of Virginia, with the
ohmic contact formed directly below the anode. A comparable or lower series resistance
is obtained by the quasi-vertical diode relative to the traditional coplanar diode structure
with a similar anode diameter. Through an epitaxial transfer process, the quasi-vertical
diode was integrated on a high-resistivity silicon substrate.

In order to enhance the power capacity and resulting output power of the frequency
multiplier, different technical design decisions have been adopted to achieve better single-
anode power capacity. One of the important technical directions is the use of new semi-
conductor materials, such as GaN (gallium nitride). The Hebei Semiconductor Research
Institute reported on the manufacturing of a series of GaN diodes and measured results
from frequency multipliers. GaN is a wide forbidden-band semiconductor material (for
example, 3.4 eV), with higher-magnitude electron volts than the traditional GaAs material
(for example, 1.42 eV). A diode constructed from GaN material will have a higher reverse
breakdown voltage, which means that the diode can withstand greater input power levels.
However, one disadvantage of GaN materials is the relatively low electron mobility, which
leads to a large series resistance associated with the semiconductor structure. Earlier GaN
diodes had series resistance of the order tens of ohms. Through process optimization,
the series resistance of GaN diodes has reached an order of 10 ohms, which has greatly
improved the cut-off frequency and working frequency band of GaN diodes. For example,
a 100 mW output power at a frequency near 300 GHz was attained in pulse-mode opera-
tion [31]. The GaN-based Schottky diodes have a similar layer structure to GaAs (gallium
arsenide) Schottky diodes. The difference is that the GaN epitaxy is produced on a SiC
(silicon carbide) substrate for better lattice matching. Besides changing the semiconductor
material, we also presented a novel and patented dual-finger structure that improved the
power-handling capability [32].

2.2. Diode Manufacturing

A Schottky diode is a two-terminal device composed of a metal semiconductor junction
that forms a barrier to the flow of electrons. The non-linear characteristics of the Schottky
diode provided by its junction barrier make the diode an important device for frequency
conversion, particularly in the terahertz band. Schottky diodes are reliable non-linear
components with good performance and frequency characteristics over the entire terahertz
frequency range. The high structural reliability and low (flicker, thermal and shot) noise
of Schottky diodes make them suitable for applications that require compact, rugged,
low-power and low-noise systems. Moreover, Schottky diodes have good temperature
stability and can work well at low temperatures as compared to other diodes (such as
silicon switching signal diodes).

The core of the Schottky diode is the metal semiconductor contact (the “Schottky
contact”) produced at the anode metal and semiconductor contact surface. Compared with
traditional whisker diodes, the high-dielectric materials and planar geometry of planar
diodes increase the parasitic effects, which deteriorates the high-frequency performance of
these diodes. However, planar Schottky diodes have the advantages of a stable structure,
easy planar integration and good consistency. In particular, the adoption of air bridge
technology has greatly reduced the parasitic parameters [33]. Figure 2 shows a scanning
electron micrograph of a planar Schottky diode with an air bridge structure that consists of
the mesa area, ohmic cathode, Schottky anode and interconnected metal formation.
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Figure 2. Scanning electron micrograph of a lithographically defined Schottky diode.

The photolithography process can adequately produce modern planar Schottky diodes;
planar diodes have good processing accuracy and process repeatability. For diode structure
fabrication, multiple photolithography processes are required. Some photolithography
layers have larger pattern sizes, while other layers have smaller pattern sizes. The process
level of these smaller pattern photolithography layers usually determines the device perfor-
mance and yield of the planar diodes; correspondingly, there is a critical layer that affects
the device operation. When developing a photolithography process for a new technology
node, the non-critical layer can be used with an older technology, while the critical layer can
be associated with a new process. As the core process in diode manufacturing, the quality
of the photolithography directly affects the performance. Especially in the terahertz band,
sub-micron or smaller-sized features are affected by the quality of the lithography process.

The basic process of photolithography can be divided into the following four steps, as
shown in Figure 3 and listed below.
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Figure 3. The basic process of lithography.

(1) In the first step, a photoresistance layer is spin-coated onto the surface of the wafer
and dried. Before spin coating, surface hydrophobization is used to improve the
adhesion of the wafer surface to the photoresistance layer, which involves vaporized
hexamethyldisilazane (HMDS, (CH3)3SiNHSi(CH3)3). HMDS replaces the hydrophilic
hydroxide radicals (OH−) on the wafer surface with hydrophobic OSi(CH3)3

− for
pre-treatment;

(2) In the second step, the dried wafer is exposed in a photolithography machine to
stimulate a photochemical reaction. With the development of photolithography
technology, the exposure method gradually progresses from a full-silicon exposure to
a step-and-repeat exposure and a step-and-scan exposure. The all-silicon 1:1 exposure
method is a simpler process and does not require a highly monochromatic light source.
However, due to its precision, the step exposure mode has become the de facto method
of fabrication due to its reduced magnification exposure mode.

(3) In the third step, the exposed wafer is baked for the second time in a post-exposure
baking (PEB) process. The photosensitive elements generated during the exposure
process are diffused during baking. The photoresist forms a latent image consistent
with the photoresist mask.

(4) Finally, the exposure pattern is developed via spraying or soaking in a developer
solution. The developer solution is generally a strong alkaline solution, such as tetra
methyl ammonium hydroxide (TMAH, (CH3)4NHO). The latent image is washed
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away by the developer and the mask pattern is displayed on the photoresistance layer.
Another baking cycle can be performed after development to remove the moisture in
the photoresistance layer.

During the design and fabrication of the diode, the material system and epitaxial
structure of the wafer are the primary considerations that determine performance. GaN-
based Schottky diodes can achieve a reverse breakdown voltage of 15 V, and this is useful for
high-power frequency multiplier circuits at frequencies of 100 GHz to 300 GHz. InP (indium
phosphide) Schottky diodes have a barrier height of 0.2 eV, which makes these devices
useful for high-sensitivity detectors. The performance of GaAs-based Schottky diodes falls
between the performance of GaN and InP diodes, while GaAs-based designs are the most
widely tested terahertz diodes. The diode fabrication technologies used for the different
substrate materials are slightly different based on the metal system, annealing temperature
and etching method. GaAs-based Schottky diode manufacturing steps are described as an
example to illustrate the diode manufacturing process. The diode manufacturing process is
mainly carried out in the following five steps.

