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ABSTRACT A wideband 220 GHz subharmonic mixer based on monolithic integration technology is
proposed in this paper. It features 12 um-thick GaAs membrane with anti-parallel Schottky diodes working
at THz band monolithically integrated on the membrane. The optimization principles of low-parastics
Schottky diodes and the fabrication process of GaAs MMIC membrane diodes are elaborated. To realize
optimum performances of the mixer, the dimensions of the integrated diodes and the matching network
are optimized with harmonic balance simulation and load-pull techniques. An IF low pass filter with
compact microstrip resonance cell (CMRC) configuration and an improved perpendicular coax-to-microstrip
connection are used to realize wide IF band. The measured results show that the single sideband (SSB)
conversion loss of this mixer is less than 10.5 dB from 185 to 255 GHz with fixed IF of 1 GHz, while
the double sideband (DSB) noise temperature is better than 1400 K in this frequency range. Using fixed
local oscillator (LO) frequency of 110 GHz, the measured SSB conversion loss is 7.4—10.7 dB within 185—
255 GHz, indicating the good performances of the mixer with IF from DC to 35 GHz. The GaAs monolithic
integration technology provides an approach for massive manufacturing of identical circuits and the proposed
mixer with wideband characteristics will be applied in 220 GHz imaging systems in the near future.

INDEX TERMS Wideband, subharmonic mixer, submillimeter wave, monolithic microwave integrated

circuit (MMIC), Schottky diode.

I. INTRODUCTION

In the last two decades, submillimeter wave and THz band
have drawn interest for a wide range of applications such as
communication, imaging, astrophysics, bio-medicine and so
on along with the electrical devices and component at higher
frequency. Among others, submillimeter and THz wave
imaging exhibit benefits over either lower or higher frequency
band. For example, huge absolute bandwidth can improve
the resolution of the radar system; short wavelength at this
frequency band enable small diameter yet high gain antenna;
the characteristics of submillimeter and THz wave provide
the possibility of obtaining images under extreme situations,
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such as low visibility scenarios provoked by clouds, fog, rain
or even dust storms.

In these years, a number of active or passive imaging
systems have been reported at submillimeter wave and THz
band [1]-[4]. Among these systems, imaging arrays are
applied to realize high isolation and real time imaging [5]-[8].
For solid-state THz band imaging systems, the heterodyne
receivers based on wideband mixers are most commonly
used. In active imaging systems, the mixers work with fixed
IF frequencies while the RF bandwidths decide the resolution
of the system. For passive imaging systems, the receivers are
performed with fixed LO frequencies, and the RF bandwidths
are also influenced by the IF bandwidth. Therefore, wide IF
band is also required for these mixers.

The basic configuration of the receiving front-end in
UESTC (University of Electronic Science and Technology of
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FIGURE 1. Configuration of the receiving front-end in the 220 GHz
imaging system.

China)’s ongoing project of the 220 GHz focal plane array
passive imaging system is shown in Fig. 1. The consistent
performances of each channel are also required, which bring
challenges to the submillimeter wave and THz mixers.

Mixer as the key component of the submillimeter wave
receiver directly determines the receiver’s performances
especially when there is no proper wideband THz LNA in
the system. In the past few decades, the application of planar
Schottky diodes greatly contributes to the development of the
submillimeter wave and terahertz mixers operating at room
temperature. In the previous researches, mixers based on
Schottky diodes exhibit good performances with frequency
up 2.5 THz [9], [10]. Discrete diodes or flip chip diodes are
preferred to realize mixers at lower frequency of terahertz
band for their easier approaches and good performances.
However, for higher frequency circuits, the circuit designs
based on flip chip diodes are limited by the thickness of
the support substrates, due to increasing parasitics and the
generation of higher modes. Meanwhile, as the operating fre-
quency wavelength of the discrete Schottky diodes moves in
to submillimeter wave and terahertz range, the performances
of mixers and consistency of the performances are challenged
due to the fabricating process, which would not meet the
demand of imaging arrays.

GaAs MMIC (millimeter-wave monolithic integrated cir-
cuit) membrane Schottky diode is an ideal option to solve
these problems by integrating the diodes on the GaAs mem-
branes. This integration technology can reduce the parasitic
elements compared with flip chip diodes. It can simplify the
fabrication and realize stable and consistent performances
of the mixer. Another significant advantage of GaAs inte-
grated Schottky diodes is that, the geometry and dimen-
sions of the integrated diodes can be optimized according
to their specific applications, thus the performances of the
circuits can be improved. This advantage is especially impor-
tant at higher frequency of THz band. With GaAs mono-
lithic integration technology, it’s potential to supply a large
number of identical high frequency circuits based on GaAs
Schottky diodes without the effort of developing complicated
fabrication technology. This could benefit the researches
and development of large-scale imaging array by improving
the consistency of each receiving channel and reducing the
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expense of fabrication. In the past few years, a number of
mixers based on GaAs monolithic integration technology
have been developed and exhibit good performances at sub-
millimeter wave and THz band [11]-[15].

