5540 555 6 1Y)
2021 4F 12 H

AP/ RS T A/ N K

J. Infrared Millim. Waves

XEHES: 1001-9014(2021)06-0749-05

0.825 THz GaAs monolithic integrated sub-harmonic mixer

LIU Si-Yu'?, ZHANG De-Hai", MENG Jin',

HOU Xiao-Xiang’,

JT Guang-Yu’,
ZHANG Qing-Feng’

ZHU Hao-Tian',

(1. Key Laboratory of Microwave Remote Sensing, National Space Science Center, Chinese Academy of Sciences,

Beijing 100190, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China;
3. Southern University of Science and Technology, Shenzhen 518055, China)

Abstract: A sub-harmonic monolithic mixer with a center frequency of 0. 825 THz is developed based on GaAs
monolithic microwave integrated circuit technology. The parasitic parameters of the anti-parallel Schottky diode
at the terahertz frequency are analyzed to improve the circuit design. The monolithic circuit is suitable for tera-
hertz devices with the characteristics of high integration and little fabrication deviation. Meanwhile, the beamlead
circuit is used to reduce the loss of substrate and installation position offset. Measured results show that the single-
sideband (SSB) conversion loss of the mixer is lower than 33 dB in the frequency range 0. 81~0. 84 THz, and the
minimum SSB conversion loss is 28 dB.
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Introduction

The terahertz wave is between microwave and opti-

[1]

cal wave, which has huge applications Terahertz

waves have a low quantum energy, good security, and

wide frequency band, which is worthy of academic re-

[2-

search and applications> *. These waves have wide ap-
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plication prospects in the fields of security imaging, tera-
hertz communication, and terahertz spectrum analy-
sis'™'. Research on devices and systems at high tera-
hertz frequencies is sparse due to the limitation of mono-
lithic microwave integrated circuit technology and the
lack of terahertz sources. The development of terahertz
devices provides the technical basis for detecting ice-
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cloud information, which can be further improved
through detection above 0. 8 THz, at which meteorologi-
cal changes can be more accurately forecast and some
natural disasters prevented in advance'”’. With increas-
ingly deeper exploration of terahertz applied fields, tera-
hertz devices are being developed with higher frequency
and better performance™ "', Thomas designed an 835~
900 GHz fundamental balanced mixer with 9. 25 dB con-
version loss'"”’. And Thomas, et al. designed an 874
GHz sub-harmonic balanced mixer. The optimal conver-
sion loss of this mixer is 10 dB and the 3 dB bandwidth
ranges from 820 to 920 GHz"". Zhang Bo, et al. de-
signed a 1. 1 THz tenth-harmonic mixer based on a pla-
nar GaAs Schottky diode. Measurement results show
that the conversion loss is less than 55 dB in the frequen-
cy range 1. 03~1. 154 THz'"".

The design of a sub-harmonic mixer above 0. 8 THz
and the associated processing measurements have been
completed in the present work. The core component of
the proposed terahertz mixer is an anti-parallel Schottky
diode, which shows a complex high frequency parasitic
effect in the terahertz range. The analysis and modeling
of Schottky diodes is the key to the design of a monolithic
circuit, which will bring more advantages to realize
matching circuit and to achieve better performance of
mixer "', Further study on the high frequency parasitic
parameter model of a Schottky diode is of great value for
the design of a 0. 825 THz monolithic mixer circuit.

1 Schottky diode modeling

A Schottky diode is an important component of con-
version devices in terahertz. It is necessary to analyze
the diode model deeply for a better circuit match to im-
prove device performance. The structure of a Schottky di-
ode consists of a high electron mobility substrate, low
doping buffer layer, high doping epitaxial layer, and up-
per metal structure, as shown in Fig. 1.

Schottly contact

Cathode Finger
Ohmic- SiO,
Epi-layer

Anode
contact

2

contact
Buffer mesa

Fig. 1
ode

P R A Y — R T ]

Three-dimensional cross-sectional view of Schottky di-

A Schottky diode is mainly composed of intrinsic pa-
rameters and high frequency parasitic parameters. The
intrinsic parameters reflect the DC characteristics of
Schottky diodes, including ideal factor n, saturation cur-
rent [, zero-bias junction capacitance Cj,, and series re-
sistance R,™. These characteristics determine the cutoff
frequency of the diode and play an important role in the

matching of the entire circuit.

