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Abstract: In this paper, a 560 GHz terahertz sub-harmonic mixer using a new half-global design
method is reported. This method combines the advantages of the subdivision design method and the
global design method, and greatly enhances the abilities of the optimization of matching variables
while retaining the portability of the unit circuit. When the local oscillator (LO) frequency was fixed
with 3 mW power at 280 GHz, average up-conversion double sideband (DSB) conversion loss of 8 dB
with intermediate frequency (IF) power of —5 dBm was achieved.

Keywords: sub-harmonic mixer; half-global design method; Schottky diodes; 3D-EM model; double
sideband conversion loss

1. Introduction

In recent years, with the rapid development of the semiconductor technology, tera-
hertz circuits operating above 300 GHz have been applied in object imaging, planetary
exploration, and atmospheric remote sensing [1-6]. In these applications, the generation
and detection of terahertz band signals are critical links. As the main component of tera-
hertz solid-state receivers, the performance and reliability of terahertz mixers are critical to
the entire receiving system. Traditionally, according to nonlinear devices, mixers can be
divided into four types: hot electron bolometer (HEB) [7], super-conductor insulator super-
conductor (SIS) [8], transistor mixers [9], and Schottky barrier diode (SBD) mixers [10].
Among these, the Schottky diode mixer is the preferred choice due to its characteristics of
working at room temperature, low requirements for working environment, simple circuit
structure, more convenient processing for hybrid integrated forms, and good noise perfor-
mance [11,12]. The circuit topologies used in terahertz Schottky mixers can be categorized
into several types including single-ended, single-balanced [13], and double-balanced [14].
However, these types of mixer cannot be applied to the terahertz band due to problems
such as high requirements for the local oscillator (LO) source and difficulty in circuit design.
In terahertz frequency bands, a more reasonable solution is harmonic mixing. Using the
second harmonic generated by diodes, the LO frequency can be lowered by half of the
radio frequency (RF), thus improving performance [15].

Generally, the subdivision design method (SDM) is employed to design terahertz
Schottky diode mixers [16,17], in which all unit circuits are simulated independently.
However, as the operating frequency increases, processing errors and parasitic effects of
the SDM arise for smaller shield cavities and complicated stub matching structures. To
solve these problems, a novel global design method (GDM) was proposed. This method
greatly increases the matching space [18]. However, the GDM also has its own defects,
such as too many variables and long optimization time.

In this paper, we apply a half-global design method (HGDM), which was proposed
and verified in the design of a 200-240 GHz sub-harmonic mixer [19]. In the current
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study, this design method was applied for a 560 GHz Schottky diode sub-harmonic mixer.
At 560 GHz, the circuit processing difficulty increases greatly, and the circuit design is
required to be simple. Moreover, the circuit substrate is very thin. To ensure a specific aspect
ratio of the circuit substrate, the length of the entire circuit needs to be strictly controlled.
Thus, in this study, the matching network was carefully designed and optimized using
the subdivision design method, and the remaining circuits of the mixer were designed
using the global design method. As a result, the optimization time was reduced, and the
optimization space and the circuits’ portability were improved. Based on this method, a
560 GHz sub-harmonic mixer is presented.

2. Diode Modeling

The nonlinear effect of the diode arises from the Schottky junction. Due to the signifi-
cant impacts of parasitic parameters at high frequency bands [20], the characteristics of the
diodes cannot be fully characterized by the SPICE (Simulation Program with Integrated
Circuit Emphasis) model in the design of terahertz circuits. The impacts caused by para-
sitic parameters must be accurately described. Therefore, the combination of the SPICE
model and the three-dimensional (3D) electromagnetic model is employed to represent
its nonlinear characterizations. In general, these two models are handled by non-linear
simulations, such as the harmonic balance in the Advanced Design System (ADS) and 3-D
simulation in the High Frequency Structure Simulator (HFSS) [21].

The SPICE model is a model based on the PN junction (the contact area of Positive
type doped area and Negative type doped area) of the diode. It can be equivalent to the
nonlinear characteristics of the Schottky diode, but the characteristics of the Schottky diode
based on the metal-semiconductor junction cannot be truly reflected. The I-V curve must
be simulated and fitted, and then the model should be revised by the comparison with the
test curve. The goal of the establishment of a 3D electromagnetic model of the planar SBDs
is to achieve an accurate model of the mixer. The model of the anti-parallel SBDs is shown
in Figure 1a.