(1) In the first step, the diode mesa is formed using etching technology (Figure 4b).
According to the diode design, the extra epitaxial part outside the mesa can be
removed by chemical etching or plasma etching. The chemical corrosion process
has the advantages of simplicity and low cost. However, isotropic etching using
solution can cause additional lateral corrosion. Plasma etching with anisotropic
etching characteristics is a good manufacturing technology for small-sized structures.
Chemical etching can directly use the photoresistance layer as a mask. Plasma etching
requires the deposition of a layer of oxide film with a high etching selectivity ratio to
serve as a mask; the mask is removed after the etching is completed.
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Figure 4. Schematic of the diode fabrication process for Schottky diodes. (a) Epitaxial preparation;
(b) Mesa etching; (c) Passivation; (d) Making ohmic contact; (e) Making Schottky contact; (f) Making
metal finger.

(2) The etching method of the diode mesa can be selected according to the design require-
ments. A thin dielectric film is deposited to achieve passivation of the semiconductor
material, as shown in Figure 4c. Depositing a dielectric film on the surface of the epi-
taxial layer can effectively protect the surface structure of the semiconductor material.
Meanwhile, the dielectric film around the anode can reduce the diode leakage effects
during circuit operation. Silicon oxide films and silicon nitride films are widely used
dielectric films for the diode manufacturing process. The thickness of the dielectric is
generally 1000 Å to 2000 Å, while the dielectric film is deposited by thermal oxida-
tion, chemical vapor deposition (CVD) and atomic layer deposition (ALD). Silicon
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oxide films and silicon nitride films are widely used electrolyte films in the diode
manufacturing process.

(3) The diode cathode ohmic contact is formed by etching and metal deposition, as shown
in Figure 4d. The ideal ohmic contact is an essential part of the diode. The specific
contact ohmic contact resistance Rc is expressed as:

Rc =
k sin(πkT)

A∗∗πqT
exp(

qϕBn
E00

) (1)

where ϕBn is the barrier height, E00 = q}
2

√
N

m∗εs
is the normalized doping concen-

tration, k is the Coulomb constant, T is the absolute temperature, q is the electron
charge magnitude, A is the cross-sectional area, } is the reduced Planck’s constant, N
is the impurity concentration and m∗ is the effective mass of the electrons and holes
(assumed to be approximately constant near the temperature T). The pi constant is π.
Since kT << E00, the field emission (FE) near the Fermi level plays a dominant role dur-
ing current transport and is associated with a pure tunneling process. A high doping
concentration and low barrier height are measures to achieve low ohmic resistance.
Using photolithography, the photoresistance layer on the surface of the epitaxial layer
appears in a sequence of grooves with the same morphology as the cathode metal. The
epitaxial layer at the grooves is removed using etching technology and a highly doped
(1 × 1018–1 × 1019 cm−3) buffer layer is deposited. The ohmic metal layer is using
atomic layer deposition (ALD) or radio frequency physical vapor deposition (RFPVD)
methods. Annealing can effectively reduce the work required to construct system
elements. The Ni/Ge/Au system is used to obtain ohmic contact resistance under
annealing conditions. The anode Schottky contact is achieved via metal deposition,
as shown in Figure 4e. There is a difference between the work function of the anode
metal of the Schottky diode and the Fermi energy of the epitaxial layer. This difference
forms a Schottky barrier at the contact surface, and this means the anode current of
the Schottky diode is mostly based on thermionic emission (TE). A low metal work
function and high epitaxial layer Fermi levels can reduce the height of the Schottky
barrier. The thickness of the metal forming the Schottky contact is generally selected
to be between 50 Å to 100 Å to obtain a relatively stable work function. Similar to the
production of ohmic metal, the photoresistance layer on the surface of the epitaxial
layer has grooves with the same morphology as the anode metal. The Ai/Pt/Au
metal system can form a Schottky barrier of 0.6 eV to 0.7 eV for the GaAs Schottky
diode. Note that the Schottky metal elements are made after the dielectric and ohmic
metal elements to avoid barrier reduction of the Schottky metal at high temperatures
associated with the process. This is a key breakthrough in ensuring the barrier height
of the Schottky junction.

(4) Finally, metal interconnection and pad production are achieved via electroplating,
as shown in Figure 4f. The electroplating process generally utilizes a double-layer
photoresistance stak. Both layers of photoresistance material have grooves with the
same topography as the electroplated metal. A plating seed layer such as Ti/Au
(titanium/gold) is deposited using the RFPVD method between two layers of pho-
toresistance material, and this provides an adequate current path for electroplating.
An accelerator, suppressor and leveler chemicals are often added to the electroplating
solution to improve the leveling of the electroplated metal. After the electroplating,
the photoresistance material and the seed layer are etched and removed, and the
desired pattern is obtained.

3. Diode Model

The core device that allows the frequency multiplication function of the frequency
multiplier circuit is the planar Schottky diode. Therefore, when designing the frequency
multiplier circuit, the diode must be accurately modeled. The accuracy of the model will
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directly affect the performance of the frequency multiplier circuit. The core role of the
planar Schottky diode is associated with the intrinsic non-linearity of this circuit element.
The parasitic parameters from the structure, packaging and assembly also have an effect
on the performance of the diode. Therefore, the modeling of Schottky diodes consists of
two parts: one part is the parasitic effect of Schottky diodes in the terahertz frequency
band, while the other part is associated with the intrinsic physics-based operation of the
Schottky diode.

