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Abstract . This paper introduces two designs of balanced frequency triplers in 0. 68 THz and 1. 00 THz bands. The
proposed triplers are based on discrete antiparallel Schottky diodes and quartz glass instead of terahertz integrated
circuit. The merits of this work are attributed to the improvement of the diode model, the thinned quartz glass film
and the machining accuracy of the waveguide. The improved LEC diode model considers not only the current-volt-
age (I/V) and capacitance-voltage ( C/V) but also plasma resonance and skin effect. The quartz glass film is
thinned to 15um and can be used for up to 1.2 THz. The machining accuracy of the waveguide is ( +3) pm for
terahertz applications with channel size 60 pm. The measurement shows a peak output power above 160 uW and 60
wW for the 0.68 THz and 1. 00 THz triplers, respectively. Moreover, the efficiencies of the 0. 68 THz and 1. 00
THz triplers are around 1% and 0. 6% correspondingly. The output frequency bandwidths are both more than
10% .
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important for these applications'*®’

The terahertz source is very
Certain integrated

Terahertz spectrum has numerous applications in
medicine identifications, astronomy, security, Earth’s
thermosphere, ionosphere measurement systems, and
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sources are based on InP HEMT'®' and SiGe HBT'"’.
Other solid-state devices including resonant tunneling
diodes (RTDs) " and heterostructure barrier varactors
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(HBVs) ™| for generating terahertz radiation have also
been published. Compared with other high-frequency
sources, Schottky diode based frequency multipliers
maintain excellent signal quality, tunability, and stability
simultaneously. Therefore, they are widely used as a lo-
cal oscillator for ground-based radio astronomical receiv-
ers and vector network analyzer ( VNA) frequency ex-
tenders """ ; their output power is less than 1 mW at a-
round 1. 00 THz band and the bandwidth is less
10% .

There are two ways to realize the Schottky diode-
based circuits, THz-MICs, and THz-DCs ( discrete cir-
cuits). THz-MIC is the main technical solution over 500
GHz, while the THz-discrete circuit is more popular be-
low 300 GHz. THz-MICs ease chip assembly with an in-
crease in cost, and the circuit based on discrete diodes,
with design flexibility, is much cheaper. However, it de-
mands good fault-tolerance circuit design and high as-
sembly accuracy.

In this work, two frequency triplers are designed
based on a discrete circuit, and the analysis on improved
diode model, thinned quartz glass film, metal
waveguide, and especially assembly process are demon-
strated. It is proved that the discrete circuit and LEC
model can be used up to 1.00 THz.

In this paper, several parts including modeling
Schottky diodes, analysis of circuit theory, circuit’ s to-
pology design and simulation, measurement of the mod-
ules, and conclusions, are organized sequence.

1 Modeling Schottky diodes

Schottky diode model is very important for circuit
design. There are mainly five kinds of models in the lit-
erature, including LEC model, drift-diffusion ( DD )
model, Hydro-energy transport ( HD) model, Monte
Carlo (MC) model and Quantum Kinetic model "'

The tripler uses one discrete Schottky diode chip,
with two junctions in antiparallel. The main parameters
of the diodes are extracted from the I-V and C-V curves.
The model includes two parts; 3D model with coaxial
probe shown in Fig. 1(a) and nonlinear LEC junction
model shown in Fig. 1 (b). Nonlinear LEC junction
model includes Schottky diode junction, undepleted epi-
layer, and GaAs N + substrate. The main parameters of
the Schottky diode junction are presented in Table 1.
The values of the parts include epi-layer, N + substrate,
and Ohmic contact. They can be calculated from the ma-
terial parameters and device size "'.

Table 1 Two varistor diodes in anti-parallel configuration
x1 EEFTEMTE-_RESH
Vy/V I /A R/Q) n C/IF C e/ fF
0.69 9.1le -15 28 1.12 1.0 0.3

The simulation model in the circuit comprises of two
parts : nonlinear junction and 3D EM model. The 3D EM
simulation software (like Ansys HFSS) exports the SNP
file. The SNP file and nonlinear junctions in the HB sim-
ulation software (like ADS) make the final circuit mod-
el. Figures 2-3 show comparison of simulation and model
results.
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Fig.1 (a) Structure of Schottky junction and the coaxial
probe, (b) lumped model for single Schottky junction from
I/V, C/V, and high frequency behavior
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The diode parameters extracted from the measured I-
V and C-V curve are junction capacitance Cj,, series re-

sistance Ry, saturated current I, ideality factor n, bar-

rier height V;, and reverse breakdown voltage V, . As
shown in Fig. 1(a), a coaxial probe is inserted in the 3D
model to replace the nonlinear Schottky junction as de-
scribed in Ref. [ 11]. The Schottky lumped element
model shown in Fig. 1 (b) considers plasma resonance,
skin effect, leakage effect, and undepleted epi layer

effect .
2 Analysis of circuit theory

2.1 Theory of the balanced tripler

Figure 4 shows the balanced tripler circuit based on
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The two diodes are placed be-
In Fig. 4, V.,V

m out
represent the voltage and instantaneous cur-

the anti-parallel diodes.
tween the input and output ports.
i, and i,

rent of the input and output signal respectively, where i,
is the instantaneous current flowing through the diodes.