In this paper, a 220 GHz wideband subharmonic mixer
based on GaAs monolithic integration technology is pro-
posed. The GaAs membrane Schottky diode is designed by
UESTC and manufactured in Hebei Semiconductor Research
Institute. 12 pm-thickness GaAs membrane is applied with
anti-parallel Schottky diodes directly fabricated on it. The
geometry and dimensions of the GaAs MMIC membrane
Schottky diodes are optimized to reduce parasitic elements,
and the fabrication process is also introduced. Based on the
combination of load-pull technique and harmonic balance
simulation, the matching network of the proposed mixer is
obtained. To meet the requirements for both active and pass
imaging systems, the wide RF and IF bandwidths of the mixer
are essential. To increase the IF bandwidth which is especially
important for passive imaging system, a wideband IF LPF
with improved CMRC configuration and a wideband perpen-
dicular coax-microstrip connection is applied. The proposed
220 GHz mixer exhibits wideband performances and will be
applied in the 220 GHz imaging systems in the future.

Il. DEVELOPMENT OF THE GaAs MMIC MEMBRANE
SCHOTTKY DIODES

GaAs monolithic integration technology has been developed
to improve the performances of the mixer by integrating spe-
cialized Schottky diodes on GaAs membranes. The configu-
ration and cross section view of the GaAs MMIC membrane
diodes are shown in Fig. 2. The anode is formed on the GaAs
epitaxial layer with a SiO; layer providing passivation and
insulation. An ohmic contact is also deposited on one end
of the chip connecting to the anode by means of a narrow
finger. The bridge metals are used to connect the cathode pads
of the diodes to the external matching circuits. Compared

Ohmic
contact

GaAs membrane (substrate)

FIGURE 2. Configuration and cross section view of the GaAs MMIC
membrane Schottky diodes.
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with flip chip diodes, the MMIC technology offers substan-
tial advantages in the production of high frequency circuits
due to their ability to develop high quality, low-parasitics
Schottky diodes and incorporate both Schottky structures and
external matching circuits on a single substrate. In this paper,
the dimensions and main parameters of the GaAs MMIC
membrane diode are optimized to realize good performances
of the 220 GHz harmonic mixer.

A. OPTIMIZATION OF THE LOW-PARASITICS GaAs

MMIC MEMBRANE DIODES

The performances of planar GaAs Schottky diodes degrade
at THz region as a result of the high frequency parasitic
effects. These parasitic elements of Schottky diodes are com-
plex and distributed. Main parasitic elements of the Schottky
diode are shown in Fig. 3, including resistances, inductances
and capacitances. The parasitic resistance consists of four
parts: the epitaxial layer resistance R.p;, the buffer region
resistance Rpyfr, the ohmic contact resistance Ropmic, and
the air bridge resistance Ryger. Among these resistances, Rep;
is the dominant part. The parasitic capacitance is comprised
of two main parts: finger capacitance (Cy) and pad capaci-
tance (Cp). Cp1 and Cp; represent electrical coupling between
contact pads through air and semi-insulating GaAs substrate,
respectively. All these parasitic parameters contribute to the
degradation of the diode performances. The geometry and
main parameters of the Schottky diodes are optimized with
following steps to reduce parasitic elements of the diodes.

Air-bridge finger ~Schottky contact— ;) layer
\A Ly Riinger

anod?

Epitaxial layer

y=¥=os Cathode

GaAs membrane (substrate)

FIGURE 3. Parasitic elements of typical planar Schottky diode [16]-[21].

a) Choosing high doping density for the epitaxial layer.
Several researches [16], [17] have been done, revealing that
increasing the doping density will mitigate the hot-electron
noise, which plays an important role in the noise of diode at
terahertz band. Apart from that, improving the doping density
of the epitaxial layer is essential to reduce the series resistance
of the diode. In this paper, the doping density of 5x 107 cm ™3
is applied. A thin epitaxial layer is preferred for low series
resistance. The thickness of this layer of the proposed GaAs
MMIC membrane diode is 200 nm in this paper.

b) Reducing the parasitic capacitances by optimizing the
shape of the diode. Parasitic capacitances limit the cutoff
frequency and bandwidth of any mixer. Capacitance between
the contact pads is normally the largest shunt capacitance.
Lots of researches have been done to reduce parasitic capaci-
tances of Schottky diodes [18]—[21]. Large scale models and
numerical analyses indicate that pad capacitance is reduced
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by reducing pad area, increasing pad separation, decreasing
substrate dielectric constant and substrate thickness, increas-
ing the depth of the trench, and producing trench sidewalls
which have vertical or retrograde slope. The geometry and
main parameters of the Schottky diodes are therefore opti-
mized with following steps to realize good performances of
the mixer.