3.1. Parasitic Models

For the modeling of the parasitic part, an equivalent circuit model is often used
in the microwave or lower-frequency bands. The equivalent circuit model establishes a
lumped parameter equivalent circuit by combining parasitic parameters with some intrinsic
parameters [34]. The parasitic capacitance between the anode pad and the cathode pad
is Cpp, and the parasitic capacitance between the mesa and the air bridge is Cfp. The total
parasitic capacitance is the sum of the parasitic capacitance of each part as Cptotal = Cpp + Cfp.
Lf and Rf are the parasitic capacitance and parasitic inductance introduced by the air bridge.
Rj is the Schottky junction resistance, Cj is the Schottky junction capacitance and Rs is the
series resistance. These three parameters represent the intrinsic parasitic contributions.
In addition, the parasitic inductances Lpad1 and Lpad2 and parasitic capacitances Cpad1 and
Cpad2 are also added as associated with the pads.

Although the equivalent circuit model considers the parasitic effects of the diode, this
method is limited by the measured frequency range of the diode in an actual functioning
remote sensing system. The operating frequency of diodes used in the terahertz frequency
band is often higher than the manufacturer’s test frequency range. Therefore, S-parameter
test data are often not available for reference. Moreover, the diode is always assembled
in a corresponding cavity structure, meaning the equivalent circuit does not take into
consideration the parasitic effects of the circuit assembly and cavity structure. Therefore,
in the terahertz frequency band, the equivalent circuit model is not completely accurate.
Quantifying the influence of the parasitic contributions to the circuit is necessary to explore
a more accurate, universal and reliable diode modeling method.

In 1996, Hesler and colleagues proposed a three-dimensional electromagnetic (3D-EM)
model of a diode when developing a terahertz harmonic mixer design [35]; the operating
physics are applicable to the design of a terahertz frequency multiplier. This modeling
method can be used to establish a three-dimensional (3D) electromagnetic model and asso-
ciated packaging structure related to parasitic contributions to the diode by using 3D-EM
simulation software, which involves appropriate characterization of internal and external
wave ports, the S-parameter response and characterization of the parasitic contributions
to the diode structure and associated circuits. The 3D-EM modeling method has high
accuracy, good universality for extension to other related circuit designs and is not limited
by theoretical frequency constraints. Therefore, the 3D-EM method is the most commonly
used method to characterize parasitic contributions during the design process.

The 3D structure of a planar Schottky diode is shown in Figure 5a. A 3D-EM model
can be used to establish an accurate three-dimensional model of the diode with respect to
the operating physics and can also be used to set reasonable internal ports at the Schottky
junction in the model. Taking the GaAs Schottky diode as an example, the composition
dictates the operating response. Since most of commercial 3D-EM field simulation software
cannot realistically simulate the doping of semiconductors, an approximate treatment must
be made for the buffer layer and epitaxial layer, whereby the heavily doped buffer layer
is set as an ideal conductor due to its higher conductivity, and the lightly doped epitaxial
layer is set as GaAs due to its lower conductivity.
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Figure 5. (a) A 3D structure model of a planar Schottky diode. (b) Schematic diagram of internal
wave port setting [35].

The Ansys High-Frequency Structure Simulator (HFSS) software that is often used for
high-speed designs does not support an internal wave port, so approximate assumptions
need to be considered to develop an equivalent model suitable for modeling. The anode
probe must be extended to the buffer layer and a coaxial-like wave port must be made
slightly larger than the anode column at the interface. The schematic diagram of an internal
wave port setting in 3D-EM modeling is shown in Figure 5b [35].

The coaxial probe port (Figure 6) not only simulates the linear part of the diode and
the parasitic effects, this port can also provide an interface to connect the linear parasitic
part and the non-linear inherent part. However, since only one port is set in the Schottky
junction, only the inherent model of the diode at one end can be embedded in the 3D-EM
model and the other end is connected to the ground. This model conflicts with the small-
signal model shown in Figure 1b, where the intrinsic model of the diode is connected in
series between the anode and cathode instead of being connected parallel to the ground.
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In order to solve this problem, our team proposed a new type of dual lumped port
technology (DLPT) adapted from an existing three-dimensional electromagnetic model [36].
This technology does not require the anode to penetrate the epitaxial layer; only two
adjacent rectangular sheets are set in the gap (epitaxial layer) between the anode and buffer
layer and the sheets are distributed as lumped ports. As shown in Figure 7a, the two
red rectangular regions represent dual lumped ports; the lumped port near the anode
represents the anode port and the lumped port near the buffer layer represents the cathode
port. Therefore, a relationship between the internal ports of the 3D-EM model and the
corresponding internal model ports (Figure 7b) is established. The inherent model of the
diode can be naturally embedded into the 3D-EM model, and the micro-coaxial path shown
in Figure 6 is no longer needed. The non-physical ground path is required by the MCPT
probe technology.

Using the proposed DLPT, a 110 GHz broadband tripler was designed, and the mea-
surement results were compared with the simulation results. This verified the accuracy of
the technology.
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3.2. Intrinsic Model

The intrinsic part of the Schottky diode is modeled in a traditional fashion by using an
equivalent SPICE (Simulation Program with Integrated Circuit Emphasis) model in ADS
(Advanced Design System) software. Although this method can adequately model the
non-linear region of Schottky diodes as the operating frequency increases, it is challenging
to consider effects associated with the diode structure at high frequencies; this includes
current saturation, electrothermal, edge and tunneling effects. Therefore, the accuracy of
this method is not adequate at higher frequencies and there is a need to also use other
modeling techniques.

As early as the 1990s, Kolberg et al. discovered a current saturation effect of Schottky
diodes [37]. When the input power to the diode structure increases in the terahertz band,
the series resistance of the structure will significantly increase. To verify these findings,
they designed a 160 GHz doubler circuit. The verification results showed that when the
input power is greater than 20 mW, the series resistance is three times the series resistance
of the structure measured at DC conditions; moreover, the simulation and measured results
were in good agreement.

In 2016, Diego Moro Melgar et al. applied one-dimensional (1D) drift diffusion and
two-dimensional (2D) Monte Carlo models in conjunction with the Harmonic Balance
Simulation Tool in ADS to accurately describe the electron transport process of diodes [38].
The researchers used a Monte Carlo method to simulate and analyze the sources of fringe
capacitance and determine the static capacitance of Schottky diodes, thereby establishing a
capacitance-voltage (C-V) model based on fringe effects and surface states. This method,
therefore, provides beneficial theoretical guidance for the design of terahertz frequency
multipliers [5].