The detailed modeling processes in the HFSS are as follows. Firstly, the structure
dimensions of diodes are obtained from the manufacturer, or measured with a sweep
electron microscope (SEM) and calculated. Then, the material of each layer is defined,
for which the doped bulffer layer and epitaxial layer materials must be approximated. To
facilitate the establishment of internal ports, the heavily doped buffer layer is set as a
perfect conductor (PEC), and the lightly doped epitaxial layer is directly deemed to be
GaAs. Finally, the diode anode probe extends through the epitaxial layer to establish the
diode internal ports, and two wave ports are set inside the SBDs, as shown in Figure 1b.
Note that the same effect can be achieved by setting another wave port at the cathode. The
detailed analysis can refer to [22]. In addition, diode assembly should be considered. Thus,
the selected transmission lines are included in the construction of an assembly model. Wave
ports must be set at both ends of the transmission line. In this way, both the influences of
the diodes’ parasitic parameters and the diodes” assembly are considered.

After the structure dimensions, material properties and electromagnetic characteristics
of the diodes are presented, and the 3D full-wave electro-magnetic model used to describe
the high frequency characteristics of the diodes is accurately built. By combining the 3D
electromagnetic model with the SPICE model, a complete SBD model is set up. The junction
capacitance (Cj0) is 0.95 {F, the series resistance (Rs) is 14 ohms, the reverse breakdown
voltage (Vj) is 0.85 V, and the reverse saturation current (Is) is 0.81 fA. The equivalent circuit
diagram of the anti-parallel diodes is shown in Figure 1c.
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Figure 1. Planar Schottky barrier diode (SBD) chip AP1-G2-0P64: (a) 3-D electromagnetic model;
(b) establishment of Schottky diode wave port; (c) Schematic diagram of anti-parallel diodes equiva-
lent circuit.

3. Circuit Design

The mixer was designed using a combination of the ADS and HFSS. In this HGDM,
the RF probe and the LO-IF (intermediate frequency) duplexer were designed separately.
The suspended micro-strip (SMS), which has a significant impact on circuit matching, was
globally optimized. In the SMS, gradient lines and high and low impedance lines are
used. The matching and filtering functions between the diodes and the LO probe were
realized at the same time, so that the overall length of the SMS was shortened. The model
of the terahertz sub-harmonic mixer based on the HGDM is shown in Figure 2. First, to
obtain the complete design parameters, the model of diodes was established and its I-V
test curve was fitted. Then, the circuit was divided into left and right components for
analysis. The left LO duplex was treated as a unit circuit and designed separately. The
other unit circuits were split into smaller transmission units and imported to the HFSS
for optimization. To realize energy transmission, impedance matching was done between
the anti-parallel diodes and the LO, RF port, respectively. All of the unit circuits and
diodes model were eventually connected, and an entire circuit model was set up to verify
whether it meets the goals. Repeated iterations are required in the restoration process. The
remaining transmission lines can be continuously optimized after restoring part of circuits.
If the results cannot achieve the specifications, the circuits should be re-optimized. The
conversion loss of the mixer and return losses of RF and LO ports are optimization targets.
They are finally imported into the ADS for verification. In this way, the portability of some
units is preserved, and the optimization space of the circuit is improved.
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Figure 2. The model of terahertz sub-harmonic mixer based on the half-global design method (HGDM).

The schematic diagram of the split circuit is shown in Figure 3. The anti-parallel SBD
Teratech AP1-G2-0P64 was chosen as the key component of the 560 GHz sub-harmonic
mixer. A quartz substrate with thickness of 30 um was utilized. A gold conductor with
thickness of 4 um was used for the whole mixer circuit. The SMS structure was selected
between the LO and RF ports, and the K connector was fixed to the IF output. The size of the
channel was determined to be 0.19 mm wide and 0.12 mm high. Diodes need to be matched
with RF probes and duplexers. The filtering part located between the LO waveguide and
the diodes prevents the RF signal from leaking into the LO port. In addition, a direct current
(DC) ground was designed to derive the DC generated by the unbalanced diodes. The LO
is input through the standard rectangular waveguide of WR-3 (0.8636 mm x 0.4318 mm),
the RF through the rectangular waveguide of WR-1.9 (0.483 mm x 0.241 mm), and the IF
output in the LO side through a filter which blocks both RF and LO signals. A single-stage
reduced technology was applied for the RF/LO waveguide transition and two gold wires
were bonded for the IF end of the substrate.

Ld-IF duplexer PR !
: RF matching RF matching

Figure 3. Schematic diagram of the split circuit.