Firstly, an effective solution to decrease pad-to-pad capac-
itance (Cp2) is reducing the substrate thickness, especially
for GaAs substrate with high dielectric constant. Due to the
inherent brittleness of GaAs wafers, extreme thin membrane
will bring difficulty to handling during the substrate fabrica-
tion. Therefore, a thickness of 12 pum is chosen for the GaAs
membrane in this design.

Secondly, the pad-to-pad capacitance (Cp1) could be
decreased by etching deep trench on the substrate of the
Schottky diode. Meanwhile, the shape of the surface channel
due to different surface-channel formation methods (either
wet or dry etching method) also influences the parasitic
capacitance of the diode. In this design, etching deep trench
is impractical due to the thin GaAs membrane on which the
diodes are integrated. With the methods introduced in [17],
the parasitic capacitances based on the straight isolation walls
and slanted isolation walls (45° angle between the mem-
brane substrate and the slanted side wall is assumed) shown
in Fig. 4 are calculated. The calculated parasitic capacitances
shown in Table 1 show the straight isolation walls lead to
lower pad capacitance and finger capacitance compared with
slanted isolation walls. Therefore, the straight isolation walls
of the Schottky diode are applied in this design.

SiO; layer
Epitaxial layer

Air-bridge Finger

N anOfle
!

=¥== Cathode

Surface-
Channel

Slanted

isolation wall o As membrane (substrate)

(@)
\ anodelz

Air-bridge Finger SiO, layer

Epitaxial layer

=¥— Cathode

Surface-
Channel

Straight
isolation wall

GaAs membrane (substrate)

(b)

FIGURE 4. Cross section views of the planar Schottky diode with
(a) slanted and (b) straight isolation walls [21].

Apart from that, the size of the pad area could be reduced
to decrease the parasitic capacitance. For flip chip diodes,
pad dimensions are limited by the process of handling and
bonding in which small dimensions can make fabrication
process tough and unrepeatable. The GaAs MMIC membrane
Schottky diodes can overcome this problem by connecting
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TABLE 1. Parasitic capacitances for various etch profiles.

Pad capacitances Finger capacitances

Etch profile
G (fF) G (fF)
Straight 1.15 1.32
Slanted (45°) 1.46 1.57

FIGURE 5. Dimensions of the anti-parallel integrated Schottky diodes.

the pad to the circuits with bridge metals, thus the pad
dimensions can be controlled. In this design, the relatively
small pad dimensions are applied. As shown in Fig. 5, the
planar dimensions of the anti-parallel Schottky diodes are
100 pm x 40 pm.

¢) Optimizing the anode size. Based on the doping density
and other parameters of the diode, the anode size is optimized
to realize good performances including low conversion loss
and low optimal LO power. Reducing the size of the anode
will lead to the decrease of the junction capacitance but will
also increase the series resistance. The optimizing process is
detailed in the part B of Section III, the simulation of the
ideal mixers is carried out with harmonic balance simulation
in ADS. Based on the simulation, the anode diameter of the
diode to realize best performances can be obtained.

B. FABRICATION OF THE GaAs MMIC

MEMBRANE DIODES

With the aforementioned optimized structures, the integrated
Schottky diodes are fabricated with the following steps.

a) Deposition, patterning and etching of passivation
layer. The starting material is a semi-insulating GaAs sub-
strate with the epitaxial and buffer layers grown on it by
MOCVD (metal-organic chemical vapor deposition), shown
in Fig. 6(a). The surface of the epitaxial layer is passivated by
depositing a thin film of SiO;. Then this SiO; layer is etched
as shown in Fig. 6(b).

b) Etching of the epitaxial layer, highly-doped buffer layer
and formation of the ohmic contact. This process is shown
in Fig. 6(c). The thicknesses of the epitaxial layer and the
buffer layer are 200 nm and 3 um respectively. Circular anode
wells are etched by standard lithography and reactive ion
etching [22]. The ohmic contact is an alloyed Au/Ge/Ni/Ag
metallization, recessed into the highly-doped buffer layer.