In 2017, a previous report from our research group proposed a model of a Schottky bar-
rier diode that focuses on the non-linear junction capacitance at terahertz frequencies [39].
An equation that accurately describes the diode characteristics and simulates harmonic
balance was derived. The equation was embedded into the SDD (Symbolic Defined Device)
control in Atlas simulation software (Silvaco) (Figure 8). In the modeling process, accord-
ing to the actual physical structure and parameters of the diode, the materials, doping
concentrations (such as epitaxial doping 2 × 1017 cm−3) and doping methods are first
defined for different regions in the structure established in Atlas. Then, appropriate physi-
cal models should be chosen to simulate the carrier transport process, including mobility
models (CONMOB and FLDMOB), carrier recombination models (Shockley-Read-Hall), a
carrier statistical model (Boltzmann) and a collision ionization model (SELB). Finally, the
model was verified for a terahertz high-efficiency frequency 140 GHz doubler. The error
between the simulation results and the measured results was reduced by 60% compared to
traditional modeling methods.
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When the diode is operated at high power levels, it will inevitably generate heat, and
heat dissipation and transport in the presence of circuit elements will cause a difference
between the measured and modeled diode operation. Conducting research on the thermal
effect of diodes in 2011, Kiuru et al. proposed a method to extract the series resistance
and thermal resistance of Schottky diodes from S-parameters and I-V characterization
measurements. This method avoids the inaccuracy of parameter measurements caused
by the temperature rise of the anode junction. This model can more accurately extract the
thermal resistance and series resistance of the device under testing (DUT). In the same year,
Tang et al. published a study that researched transient and steady-state thermal analyses of
planar Schottky diodes at high power [40]. With respect to the method proposed by Tang
and colleagues, the thermal model equation is solved using three-dimensional finite element
(FE) methods, the temperature-related material characteristics are obtained from the model,
and the steady-state and transient thermal characteristics of the frequency multiplier circuit
are analyzed. This provides useful information suitable for circuit reliability applications
and high-power circuit design and optimization.

In 2014, Carlos et al. [41] conducted a study on the electric heating effect of diode
elements. An electrothermal model was linked with a circuit simulator involving harmonic
balance technology, thereby providing a tool for designing and analyzing planar Schottky
diodes. The authors used a 200 GHz doubler as an example, and by comparing the previous
simulation results with actual measurement results, they found an increase in accuracy
after thermal effects were considered.

In 2020, Orfao and colleagues analyzed the surface charge effect and fringe capacitance
of a planar Schottky diode using a Monte Carlo simulator. The fringe effect parameter
β was influenced by the existence of the surface charge on the semiconductor–dielectric
interface σ. Subsequent analysis of Schottky diodes within the context of the study found
that the edge capacitance effect can be minimized by reducing the value of the lateral
extension length of the epitaxial layer. This discovery provided a foundation for improving
the performance and power capability of the frequency multiplier [42].

A large amount of research has been performed on the modeling of the Schottky diode.
With an increase in operating frequency, the required size of the Schottky diode decreases,
and the influence of high-frequency effects on the charge carrier transport process becomes
more significant in the design. Physical-based models using drift diffusion or Monte
Carlo simulation can accurately describe the behavior of charge carriers at terahertz band
frequencies. As the input power increases, an accurate diode model is only achieved when
thermal effects are taken into consideration.
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In 2021, our group conducted research on an electro-thermal model of the Schottky
barrier diode [43]. Using electromagnetic heating multi-physics and coupling heat and
electrical current transfer models, we examined the temperature and electrical current
distributions of the Schottky diode with respect to different electrical power inputs. The
overall temperature distribution of a six-anode Schottky diode is shown by Figure 9.
Changes in temperature over the entire structure area are concentrated near the Schottky
barrier, which is the region with the most obvious non-linear effects. The current density
mode and surface current distribution of the diode anode (excluding the insulating layer
and the epitaxial layer) are shown in Figure 10. Most of the electrical current in the diode
structure is mainly distributed near the Schottky barrier, where the current flows from the
buffer layer to the adjacent ohmic contact. For electrical current heat transfer, the electrical
potential and material conductivity in the epitaxial layer of the diode were only used to
calculate the power dissipated by the diode structure to determine the effect of dissipated
power on diode self-heating. This indicates that the modeled electrical current density of
the diode is not equal to the actual current passing through the diode.
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Considering the synergistic influence of the temperature, saturation current and series
resistance of the diode, here a diode SDD model with self-heating effects is constructed
by defining the current and voltage at the input and output ports. The SDD self-heating
model includes a temperature-dependent saturation current, the thermal resistance related
to the dissipation power, the junction temperature related to the dissipation power and
thermal resistance, the dissipation power related to the port current and port voltages.
Compared with the diode SPICE model consisting of constant parameters, the current
saturation phenomenon is demonstrated by the diode SDD model, and this validates the
physical–electro-thermal diode model. Utilizing an electro-thermal model of a Schottky
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diode based on self-heating effects provides the means for the design and optimization of
the Schottky barrier diode and terahertz frequency doubler.

4. Design Methodology of Frequency Multipliers

The adequate design of terahertz frequency multipliers relies on 3D field simulation
software and circuit simulation software for electrical field and circuit optimization. As-
sociated with the exploration of the design parameter space, there are three main design
methods for terahertz frequency multipliers: the sub-division design method (SDM) based
on optimizing the unit circuit design the global design method (GDM) based on optimizing
the overall circuit performance and the half-sub-division and half-global design method
(HS-HGDM), which provides design trade-offs and eliminates redundant parameters.