_a®
I, =RC-AT*(e ) , (1)
v
I(V)=1,-(e" = 1) , (2)
Co=(C. -C,)IN-C, , (3)
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R.(Vif) = Ry (Vif ) + R () + Ry (). (5)

In this design, the Schottky diode anode diameter is
0. 8 wm and epitaxial layer thickness 0. 1 wm. Accord-
ing to the above formula, 7, =3x 107" A, C, = 1fF,
and R, = 15 Q).

However, the high frequency parasitic parameters
of the diode cannot be ignored because of the great influ-
ence on the design of devices in terahertz. The high fre-
quency effect of a Schottky diode is seldom studied due
to the vacancy of on-chip test probe platforms. A detailed
theoretical analysis and simulation verification of high-
frequency parasitic parameter extraction are carried out
by the parameter matrix, which mainly includes the para-
sitic capacitance C,, between anode and cathode pads,
parasitic inductance L; and parasitic resistance R; of the
air bridge finger, and parasitic capacitance C;, between
air bridge and pad™ **. The top view of the anti-parallel
Schottky diode is shown in Fig. 2.

Fig. 2 Top view of anti-parallel Schottky diode
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The anode and cathode pad structure can be equiva-
lent to the -type circuit composed of capacitance C,,
and inductance L, the finger can be equivalent to the
series circuit of finger inductance L, and finger resistance
R;, and the anode column part can be equivalent to the
parallel circuit of parasitic capacitance C;, between finger
and pad parallel capacitance C; and resistance R; of the
Schottky-junction contact. The equivalent circuit of an
anti-parallel Schottky diode for four-step parameter ex-
traction is shown in Fig. 3, where (D is the equivalent
circuit of the pad, @) is the equivalent circuit between
the anode and cathode pad, @ is the equivalent circuit
of the finger, and @ is the equivalent circuit between the
finger and pad.

The Y parameters of the anode or cathode pad struc-
ture Ypad’ pad — pad »
structure Y., and finger pad part Y, ., are calcu-
lated as follows, where n is the number of fingers, n =

1,2.

no finger structure Y finger connected

pad - finge
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Fig. 3 Equivalent circuit of anti-parallel Schottky diode
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The Y parameters of each part can be calculated

from the simulation, where Y, is the no finger struc-

ture parameter; Y, ;. the finger short structure parame-
ter, where n = lor2 and Y, _; the no Schottky-junction
structure parameter.

Y =Y
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From the above simulated Y-parameters, the compo-
nent values of the parasitic equivalent circuit are the fol-
lowing:

1 -y
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According to the above formula and the simulated S

parameters of the Schottky diode, the high frequency par-

asitic parameters can be calculated as follows: C =

4.5fF, where C varies with the distance between the an-
ode and cathode pad. R, =0.542, L, =55pH, and
L, =70pH, which are related to finger width and dis-
tance between fingers.

M= (Lm) + Lf(l) - Lf(z)) 2 , (13)
M is the mutual inductance between two fingers, which is
a special parasitic parameter of an anti-parallel Schottky

diode. The anode pad, cathode pad, and fingers play an
important role in the formation of high frequency parasit-
ic parameters. A more reasonable design of a Schottky di-
ode model can reduce high-frequency parasitic parame-
ters to achieve a better design.

2 Mixer design

A beamlead monolithic circuit is used to realize the
installation of the circuit and cavity in the design of the
0. 825 THz sub-harmonic mixer, which not only reduces
the loss caused by the dielectric substrate, but also re-
duces the installation position offset. The design of the
sub-harmonic mixer mainly includes radio frequency
(RF) and local oscillator (L.O) probes, LO and interme-
diate frequency (IF) low-pass filters, and the anti-paral-
lel Schottky diode. A WRI1 rectangular waveguide is
used as the RF waveguide in the frequency range 0. 75~
1.1 THz, and a WR2. 2 rectangular waveguide as the L.O
waveguide in the frequency range 0.33~0.5 THz. The
beam lead circuit is installed in the cavity with a small
amount of conductive adhesive . The proposed 0. 825
THz mixer architecture and assembled mixer block are
shown in Fig. 4.
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Fig. 4 Proposed 0.825 THz mixer architecture and assembled
mixer block
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Simulated results show that the SSB conversion loss
of this mixer is 9 dB in the range 0. 815~0. 835 THz,
and the minimum SSB conversion loss is 7.8 dB. The
simulated conversion loss of the 0. 825 THz sub-harmon-
ic mixer is shown in Fig. 5.