¢) Formation of the finger, cathode pad and bridge metal.
The cathode pad is formed on the ohmic contact. As shown
in Fig. 6(d), an air-bridge process is used to define the anode,
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FIGURE 6. Fabrication process of the GaAs MMIC membrane Schottky
diodes.

airbridge finger and the bridge metal which connects the
transmission line of the external matching network in the
same process step.
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FIGURE 7. SEM photograph of the proposed GaAs MMIC membrane
Schottky diode proposed in this paper.

d) Thinning the GaAs substrate from backside. The wafer
is then mounted upside-down onto a silicon carrier wafer
using wax, shown in Fig. 6(e). The GaAs substrate is thinned
to the desired thickness (12 um) by lapping, polishing and
wet etching. Finally, the integrated diodes are removed from
the carrier wafer by dissolving the mounting wax and the
integrated Schottky diodes based on GaAs membrane are
obtained, shown in Fig. 6(f).

The GaAs MMIC membrane Schottky diodes with opti-
mized structures and dimensions were fabricated with the
aforementioned process in Hebei Semiconductor Research
Institute. The integral dimensions of the integrated Schottky
diodes (including the bridge metals) on the GaAs membrane
are 100 um x 40 pm x 8 pum. Scanning electron micro-
scope (SEM) photograph of the GaAs MMIC membrane
Schottky diodes is shown in Fig. 7.

lIl. CIRCUIT DESIGN
A. CONFIGURATION OF THE 220 GHz SUBHARMONIC
MIXER BASED ON GaAs MMIC MEMBRANE
SCHOTTKY DIODES
The configuration of the proposed 220 GHz subharmonic
mixer based on GaAs integrated Schottky diode is shown
in Fig. 8. The integral dimensions of the GaAs membrane
(6 = 12.9) are 4.7 mm x 0.42 mm x 0.012 mm. It’s
suspended in an enclosed channel (with overall height of
0.24 mm) crossing the RF and LO waveguides, which are
WRS8 (2.032 mm x 1.016 mm) and WR4.3 (1.092 mm x
0.546 mm) respectively. One end of the circuit is directly con-
nected to the mechanical block providing grounding, while
the other end of the circuit is soldered to the microstrip
line based on Rogers 5880 substrate to output the IF signal.
A GaAs membrane with a thickness of 12 um and dielectric
constant of 12.9 is applied with Schottky diode directly man-
ufactured on the substrate. The dimensions and parameters of
the mixer diodes are optimized to realize good performances
of the mixer.

To achieve the wideband mixer, the LO and RF
waveguide-to-microstrip transitions are optimized using wide
E-probes and waveguides with reduced height. The
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FIGURE 8. Configuration of the 220 GHz subharmonic mixer based on
GaAs MMIC membrane Schottky diodes.

suspended microstrip is applied in the mixer for its higher
Q value and less transition loss compared with microstrip
structure. The dimensions of the suspended microstrip line
are optimized in HFSS to ensure that the RF and LO signals
are propagated on the quasi-TEM mode, and no unwanted
transmission mode coupling occurs. Gold beamleads are
essential to suspend the membrane in the enclosed channel.
Positions of these beamleads are chosen near the RF and
LO waveguides, where the impact of the mounting has the
most influences. The matching networks are important for
the integral performance of the mixer. Previous published
literatures about wideband submillimeter wave and terahertz
mixers mainly emphasize the RF bandwidth of the mixer with
fixed low IF. However, for radiometers and passive imaging
systems, the mixers are performed with fixed LO frequencies
while the absolute RF bandwidths decide the integral perfor-
mances of the systems. Therefore, the IF bandwidth needs
to be broadened to guarantee wide absolute RF bandwidth.
In this paper, the optimum embedding impedance of IF signal
is firstly simulated with ideal nonlinear simulation. The IF
low pass filter is optimized while an improved perpendicular
coax-microstrip connection is applied to realize wide IF band.

B. OPTIMAZTION OF THE 220 GHz

SUBHARMONIC MIXER

The application of the GaAs monolithic integration technol-
ogy offers significant advantages by optimizing the diode’s
geometrical and electrical parameters to realize the best
performances of the circuits. Therefore, the geometry and
dimensions of the integrated diodes are firstly optimized and
determined. Then the matching networks are optimized to
minimize the conversion loss and noise temperature of the
mixer using load-pull technique. With the combination of 3D
electrical magnetic simulation in ANSYS’s HFSS and har-
monic balance simulation in Keysight’s ADS, the simulated
integral performances can be obtained.