The SDM is a more traditional design method. The basic idea is to decompose the
circuit structure into models of several sub-circuits with specific functions, which include
input and output probe transition structures, an RF filter structure, a bias filter structure
and a diode model structure. Then, 3D electrical field simulation software (such as HFSS)
is used to design each sub-circuit, and the S parameters of each sub-circuit associated with
the optimal design are exported to the circuit simulation software (such as ADS) in the
form of a design file (SNP file). Combined with the diode intrinsic SPICE parameters, an
overall harmonic balance simulation circuit for frequency multipliers can be designed. The
input and output matching design are executed using an ideal transmission line model in
ADS. After attaining the overall performance goals, the matching structure is substituted to
HFSS, and associated S-parameters are derived in ADS for design verification. Finally, all
sub-circuits, matching structures and diode structures are combined to form the frequency
multiplier, and the associated S-parameters are derived and verified in ADS. During the
SDM process, it is necessary to switch repeatedly between the ADS and HFSS software to
achieve optimized frequency performance in the design.

The GDM is a more flexible design method that is suitable for frequency mixers and
multipliers [44]. Differing from the SDM described above, the GDM does not design the
sub-circuit structures separately, but further decomposes the sub-circuit structures into
smaller transmission line units, which include the waveguide, microstrip, step, short-circuit
and surface features. After utilizing a field simulation software such as HFSS to extract
parameters, the model is rebuilt in the ADS software and the overall harmonic balance
simulation and optimization of the frequency multiplication circuit design are performed.
Finally, the overall model is obtained from the combination of the sub-circuits and is
verified as a whole. The flow of the GDM design method is shown in Figure 11.

The steps and end goal of the SDM are easy to understand and implement, but this
method considers the simulation time in the design process; moreover, the optimization
space is limited so the final design is not optimal. In contrast, the GDM is not limited to the
optimization of sub-circuits; frequency multipliers are associated with simpler transmission
line units, and this greatly expands the number of variables and the optimization space.
However, although the GDM expands the optimization space, the GDM design process also
contributes other issues to the overall design, including variable redundancy. Moreover,
some less-important structures are decomposed, and this can result in many redundant
variables and a concomitant increase in the calculation and computer processing time
required to achieve a viable and efficient design.

To mitigate this design issue, a comprehensive design method (HS-HGDM) combining
SDM and GDM was proposed in our previous work [45,46]. The guiding ideology of
HS-HGDM is to adopt the GDM for certain circuit structures and the SDM for other circuit
structures (Figure 11). For example, the SDM is used for the design of biased filter parts
associated with the frequency multipliers, while the GDM is used for the design of circuit
transitions between elements and impedance matching. For practical uses, the HS-HGDM
has been demonstrated successfully in the design of various frequency multipliers and
mixers; the method demonstrates a good balance between controlling the number of
variables and expanding the optimization space [47,48].
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Figure 11. (a) SDM method based on circuit units and (b) GDM method based on transmission line
(TL) units.

5. The Development of Terahertz Frequency Multipliers

Research associated with terahertz frequency multipliers closely follows the progress
of semiconductor technology. Research on whisker-type Schottky diodes was performed
in the 1970s; by the 1990s, planar Schottky diodes appeared and were widely utilized
due to their high reliability, easy integration and good consistency with respect to the
manufacturing process. These advantages meant wthe whisker-type as gradually replaced
diode with the planar-type diode. Combined with hybrid integrated circuit technology, the
planar Schottky diode became the mainstream terahertz frequency multiplier technology.
After the year 2000, with the development and improvement of new materials and new
processes, monolithic microwave integration technology (MMIC) became an important
research direction.

The research institutions working on terahertz frequency multipliers include JPL
(Jet Propulsion Laboratory) and VDI (Virginia Diodes) in the United States; Teratech in
the United Kingdom; Chalmers University of Technology in Sweden; ACST (GmbH) in
Germany; the Paris Observatory of France; and some scientific research institutes in China,
including Southeast University, University of Electronic Science and Technology of China
(UESTC), China Academy of Engineering Physics and the Hebei Semiconductor Research
Institute, among others.

For the development of terahertz multipliers, different technologies and approaches
have been proposed for achieving higher frequencies and more powerful output responses.
Porterfield, Erickson and colleagues at JPL proposed a balanced doubler structure [49],
whereby the diodes in an anti-series configuration are placed at a junction between a
waveguide and suspended microstrip to provide mode isolation. This structure has been
frequently used to design frequency doublers operating at frequencies spanning millimeter
waves to 1.5 THz [50–53]. For greater output power, a series of power-combined doublers
have been proposed and demonstrated [30,54–59]. In 2018, Siles et al. designed and manu-
factured a 510 to 560 GHz GaAs Schottky diode power-combined frequency multiplier [59],
with an output peak power of 30 mW. Compared with the previously reported frequency
doubling technology in the same frequency band, this novel design increases the output
source signal by nearly 10 times and the conversion efficiency is 8–9%. The tripler exhibits
power synthesis technology and an improved epitaxial structure, and consequently the
power processing capacity is significantly improved. The power synthesis technology
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is significantly different from the previous methods of power synthesis using discrete
chip (IC, integrated circuit) technologies, since the power synthesis is achieved by directly
combining two output signals on a single chip; this allows better control of the amplitude,
phase consistency and symmetry of the synthesis circuit. Such broadband high-power
terahertz sources can operate at room temperatures and can also be used as the receiver
and local oscillator for terahertz imaging and communication systems.

When operating at a high input power, circuit self-heating effects should be consid-
ered, and different modeling methods have been proposed to characterize the temperature
rise in the diode structure. These methods include transient current measurements [60], a
thermal resistance matrix approach [40] and a physical electro-thermal model [41]. These
approaches allow for efficient and stable modeling and prediction of frequency multipliers
at high operating temperatures using a harmonic balance simulator. For efficient substrate
heat conduction, some substrates with good thermal conductivity have been adopted to
increase the heat dissipation capacity of frequency multiplier designs; these substates
include AlN (aluminum nitride) [61,62] and a diamond heat spreader [63,64]. The Ruther-
ford Appleton Laboratory (RAL) used substrate transfer technology to transfer a GaAs
Schottky varactor to an AlN substrate, and this improved the heat dissipation capacity of
the circuit [65]. A 320 GHz frequency multiplier designed by researchers at the RAL. The
beam lead technology in the circuit provides the grounding for the diode and also serves as
the support for the chip. The output power of the frequency multiplier is ~2 mW between
305 GHz to 340 GHz, while the maximum efficiency at 320 GHz is 13.6%.