For the proposed 0. 825 THz mixer design, the LO
low-pass filter (LPF) adopts the form of three high and
low impedance lines, which has a simple structure and
wide bandwidth. The IF LPF “* is different from the LO
LPF and has compact microstrip resonating cell (CMRC)
structure. The length of the LO LPF is 149 pm and the
length of the CMRC for the IF LPF is 230 wm. Simulated

results from the two LPFs are shown in Fig. 6.
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Fig. 5 Simulated 0. 825 THz sub-harmonic mixer performance
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Fig. 6 Comparison of two different IF LPFs
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3 Measurement and discussion

The performance of the proposed 0. 825 THz subhar-
monic mixer was measured by fixed IF frequency, and
the construction of the subharmonic mixer test platform is
depicted in Fig. 7. The RF and LO are input into the
mixer, and the IF power is measured by a spectrometer.
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Fig. 7 Sub-harmonic mixer performance measurement platform
for 0. 825 THz
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The signal generator operates at 11. 1~11.7 GHz.
To provide the 0. 4~0. 42 THz LO signal with 4 mW, the
signal generator was cascaded by a sextupler, attenua-
tor, doubler and tripler. The RF source is provided by a
0.75~1.1 THz extender, and the IF output is obtained
by a spectrum analyzer. The measured performance of
the proposed 0. 825 THz sub-harmonic mixer is shown in
Fig. 8. It can be observed from the figure that the mea-
sured SSB conversion loss is 28~33 dB over the frequen-

cy range 0. 81~0. 84 THz, and the minimum SSB conver-
sion loss is 28 dB at 0. 836 THz.
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Fig. 8 Measured 0. 825 THz sub-harmonic mixer performance
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There is difference between the measured and simu-
lated results due to the circuit size sensitivity of terahertz
devices, for which a small deviation will have a great im-
pact on the final results. Because the ratio between cir-
cuit size and wavelength cannot be ignored, the process-
es of monolithic circuit processing, cavity processing,
and installation have great influence. During measure-
ment, the loss of the RF source is caused by the gap be-
tween the flange of the extender and that of the RF wave-
guide, the position deviation of the waveguide port, and
the roughness of waveguide. There is approximately a 5
dB loss when the gap between the two flanges is 30 pm,
and approximately a 3 dB loss when the position devia-
tion of the waveguide port is 40 pwm in simulation. It is
easy to produce position deviation in the connection of
measurement equipment, which cannot be ignored at
terahertz frequencies. More attention will be paid to the
avoidance of assembly deviation in the next planned de-
sign. The deviation between the simulated and measured
results may be due to the inaccurate simulation model,
processing error, assembly error and measurement error.
Although many uncontrollable deviations have an influ-
ence on the performance of the proposed 0. 825 THz mix-
er, its design is preliminarily realized.

4 Conclusions

A monolithic mixer is designed in the form of a
beamlead circuit based on a 15 pm thick GaAs sub-
strate. A more reasonable anti-parallel Schottky diode
model is designed based on the analysis of the intrinsic
parameters and high-frequency parasitic effect of the
Schottky diode. Measured results show that the SSB con-
version loss of the proposed 0. 825 THz mixer is lower
than 33 dB in the range 0. 81~0. 84 THz, and the mini-
mum SSB conversion loss is 28 dB at 0. 836 THz. The
deviation that may be introduced in the measurement of a
terahertz monolithic mixer can influence the conversion
loss of the mixer. The measured results of the 0. 825 THz
monolithic mixer prove that monolithic circuit design will
become one of the important directions of future terahertz
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device design. More in-depth analysis of the diode mod-
el, greater tolerance in circuit design, and smaller devia-
tion in the assembly measurement process are several
problems that will be solved in the monolithic design.
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