1) OPTIMIZATION OF THE INTEGRATED SCHOTTKY DIODE

The optimization principles of the Schottky diode with low
parasitic elements are introduced in the previous parts, and
the geometry of the integrated Schottky diode is determined.
To realize best performances of the mixer, optimum size of
anode, which decides the zero voltage junction capacitance
of the diodes, should be chosen. Therefore, the nonlinear
circuit simulation based a pair of anti-parallel ideal Schottky
diodes is established in ADS to determine the zero voltage
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FIGURE 9. Simulation bench of the ideal mixer.

junction capacitance of the diodes for best mixer conver-
sion loss, low RF and LO input return losses, and low LO
pump power. The diagram of this simulation bench is shown
in Fig. 9, ideal Schottky diodes without considering their
packages and ideal filters are used in this simulation. A set
of zero voltage junction capacitances (1 fF, 1.5 fF, 2 fF, 3 {F)
with their corresponding series resistances of the diodes are
simulated and compared. The RF signal is swept between
200 - 240 GHz, while the IF signal is fixed at 1 GHz.
By tuning the embedding impedances and LO pump power,
the simulated single sideband (SSB) performances and the
corresponding optimum LO pump power are obtained and
shown in Fig. 10. The simulation results show that with the
increase of the zero voltage junction capacitance, the LO
power increases. In this optimizing process, it’s found that
the optimum embedding impedances of the RF signal and LO
signals are also influenced by the zero voltage junction capac-
itance of the diode. The optimum embedding impedances
should be considered to realize simple matching network.
Based on the analyses above, an optimum value around
1.5 fF is chosen to realize the best performance of the mixer.
According to the analysis above, the anode diameter is set
to be 0.8 um with corresponding calculated zero voltage
junction capacitance of 1.4 fF.

The GaAs MMIC membrane Schottky diodes were fab-
ricated with the aforementioned process. Main parameters
of the Schottky diodes are extracted with on-wafer tested
I-V and C-V characteristics of the GaAs MMIC membrane
Schottky diodes. The main parameters are: saturation current,
I,; = 20 fA, series resistance, Ry = 12 €2, ideality factor,
n = 1.25, zero voltage junction capacitance, Cjp = 1.4 {fF.

2) OPTIMIZATION FOR WIDE IF BANDWIDTH

The 220 GHz subharmonic mixer applied for high sensitivity
passive imaging array requires wide IF band. To realize this
goal, the optimum embedding impedance of IF signal are
firstly selected (80 €2 in this design) with ideal nonlinear
simulation in ADS. Meanwhile, the IF low pass filter and IF
perpendicular coax-microstrip connection are also optimized
for wideband operation.

The IF low pass fitler (LPF) of the mixer is used to isolate
LO signal (operated within 90 - 130 GHz for the proposed
mixer) and IF signal. To broaden the IF bandwidth, the IF
LPF needs wide passband while guranteeing high rejection
at the LO band of the mixer. Compared with the tradi-
tional step-impedance filter, the improved CMRC structure
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FIGURE 10. Simulated results of the ideal mixer with different zero
voltage junction capacitances (Cjo).

possesses good lowpass filter characteristics [23]. In this
design, a improved CMRC LPF is applied to achieve this
goal. As shown in Fig. 11, the proposed improved CMRC
LPF is compared with a traditional stepped-impedance LPF
with similar pass band and rejection band. The dimensions
of this improved CMRC LPF shown in Fig. 11(a) are listed
as follows: I; = 100 um, I = 320 um, I3 = 40 um,
Iy = 300 pum, wi = 350 um, wy = 20 um, w3 = 115 um,
wq = 50 pm.
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FIGURE 11. Configuration and simulated results of the IF low pass filter:
(a) the proposed improved CMRC LPF and stepped-impedances LPF,

(b) Simulated S-parameters of the improved CMRC LPF and
stepped-impedance LPF.

According to the simulated S-paramters in Fig. 11(b), the
improved CMRC LPF achieves low insertion loss (<0.2 dB)
within the passband from DC to 40 GHz and high rejection
(>30 dB) from 90 to 130 GHz. Compared with the stepped
impedance LPF, the improved CMRC LPF features much
shorter length and higher rejection within 90 - 130 GHz. The
proposed improved CMRC LPF realizes wide passband and
high rejection at stopband with compact size, which can meet
the demand of wideband IF LPF. It’s further optimzed with
the LO waveguide-stripline transition, and the wideband IF
circuit can be obtained.

Meanwhile, a wideband coax-microstrip connection is
needed to guarantee wide IF band of the mixer. For the pro-
posed mixer designed with thin GaAs membrane, the whole
circuit is flipped and suspended in an enclosed channel, thus
the pin of the coax connecter can’t be directly connected to
the GaAs substrate. Therefore, the IF output of the GaAs
substrate is soldered to the microstrip transmission line on
Rogers 5880 substrate with silver epoxy, while a 2.92 mm
connector (with operating frequency up to 40 GHz) is then
connected to the microstrip line to realize IF output. For
receiving arrays with multiple channels and mixers integrated
in one block (such as the one shown in Fig. 1), perpendic-
ular coax-microstrip connections are essential for compact
configurations.