loul

dg §z+

Fig.4 The balanced frequency tripler circuit

K4 S = A A

The current-volitage ( I/V) characteristic of the
Schottky barrier junctions is shown by Eq. 1.
i = L[ 1] 0
i =—I[e™ —1] ’
where [ is the reversed saturation current; a = q¢/nkT,
and n is the ideality factor, a parameter that accounts the
junction non-ideality. % is Boltzmann constant, T means
the diode working temperature and ¢ is an electrical
charge. Then, the output current can be derived as
Eq. 2.
bow = U + 1y . (2)
According to the analysis in Ref. [17],
current can be expressed as Eq. 3.

i, =4I [I,aV.cosw t + LaV.cos3w.t + -] ,(3)
where w_ is the fundamental frequency and I, means am-
plitude value of n-th harmonic signal. V_ is the value of
input single. As Eq. 3 shows, the output currents con-
tain only the odd harmonics, including fundamental.

2.2 Theoretical simulation of tripler

The efficiency of a Schottky varistor frequency trip-
ler is determined by the diode non-linearity driven pow-
er, input power, diode biasing voltage, and the embed-
ding impedances at the fundamental and harmonic fre-
quencies. In the ideal resistive mode, the tripler effi-
ciency remains below 6% (n,,. =n"").

the output

In reality, the

o
Term Term
Z out3 Z out 2 Z out 1

Fig.5 Theoretical simulation diagram in the HB simulator
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efficiency of the frequency multipliers declines rapidly
with increasing output frequency and the multiplication
factor. It is necessary to use harmonic tools to simulate
the balanced tripler for an effective circuit structure. Fig-
ure 5 shows the theoretical simulation diagram, the BPFs
(band pass filters) control the output harmonics frequen-
cy, and the terms control the impedance matching of cor-
responding harmonics. The simulation shows that there
are no 2" or 4" harmonic frequencies. Theoretical effi-
ciency component of the thripler is up to 2. 5% in 0. 68
THz bands, and 1.7% in 1.00 THz bands. The simula-

tion results are show in Figs.9 and 11.
3 Topology design and simulation

In 1990, Erickson established some successful ar-
chitectures for both doublers and triplers, including the
main topology of the balanced circuit and unbalanced cir-
cuit. Many works of literature have reported such archi-
tectures "', In this work, both the triplers employ the
balanced architecture, using antiparallel Schottky diodes
and quartz glass film. The design steps are diode model-
ing, theoretical simulation, separate simulation and glob-
al simulation in sequence. The parameters of diode mod-
els and impedances are optimized to achieve the design
goal in an iterative procedure.

Three different tools are used for the design. In the
beginning, physics-based models are constructed to cal-
culate optimum diode properties based on the desired op-
erating conditions (i. e., doping, epi-layer thickness,
material ). Then harmonic balance (HB) tools (such as
Agilent ADS) calculate next embedding impedances. Fi-
nally, the complete the physical design is verified by a
3D EM simulation (such as Ansys HFSS).

Figure 6 shows the final physical design of the 0. 68
THz and 1. 00 THz triplers. The structures of the two tri-
plers are almost similar, including input probe, input fil-
ter, diode placement, output probe, and match tuning
network. Whether the two triplers are grounded is the
main difference. If the 1.00 THz tripler is grounded, the
ratio of length to width of will be too long. In fact, the
ungrounded structure is acceptable and has little influ-
ence on the circuit.

4 Measurements

The measured results of the designed triplers are
shown in this session.
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4.1 The 0.68 THz tripler measurements

For the 0. 68 THz tripler, the measurement platform
is shown in Fig. 7. Here, our multiplier chain serves as
the driver in 220 GHz. The output power of the 0. 68
THz tripler is measured by VDI-Erickson PM4 through a
WRI1.5 to WR10 convertor.

Signal Generator
DC source

680 GHz
Tripler

ATT x3 x3 Tras. PM4-Detector

WRI10 to

W-band W-band Adjustable225 GHz t
ifi i WRI1.5

Multipliers Amplifier Atfenuator Tripler

220 GHz Source

Fig.7 0.68 THz tripler measurement platform
K7 0.68 THz =f54ILAF- &

Figure 8 shows the details of quartz-glass circuit
used in the 0. 68 THz tripler module. The thickness of
quartz-glass substrate is about ~15 pm. The circuit in-
cludes five parts; WR1. 5 output probe, match-tuning
network, hammerhead low pass filter, WR4. 3 input
probe, and GND. The size of the quartz substrate is
2.428 mm x0. 145 mm x 0. 015 mm, and the precision
of machining is about ( £0.003) mm.

WR4.3 Input

WRLS Probe

R Match-tuning
Output Probe

Hammer-head

filter

L WR4.3

Modular-0.68 THz-Tripler

Fig.8 Photograph of quartz circuit and entire modular of
0. 68 THz tripler
K18 0.68 THz =i 415 At e Al A B [£]

Figure 9 shows the test results where the efficiency
is 0.95% to 1.30% . The out power is between 100 pW
and 160 wW when the driver power is varied from 10 to
12 mW in 220 GHz bands, and the simulation results
matches the test results well.