Traditionally, many frequency multipliers have been designed using GaAs technology.
However, GaN material has a wider forbidden width, and this is associated with the higher
breakdown voltage and higher power-handling capability. Therefore, various research
studies have been associated with the design and production of GaN-based frequency mul-
tipliers [31,66–68]. In 2016, Viegas and colleagues designed and manufactured a 160 GHz
two-octave device based on a Schottky diode with four anode anti-series structures [69].
The frequency doubler has three ports: an input, output and DC bias port. The reverse
short circuit structure at the input is used to suppress the dominant waveguide mode TE10
and the height-reducing waveguide structure is used at the input to suppress waveguide
mode TM11. This doubler is used an AlN substrate to provide better heat conduction within
the structure. A peak output power of 35 mW has been achieved by the AlN substrate
doubler with a 150 mW input power and 23% conversion efficiency.

The design of frequency multipliers requires Schottky diodes and associated passive
circuit elements, including waveguide-to-microstrip transitions, impedance matching cir-
cuits and filters. If each sub-circuit is designed separately, the whole circuit may be larger
than required and less efficient. Therefore, designing a frequency multiplier as one cohesive
structure is a good way to alleviate certain challenges during design parameter optimiza-
tion. In 2013, Guo and colleagues designed a 135 GHz to 150 GHz frequency tripler [70]
based on Schottky diodes designed as waveguide resonant filters. In the overall frequency
tripler structure, the input signal and output signal of the diode part pass through the input
and output probes with waveguide resonant filter structures. Therefore, the corresponding
impedance matching is achieved within the filter part, and the conversion from higher-loss
planar transmission to a lower-loss high-Q waveguide is achieved. In this design, the reso-
nant waveguide provides filtering, impedance matching and a microstrip-to-waveguide
transition. Moreover, the frequency tripler has an unbiased circuit structure, which is more
popular for practical use.

The HBV is an important device used to generate terahertz waves. The device has
odd harmonics due to having a symmetric C-V curve and anti-symmetric I-V curve [24]. A
monolithic HBV-based tripler [26] was demonstrated with a 31 mW peak output power
at 282 GHz, and a corresponding minimum conversion loss of 11.6 dB was achieved. The
thermal resistance and electrical impedance of the HBV diode were assessed using 3-D
FEM simulations (COMSOL Multiphysics) and experimental extraction through DC and
S-parameter measurements.
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From the perspective of circuit implementation, terahertz monolithic integrated cir-
cuits (TMICs) have good process manufacturing consistency compared with hybrid in-
tegrated circuits (HIC), thereby avoiding errors associated with manual assembly. At
present, the TMIC is nominally utilized for the design of terahertz devices due to the high
manufacturing accuracy. Table 1 gives a performance summary and comparison between
the state-of-the-art frequency multipliers developed with Schottky diodes and HBVs.

Table 1. Performance summary and comparison between state-of-the-art frequency multipliers.

Ref. Freq. (GHz) Harmonic Pin (mW) Peak Pout (mW) Effi. (%) FBW (%) Device

[25] 113 ×3 1300 200 15 1.5 HBVs

[26] 282 ×3 50–500 31 ~7 ~8.8 HBVs

[50] 135–190 ×2 30–174 17.8 4–8 33.8 GaAs SBDs

[51] 165–200 ×2 150–250 ~100 40 20 GaAs SBDs

[59] 510–560 ×3 350–400 30 8–9 11.3 GaAs SBDs

[65] 305–340 ×2 15–33 3.5 ~13.6 10.9 GaAs SBDs

[66] 177–183 ×2 2000 200–244 9.5–11.8 3.3 GaN SBDs

[69] 150–170 ×2 100–150 35 ~25 10 GaAs SBDs

[70] 135–150 ×3 50–70 3 3.9–4.9 10.5 GaAs SBDs

Using the proposed power-combined technology, the frequency multiplier devised by
JPL achieves an output power up to ten times the output power of associated counterparts
designed by other institutes [71]. Ref. [71] has summarized the power outputs of frequency
multiplication sources at the time of publication (2018).

The trend summarized in [71] shows that as the output frequency increases, the
output power decreases, although there is a research trend to increase the conversion
efficiency and output power at higher frequencies. At present, frequency multiplication
sources at lower frequency bands can be sufficient for many designs; indeed, frequency
multiplication sources are readily available at frequencies above 1 THz. However, the
output power of a terahertz source has a low magnitude, so this is still an active area of
research. Compared with a frequency multiplier containing a hybrid integrated structure,
the use of a monolithic integrated frequency multiplier in a design can reduce the circuit
error and improve the output efficiency. A corresponding thin film process and substrate-
free process can also help to reduce transmission loss and improve the conversion efficiency.
This is the preferred process technology for the design and fabrication of terahertz frequency
multipliers. Moreover, accurate modeling of the design can improve the consistency
between simulation and actual circuit tests, providing an effective way to improve the
output power of the system.

6. Terahertz Remote Sensing System

This section introduces several classic remote sensing systems involving in concealed
weapons detection, space debris warning systems and atmospheric or planetary sensing.
Following this, a novel 220 GHz remote sensing system for stand-off imaging applications
developed by our group based on the use of frequency multipliers is reported, whereby a
110 GHz LO (local oscillator) driven chain and 220 GHz frequency triplers for a transmitting
chain are introduced to the design methodology.

6.1. Remote Sensing Applications

The first terahertz remote sensing system to be introduced was the imaging system
developed by the Jet Propulsion Laboratory (JPL) of NASA (USA) with radar ranging
capability in the terahertz wave band [72]. Frequency modulation is performed using a K-
band synthesizer of a single-phase prime 630 GHz scanning vector imager associated with
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distortion compensation technology. In the heterodyne receiver associated with the system,
the terahertz transmitting source and terahertz local oscillator source are provided by a
frequency-doubling chain composed of W-band MMIC (monolithic microwave integrated
circuit) power amplifier modules and frequency multipliers. The signal source of the vector
measurement system uses a ×36 octave chain and second harmonic down-conversion
mixer. Both the signal source and local oscillator generate a signal with a tuning range
of 14 GHz to 18 GHz with a pair of microwave synthesizer modules; the signal is then
amplified through an MMIC amplifier after passing through a ×6 frequency multiplier.
The acquisition of a 600 GHz terahertz source is achieved through a 6-octave chain. Finally,
the 630 GHz single-pixel scanned imaging system achieves a range resolution of ~2 cm at a
4 m distance.