In several previous researches, the output of the IF circuits
is connected to the pin of the connector with bondwires [22].
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FIGURE 12. Structures of the IF perpendicular coax-microstrip connection
and the simulated results: (a) connection without matching branches,
(b) connection with matching branches, (c) simulation results.

However, thin pins of high frequency connector (diameter
of 0.3 mm for the applied 2.92 mm connector) make this
structure fragile. In this paper, a robust connection is pro-
posed. The structure of the perpendicular coax-microstrip
connection is shown in Fig. 12(a). The output part of GaAs
membrane is mounted on the Rogers 5880 substrate and
connected to the microstrip line with silver epoxy. The pin of
the 2.92 mm connector penetrates through the substrate and
it’s welded to the annular pad on the Rogers 5880 substrate.
The optimized radius of the circular aperture on the ground
plane is r = 600 pum. This robust connection is further
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optimized with stepped-impedance matching branches as
shown in Fig. 12(b). The dimensions of the matching
branches are listed as follows: [,,; = 450 um, [, =
400 pum, wy,; = 800 um, wy,y = 350 um. Simulated results
in Fig. 12(c) show that this optimized structure exhibits good
performance from DC to 40 GHz.

3) MATCHING NETWORK OPTIMIZATION

Based on the 3D model and electrical parameters of the pro-
posed low-parastics integrated Schottky diodes, the optimum
embedding impedances of the RF, LO and IF signals are
obtained. Then the matching network of the subharmonic
mixer can be developed with 3D EM simulation and harmonic
balance simulation.

The diagram of the optimizing techniques based on
load-pull simulation is shown in Fig. 13. The diode model
with combination of 3D model and nonlinear model of the
diodes are used in this process. To validate the mixer’s wide-
band characteristics, the simulations are respectively carried
out with fixed IF frequency of 1 GHz and fixed LO frequency
of 110 GHz. The simulated results show that the IF load
impedance influences the IF bandwidth and conversion loss
of the mixer. With a set of iterations in ADS, the optimum
embedding impedances are obtained. The best performances
are realized with optimum RF embedding impedance Zrr =
(40 + j79) @ at 220 GHz and optimum LO embedding
impedance Zio = (86 + j128) Q at 110 GHz, while the
optimized IF load impedance is 80 2.
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FIGURE 13. Simulation of the mixer based on load-pull technique.

For wideband operation of the mixer, the RF and LO
waveguide-to-stripline transitions, low-pass filters are opti-
mized in HESS. Each part of the mixer circuit is simulated
separately using HFSS and exported as S-parameter Touch-
stone file into ADS. In this process, the integrated Schottky
diodes are simulated from the stripline connected by bridge
metal to the diode ports. An integration line between the
outer and inner conductors of the diode port is used to set the
right polarity of the diodes in the integral circuit simulations.
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FIGURE 14. Simulated performances of the proposed mixer with fixed IF
frequency (1GHz): (a) SSB conversion loss, (b) DSB noise temperature.

Using the nonlinear simulation software ADS, the matching
network are developed and optimized.

C. SIMULATED PERFORMANCES OF THE 220 GHz
SUBHARMOINC MIXER

With the aforementioned optimizing process, the simulated
performances of the mixer including conversion loss and
noise temperature are carried out with harmonic balance
simulation in ADS. The conversion losses of the mixer are
simulated with fixed IF frequency of 1 GHz and fixed LO
frequency of 110 GHz. As for the calculation of noise tem-
perature, the standard ADS model includes thermal and shot
noise sources. However, it does not include sources for hot
electron noise, which has huge impact at submillimeter-wave
frequencies for small anode devices. Therefore, an additional
noise source is added into the diode model representing the
hot electron noise to simulate the mixer based on Schottky
diodes more accurately. The simulation method is introduced
in [15] in detail. The noise temperature of the mixer is
simulated with fixed low IF frequency (300 MHz in this
paper, corresponding with the measurement), and the noise
temperature at each RF frequency is obtained by tuning the
frequency and pumped power of the LO signal.
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FIGURE 15. Simulated performances of the proposed mixer with fixed LO
frequency of 110 GHz.
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FIGURE 16. Simulated return loss of (a) RF and LO ports, (b) IF port.