4.2 The 1.00 THz tripler measurements

For the 1.00 THz tripler, the measurement platform

is very similar to the one in Fig. 7. The 340 GHz multi-
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(5]
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Fig.9 The results of the 0. 68 THz tripler with 10 ~ 12
mW at 220 GHz, including simulation output power,
measured output power and measured efficiency

K9 1E200 GHz #iBf 10 ~ 12 mW BRZ 4 FF , 07 LA
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plier chain serves as driver source. The output power is
measured by VDI-Erickson PM4 through a WRI1. 0 to
WRI10 convertor. Fig. 10 shows the detail of quartz-glass
circuit in the 1.00 THz tripler module. The thickness of
quartz-glass substrate is about 15 um, including four
parts: WR1.0 output probe, match-tuning network, Hi-
Lo low pass filter, and WR2. 8 input probe. The size of
quartz substrate is 1.091 mm x0.075 mm x 0. 015 mm.
And the precision of machining is about ( = 0. 003)
mm.

WR1.0 WR2.8

Modular-1 THz-
Tripler-Matchl

Modular-1 THz-
Tripler-Match2

WR1.0

Match-tunning Hi-Lo filter Input probe

WR2.8

Output Probe IS

Fig. 10 Photograph of quartz circuit and entire modular of
1.00 THz tripler
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Figure 11 shows the test and simulation results. The
test output power is between 10 wW and 60 wW when
the driver power is varied from 5 mW to 12 mW around
340 GHz band. There are two kinds of 1. 00 THz tripler
circuits, which are named tripler-matchl and triper-
match2. They are very similar to each other. The length
of match tuning in the tripler-matchl is longer than trip-
ler-match2. The structure of the match tuning is shown
in Fig. 6(b) with the same microstrip line width in matc-
hing. The triper-matchl means the length of input and
output match line is 60 pm and 10 pwm respectively. The
triper-match2 means the length of input and output match
line is 30 wm and 12 pm respectively.

The differences between the simulation and meas-
urement are mainly due to the deviation of machining,
quartz substrate, diode high frequency model, and the
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assembling mismatches. On the other hand, the trans-
mission loss model of the aluminum metal cavity and the
suspended microstrip line at high frequency is inaccurate
and difficult to be measured. In general, the reasonable
gap between simulation and measurement is within 6dB
when the frequency is up to 1. 00 THz. As long as the a-
bove deviation is improved, it is possible that the meas-
urement will be closer to the simulation.

er-Match|
ripler-Match2
Simulate-Match2

=
=
=
o
2
o
(-
=
=}
e
£
=}
o

0
980 1 000 1020 1 040 1 060 1 080

Output Frequency/GHz

Fig. 11 The results of 1. 00 THz tripler with 10 ~ 12 mW
at the 340 GHz band, including one kind of circuit’ s sim-
ulation output power, two kinds circuits of measured out-
put power

Bl 11 1.00 THz = {54 f£ 340 GHz i Bty 10 ~ 12
mW B[R] Z A DA 2 e 2

5 Conclusions

This paper proposes the design and fabrication of
two frequency triplers at 0. 68 THz and 1. 00 THz bands
basing on discrete Schottky diodes and quartz glass. Tri-
plers around 0. 68 THz and 1. 00 THz bands have been
investigated and the state of the arts in table 2. There is
few papers or products in these bands and not too many
research institutes around the world have studied in the
relevant frequency bands, such as JPL and VDI. The
measured results prove that the 0. 68 THz frequency trip-
ler can work at 0. 65 ~0.69 THz and achieve a maximal
output power of 160 wW. The maximal efficiency is up to
1.3% . The 1.00 THz frequency tripler can work at 0. 99
~1.07 THz, and achieve a maximal output power of ~

60 uW. The efficiency is up to 0.6% . The 1.00 THz

Table 2 Compare with similar works

x2 EEUABR=FMITIELLE
Year Output Freq. Form Output Effic. Ref.
1989 720 ~880 GHz tripler ~ TMIC 110 pW 1.7% [18]
2004 1178 GHz tripler TMIC 0.17 pW 0.9% [19]

2001 1126 GHz tripler TMIC 80 WW 0.9%  [20-21]
2017 325 ~500 GHz tripler ~ TMIC 100 pW 2% [22]
2018 1000 GHz tripler T™IC 250 W - [23]
2018 660 GHz tripler - ImW 1.7% [23]
2018 650 ~700 GHz tripler  Discret 100 wW 1% This work
ztripler  Discrete S 200uW o is worl
2018 990 ~1070 GHz tripler Discret 10 W 0.6%  This work
ztripler Discrete S60uW 6% is worl

tripler is able to deliver higher output power and wider
bandwidth if the driving source provides higher power
and wider bandwidth. Discrete circuit technology and
TMICs can both be used in the frequency multiplier
source up to 1. 1 THz. Furthermore, discrete circuit
technology is much more flexible and cheaper.
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