In 2010, the Northwest Pacific Laboratory developed a 350 GHz radar system with
active, broadband and three-dimensional imaging; they also proposed a high-performance
heterodyne receiver coupled with near-diffraction quasi-optical focusing and scanning [73].
The experimental radar system consisted of a transceiver, scanner, quasi-optical focusing
system and data acquisition system. The transceiver involved frequency conversion tech-
nology composed of a frequency multiplier based on Schottky diode technology and a
mixer. When transmitting a terahertz RF signal, the signal is generated by the oscillator
and converted into a 14.38 GHz to 14.78 GHz microwave sweep signal via up-conversion;
the resulting signal is then amplified 24 times through a frequency-doubling transmission
chain and converted into a 345.2 GHz to 354.8 GHz terahertz signal for transmission. When
receiving the signal, the mixer at the front end of the receiver is a second harmonic mixer.
The frequency doubling chain is required to provide the local oscillator signal for the mixer
at the front end of the receiver. This down-converts the received terahertz RF signal into an
IF (intermediate frequency) signal, and this is convenient for subsequent subsystems, since
the signal can then be digitized and processed at a lower sampling rate.

Terahertz technology also has important applications in space and atmospheric sens-
ing [74]. In 2004, NASA (United States) launched the Aura satellite for earth observation,
and two polarized 2.5 THz radiometers were used for detection instruments. In 2007, the
European Space Agency (ESA) produced a heterodyne spectrometer and edge detection
was used to detect gas components. In 2017, NASA launched IceCube (Earth-1 spacecraft),
an experimental 3U cube satellite used to observe fine particles forming ice clouds. At
the same time, in China additional research was conducted related to terahertz radiome-
ters, including a satellite-borne terahertz radiometer deployed on the FY-3 polar orbiting
meteorological satellite and a microwave radiometer deployed on the FY-4 geostationary
orbit satellite.

6.2. Development of a 220 GHz Imaging System

This section focuses on the development of a 220 GHz imaging system by our group.
Based on previous work [75], a new 110 GHz frequency tripler with a waveguide-to-
microstrip inline transition based on a wedge waveguide iris is introduced here. The
overall circuit structure is shown in Figure 12. The fundamental wave is input from a
2.92 mm K-connector and passes through input matching, low-pass filter, diode output
matching and output probe phases. The standard rectangular waveguide (WR8) is selected
as the output waveguide.
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The diode selected for 110 GHz frequency doubling is the double flip-chip Schottky
diode DBES105a (UMS, United Monolithic Semiconductors), forming a balanced frequency
doubling circuit. The frequency doubling circuit only produces odd harmonics and inhibits



Remote Sens. 2022, 14, 2486 18 of 26

even harmonics. Therefore, in the overall circuit, the design of the filter can be omitted
to simplify the circuit structure. To prevent the third harmonic signal from leaking to the
input port, a low-pass filter for suppressing the third harmonic was designed. The greatest
difference between the traditional 110 GHz frequency multiplier and our work [75] is the
probe structure. The selected probe structure is a new waveguide-to-microstrip inline
transition structure. An ultra-compact U-shaped curved waveguide is formed using a
wedge-shaped waveguide iris. The wedge-shaped waveguide iris not only serves as the
wide wall of the heightening waveguide of the E-plane probe, but also plays a role in
impedance matching and parasitic resonance suppression. At the same time, the microstrip
circuit and output waveguide of the frequency multiplier based on the new probe structure
are in a straight line; this makes the circuit structure more compact, and the final tripler is
thereby more convenient for test installation and connection.

After the passive structure design was completed, a frequency tripler circuit structure
was designed using ADS software. The SNP design file from the HFSS software was
imported into the corresponding circuit structure and a SPICE model was devised for the
simulation. By inputting the parameters of the dual flip chip Schottky diode DBES105a
into the SPICE model, the input and output matching structures were simulated and
optimized. The optimization objectives were the frequency conversion loss, return loss and
output power.

When the 110 GHz triple frequency simulation reached the level of performance
required for the engineering design, the circuit was physically assembled. The final test
result indicated that when a signal with a power of 100 mW was used to drive the 110 GHz
frequency tripler, the average output power in the 90 GHz to 120 GHz frequency band was
3.2 mW, the peak output power was 3.67 mW, and the corresponding conversion efficiency
was 2.5–3.6%. Figure 13 shows the physical processing block and measured results of the
output power.
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Figure 13. (a) The physical processing block and (b) measured conversion efficiency of 110 GHz
frequency tripler with input power of 100 mW [75].

The 220 GHz frequency multiplier was designed using an unbalanced circuit topology
(Figure 14). The frequency multiplier consists of E-face opening input and output standard
copper waveguides, suspended microstrip lines, GaAS Schottky varactor chips and DC
bias filters connected by bonding wires. The die is a flip chip placed on a 50-µm-thick
quartz substrate. Four anodes of the die are arranged in anti-series for higher power
output capacity.