The simulated performances of the 220 GHz subharmonic
mixer with 1 GHz IF frequency are shown in Fig. 14. The
SSB conversion loss is 7 - 10 dB from 185 to 255 GHz,
while the double sideband (DSB) noise temperature is 580
- 1100 K within this frequency band. According to the per-
formances with different LO power, an optimum LO power
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FIGURE 17. Photograph of the proposed mixer circuit mounted on the
half of the split metal block.
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FIGURE 18. Photograph of the test setup for the SSB conversion loss of
the 220 GHz mixer.

level of 3 mW is obtained. Meanwhile, the mixer’s simulated
performances with fixed LO frequency of 110 GHz are shown
in Fig. 15. The SSB conversion loss is below 11 dB from
185 to 255 GHz with LO power level of 3 mW. It shows that
the proposed mixer can cover the RF band of 185 - 255 GHz
and IF band of DC - 35 GHz.

Meanwhile, the return loss of each port is simulated in
Keysight’s ADS and shown in Fig. 16. The return loss of the
RF port is better than 10 dB from 190 to 250 GHz, while
the return loss of the LO port is better than 9 dB from 97 to
123 GHz. As for the IF port, the return loss is simulated
with fixed LO frequency of 110 GHz. The simulated results
in Fig. 16 (b) indicate the wide IF band of the proposed mixer.

IV. MEASUREMENT AND COMPARISON

Based on the aforementioned optimization techniques and
simulations, the GaAs membranes with Schottky diodes inte-
grated on it were manufactured in Hebei Semiconductor
Research Institute while the 220 GHz subharmonic mixers
were fabricated and measured in UESTC. Photograph of the
proposed circuits mounted on the lower half of the split metal
block is shown in Fig. 17. The GaAs membrane is supported
in the air channel with gold beamleads. Meanwhile, the IF
output port of the GaAs circuits is connected to a Rogers
5880 substrate and the IF signal is output with the wideband
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FIGURE 20. Photograph of the measuring platform for the DSB noise
temperature of the 220 GHz mixer.
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perpendicular coax-microstrip connection. All measurements
of the 220 GHz subharmonic mixer are performed at room
temperature. In the measurement of conversion loss, a x3
multiplier chain and signal generator (E8267D from Agilent)
is used to supply sufficient LO power for the mixer within
the operating frequency range from 90 to 130 GHz. To reduce
the influence of the LO sources, such as the potential power
reflection at the mixer’s LO port, the STF-08-S1 isolator
(from Sage Millimeter Inc.) with insertion loss of 2.0 dB
and isolation of 30 dB is applied. A x 18 multiplier chain is
used to provide RF signal, which is calibrated by THz power
meter (Erickson’s PM4), while the IF signal is measured with
spectrum analyzer (Agilent’s N9030A). Photograph of the
test platform is shown in Fig. 18. The LO pump power of
the mixer is tuned to achieve the best performances during
the experiment.

As for the measurement of the noise temperature, the Y fac-
tor method and gain procedure introduced in [24] is applied
to obtain the noise temperature of the mixer. The Y factor
measurements are performed by presenting hot and cold
blackbody loads to the feedhorn input. In Fig. 19, the diagram
of the measuring platform based on the Y factor method
is illustrated. As shown in Fig. 20, the hot and ambient
calibration loads (from TK Inc.) are used as calibrated noise
sources. A narrowband IF amplifier with operating frequency
of 240 - 360 MHz and tunable gain is applied while its output
is measured by the spectrum analyzer. The LO pump power
of the mixer is tuned to achieve the best performances during
the experiment.
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FIGURE 21. Comparison between the simulated and measured
performances of the 220 GHz mixer with fixed IF frequency.

13

124 —e— Measured
--0-- Simulated

111

SSB Conversion Loss (dB)

6 T

180 190 200 210 220 230 240 250 260
Frequency (GHz)

FIGURE 22. Comparison between the simulated and measured
performance of the 220 GHz mixer with fixed LO frequency of 110 GHz.
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FIGURE 23. Measured conversion loss of the mixer with different IF
frequency (IF = 1 GHz, IF = 5 GHz, IF = 10 GHz).

In Fig. 21, the measured performances of the mixer with
fixed IF frequency are presented together with the simulated
results. Good agreement between the measured and simulated
results is achieved. The measured DSB noise temperature
and SSB conversion loss are below 1400 K and 10.5 dB
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FIGURE 25. Simulated and measured return loss of the IF port of the
mixer.

respectively over the frequency range of 185 — 255 GHz. The
optimum LO power obtained in the measurement is 3 mW.
The best performances are achieved at 224 GHz with lowest
DSB noise temperature of 670 K and lowest SSB conversion
loss of 7.2 dB.

The mixer was also measured with fixed LO frequency
of 110 GHz. The measured results in Fig. 22 show that the
SSB conversion loss within 185 - 255 GHz is 7.4 - 10.7 dB
with optimum LO power of 3 mW, which also agree well
with the simulated results. It shows the proposed mixer’s
good performances with IF frequency from DC to 35 GHz.
The differences between the measured and simulated results
are brought by inaccurately modeling of diodes and mixer
circuits. The slights differences between the designed diodes
and manufactured ones may also lead to the differences
between the measured and simulated results.

The proposed 220 GHz subharmonic mixer is also mea-
sured with different IF frequencies and LO frequencies. Mea-
sured results in Fig. 23 and Fig. 24 exhibit the wideband
performances of the mixer.

To validate the wide IF band of the mixer, the return loss of
IF port is measured with vector network analyzer (Agilent’s
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FIGURE 27. Comparison between the measured performances (IF
freq. = 1 GHz) of three 220 GHz mixers using GaAs circuits manufactured
in one batch.

N5244A). Measured results in Fig. 25 show that the IF return
loss is better than 10 dB from 0.1 to 35 GHz.

The linearity of the proposed 220 GHz mixer is also mea-
sured with fixed LO frequency of 110 GHz and IF frequency
of 1 GHz. The relation between the input RF power and
output IF power is shown in Fig. 26. It shows that the P14p of
the mixer is about —2 dBm.

Meanwhile, the consistency of the performances of the pro-
posed 220 GHz mixer based on GaAs monolithic integration
technology is examined by comparing the conversion loss of
three modules fabricated with same GaAs circuits manufac-
tured in one batch. The measured results in Fig. 27 validate
the highly consistent performances of these modules with the
technology of the integrated Schottky diodes.

Table 2 summaries the comparison between the perfor-
mances of published subharmonic mixers in the similar fre-
quency range [25]-[29]. The DSB noise temperature and the
conversion loss are theoretically half of the SSB noise tem-
perature and conversion loss. All the noise temperatures listed
in Table 2 are measured with fixed and low IF frequencies,
while the conversion losses are measured with either fixed
LO frequency or fixed IF frequency. The comparison shows
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TABLE 2. Summary of published subharmonic mixer performance in the
similar frequency range.

Ref Frequency " mNoisi " Conversion Conversion Diode
et (GHz) ¢ E?Ka)u ¢ loss 1 (dB) loss i (dB) technology
[251 210-250 950 -2000 7-10+ NI Flip chip
[26] 188 -244 680-1500 6.5-10+% NI Flip chip
[27] 215 3500 9.2 +1 NI Flip chip
[28] 211-226 NI 8-112+t 59-12+f  Flip chip
[29] 198-238 692 -924 NI 72-10%+  Flip chip
Thi GaAs
S 185-255 670-1400 7.2-10.5+f 7.4-107+ MMIC
work .
integrated

+: DSB; 11: SSB; NI: Not Indicated; : With fixed IF; $1: With fixed LO of
110 GHz

the wideband performances of the proposed mixer with either
fixed IF frequency or fixed LO frequency. It validates the
proposed optimizing methods of both integrated diodes and
mixer circuits.

The wideband characteristics enable the proposed mixer
to meet the requirements of both active and passive imag-
ing systems. Meanwhile, the technology of the integrated
Schottky diodes reduces the process of fabricating the diodes
and realizes highly consistent and stable performances of
mixer. This provides possibility to manufacture a number
of identical mixers efficiently. The proposed mixer and
GaAs monolithic integration technology can be applied for
the ongoing 220 GHz passive imaging array project and
large-scale receiver arrays in the future.

V. CONCLUSION

In this paper, the development of a 220 GHz wideband sub-
harmonic mixer based on GaAs monolithic integration tech-
nology is proposed. The GaAs MMIC membrane schottky
diodes are utilized to improve the performances of the mixer.
The optimizing methods for low-parastics diodes and the
fabrication process are introduced. Based on these methods,
the geometry and dimensions of the integrated diodes are
optimized while the matching networks of the mixer are real-
ized based on load-pull technique and harmonic balance sim-
ulation. The wide RF and IF band of this mixer are achieved
to meet the requirement of both active and passive imaging
systems, an improved CMRC low pass filter and a wideband
if perpendicular coax-microstrip connection are applied to
broaden the if bandwidth. measurements show that the SSB
conversion loss is 7.2 - 10.5 dB from 185 to 255 GHz with
fixed RF frequency of 1 GHz, while the DSB noise tempera-
ture is 670 - 1400 K in this frequency range. With fixed LO
frequency of 110 GHz, the measured SSB conversion loss is
7.4-11.7 dB within 185 - 255 GHz, revealing the good perfor-
mances of the mixer with high RF up to 35 GHz. The 220 GHz
mixer based on GaAs MMIC membrane diodes exhibits
wideband characteristic and consistent performances. It will
be applied in 220 GHz imaging systems in the future.
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