When designing the entire frequency multiplier circuit, the SDM method introduced
in Section 4 was adopted. First, the HFSS software was used to simulate the linear part
of the frequency tripler. Passive circuits in the design include input probe transition
elements, an input low-pass filter, a DC-bias low-pass filter and an output probe transition.
When designing the transition structure of the input probe, the input waveguide was
appropriately widened to facilitate input matching and to shorten the length of the quartz
substrate. To suppress the output of the second harmonic, the output waveguide was
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reduced in width. The input low-pass filter was used to suppress the propagation of
the second and third harmonics generated by the diode and to allow the propagation of
the fundamental input wave signal to successive stages. After the HFSS software was
used to simulate different parts of the model, simulation results were exported as SNP
files. The SNP files were imported into the ADS circuit simulation software, where the
transmission line impedance was modified around the diode model to provide for input
and output matching. Additionally, the bias voltage of the diode was adjusted. Since there
is no physically accurate model of the suspended microstrip line in ADS software, the
impedance and phase characteristics of the suspended microstrip line were replaced by an
ideal circuit transmission line as an approximation. The impedance step change associated
with the suspended microstrip line was represented by a physically accurate model and
solved using 3D-EM simulation software (Figure 15).
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After completing the design, the tripler was fabricated and measured. The final assem-
bled 220 GHz tripler is shown in Figure 16, with dimensions of 28 mm × 24 mm × 22 mm.
The tripler was measured using a W-band power module as an input and an Erickson
PM4 mm wave/sub-mm wave power meter. The maximum output power in the output
frequency range of 200 GHz to 240 GHz was measured to be 3.5 mW, while the minimum
frequency multiplication loss was ~15.0 dB from a 120 mW signal input (Figure 17).

Using the novel terahertz frequency multipliers working at 110 GHz and 220 GHz and
a sub-harmonic mixer at 220 GHz with planar Schottky diode technology, a remote sensing
front end was developed (Figure 18). For the transmitter channel, the final output power
should be reached at around 4 dBm in the 200–240 GHz band for a 5 m detection range
according to the radar principle. If the gain of the amplifier is assumed to be 15 dB and the
insertion loss of the filter is 1 dB, then the output power of the 220 GHz tripler needs to reach
−12 dBm. The transmitter front end is composed of a × 2 × 3 × 3 multiplication chain,
whereas the low-frequency amplification and frequency multiplier segments were con-
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structed using commercially available ICs. The last frequency tripler is the 220 GHz tripler
developed with four-anode Schottky diodes that converts the 73.3 GHz signal provided
by the low-frequency multiplication chain to a 220 GHz signal with a conversion loss of
~14 dB. The PA (power amplifier) was developed with an InP HBT (indium phosphide
heterojunction bipolar transistor) 0.25 µm processor, and this amplifier exhibits a gain of
18 dB and a saturation output power of 5 dBm in a flip-substrate technique package [76]. Fi-
nally, the generated FMCW (frequency-modulated continuous wave) 200 GHz to 240 GHz
terahertz signal is radiated into the air by a horn antenna.
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The receiver front end is composed of a LO (local oscillator) × 3 × 3 frequency
multiplication chain generating a 110 GHz signal with an output power of 3 mW; this
includes the 110 GHz tripler developed using Schottky diodes (Section 5). The 110 GHz
tripler was used to drive the 220 GHz sub-harmonic mixer. The reflected terahertz signal
was received through a horn antenna followed by a low-noise amplifier (LNA) to amplify
the signal amplitude, with an average gain of 16 dB. After filtering with a bandpass filter
(insertion loss of 1 dB), the signal is injected into a sub-harmonic mixer and down-converted
to an IF (intermediate frequency, 1–3 GHz) signal with a SSB (single sideband) of 9–10 dB.
Finally, the IF signal is processed by a baseband platform that includes digitization.

The final established 200 GHz to 240 GHz FMCW terahertz transceiver imaging
front end is shown in Figure 19. Figure 19a shows the 220 GHz frequency multiplier
transmitter chain, delivering a 200 GHz to 240 GHz FMCW signal through an 18-times
frequency multiplication and amplification chain. Figure 19b shows the 220 GHz receiver
composed of a 110 GHz LO chain, 220 GHz sub-harmonic mixer, filters and 220 GHz LNA
(low-noise amplifier).
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Figure 19. Photograph of the fabricated 200–240 GHz remote sensing system for imaging applications:
(a) transmitter channel; (b) receiver channel.

The 220 GHz transmitter and receiver were characterized and tested separately before
combining the transmitter and receiver into an imaging sensor system. The transmitter
delivers an output power of 5.2 dBm across a 200 GHz to 236 GHz range, with a peak output
power of 6.5 dBm at 223 GHz (Figure 20). The mixer and LNA were characterized using
the Y-factor method and found to exhibit noise temperatures of 2958 K for the mixer and
924 K for the LNA. When the IF of the mixer was fixed to 1 GHz with a sweep source and
LO frequencies, an average 7.1 dB double-sideband (DSB) conversion gain was measured
for the receiver between 200 GHz and 240 GHz, while the maximum conversion gain was
9.7 dB (Figure 21).

To evaluate the effectiveness of the 220 GHz FMCW remote sensing system, a prelimi-
nary test platform was built, and a block diagram of the platform is provided in Figure 22.
The transmitted initial signal (11.4 GHz to 12.1 GHz) was generated by a direct digital
synthesizer (DDS) chip, then the generated signal was multiplied 18 times to the 205.2 GHz
to 217.8 GHz range and radiated into the air using a horn antenna. A secondary reflec-
tion mirror was used to focus the THz beam to obtain an image. A person held a 40 cm
by 25 cm metal plate in front of their chest and stood 5 m away from the horn antenna
(Figure 23). The reflected signal detected by the received antenna was converted into an IF
signal and digitized using a custom-designed digital signal process (DSP) subsystem. As
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shown in Figure 23, the image of the 220 GHz remote sensing system in the spatial vicinity
of the metal plate shows a significant brightness difference between the metal plate, the
surrounding clothing and human body tissue.
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7. Conclusions

This paper reviews the development of Schottky-based terahertz frequency multipliers
for a terahertz remote sensing system. The review includes diode manufacturing, circuit
modeling, design methodology and circuit integration in a remote sensing system. Different
technologies and approaches related to material and circuit topology were proposed and
verified to obtain a high output power and high-frequency operation for an application
circuit and associated remote sensing system. Models associated with 3-D EM, electro-
thermal and electrical drift–diffusion processes helped to improve the accuracy when
characterizing the parasitic and intrinsic aspects of Schottky diodes in the terahertz band.
Several classic terahertz remote sensing systems were reviewed. A 220 GHz remote sensing
system established using our novel frequency multipliers was also introduced as well.
These technologies and innovations can support the engineering development of terahertz
multipliers and promote the practical application of terahertz technology in remote sensing,
high-speed communication and radio astronomy.
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