A linear compact microstrip resonant cell (CMRC) structure was employed for the
IF low-pass filter, which has good slow wave characteristics. The CMRC is also simple to
design and easy to process. Compared with high and low impedance filters, the rectangular
coefficient and high-frequency stopband characteristics of the CMRC filter are better, and
the length is greatly reduced. Two CMRC units were cascaded to ensure good filtering
performance. The total length of the cascaded CMRC was 0.35 mm. In the simulation, the
return loss within the passband and the transmission loss outside the passband were both
better than 40 dB. The structure of the IF low-pass filter and the final simulation result are
shown in Figure 4.
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Figure 4. The structure of the low-pass filter and its S-parameter.

It is necessary that the structure of the transition probe has the characteristics of
wide frequency band, low loss, low standing wave and ease of processing. The E-plane
probe transition structure was selected to couple RF signals due to its lower signal leakage
than that of the H-plane probe. The RF signal was input through the reduced-height
WR-1.9 waveguide and then transmitted to the SMS. Because of the DC generated by the
unbalanced diodes, it was necessary to connect the SMS to the ground via three gold wires.
The simulation results show that within the range of 537-587 GHz, the return loss was
better than 20 dB, and the transmission loss was about 0.2 dB. The structure of the E-plane
RF probe and the final simulation result are shown in Figure 5.
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Figure 5. The structure of the E-plane probe and its S-parameter.

After circuit simulation of all passive structures and establishment of the Schottky
diode model at the terahertz frequency band, the RF probe and the LO-IF duplexer were
imported to the ADS as the files include S parameters of N ports structures, the trans-
mission lines and the diodes were then connected. The circuit simulation diagram of the
560 GHz sub-harmonic mixer is shown in Figure 6. Figure 7 shows the relationship be-
tween conversion loss and the input LO power. As the LO power increases, the conversion
loss decreases and reaches a certain value. When the LO power is higher than a fixed
value, such as 3 dBm, the anti-parallel diodes are driven by LO power and the terahertz
sub-harmonic mixer with anti-parallel diodes is in the best working condition with the
matched impedances of RF and LO ports. When the mixer was pumped with a LO power
of 3 mW and a RF power of —10 dBm at 555 GHz, the spectrum response of the IF output
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is shown in Figure 8. Among these frequency components, the IF is the strongest output
signal, and the power of LO, RF and various harmonics are much lower than that of IF.
This indicates a good conversion performance of the sub-harmonic mixer.
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Figure 7. Conversion loss versus the input power of local oscillator.
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Figure 8. The spectrum response of IF output.

4. Fabrication and Measurement

The complete circuit inside the waveguide block is shown in Figure 9. The metal block
was fabricated using brass, and electroplated with 2-um-thick gold. The metal block is divided
into two parts for processing and assembly. Pins and screws are used to keep these two parts
tightly connected. The dimension of the metal block is 23.5 mm X 19 mm x 25 mm. The
overall length of the SMS line was reduced to 1.1 mm. During the assembly process,
the alignment of the substrate and the cavity is important, and the position of diodes
should be accurately fixed. The temperature during the sintering of the substrate and the
diode should be controlled to avoid substrate bending during the sintering process. The
assembled module of the mixer is shown in Figure 10.

RF INPUT <
DIODES ‘

' GROUND

LO INPUT

Figure 9. The photo of the sub-harmonic mixer mounted in block.
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Figure 10. The photo of the assembled sub-harmonic mixer.

During the test, the mixer was characterized in up-conversion for the absence of RF
source; the IF ranged from 0.5 GHz to 20 GHz with a power of —5 dBm. An Erickson
PM4 power meter was used to measure the output power of the RF port. The mixer
was pumped with a LO power of 3 mW at 280 GHz. The LO source was realized by the
cascade of a W-band frequency source, a power amplifier, and a frequency tripler. The
test platform of the sub-harmonic mixer is shown in Figure 11. When the input power of
IF is —5 dBm, the measured double sideband (DSB) conversion loss was about 8 dB. An
additional loss of 2.5 dB was caused in the process of processing, assembly, and testing.
The comparison of the simulated and the measured results is shown in Figure 12. A
comprehensive comparison of the designed sub-harmonic mixer in the literature is given in
Table 1. Compared with other similar designs, this sub-harmonic mixer designed using the
HGDM has lower conversion loss, which means better performance. The low LO power
reduces the requirements of the LO source. The combination of low conversion loss and
low LO power makes this sub-harmonic mixer versatile.

Figure 11. The test platform of the sub-harmonic mixer.
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Figure 12. The up-conversion performance of the mixer.

Table 1. Comprehensive comparison of the reported sub-harmonic mixer.

Frequency Integration DSB Conversion
Ref. (GHz) Type LO Power (mW) Loss (dB)
[2] 520-600 hybrid 30-50 7.7
[23] 520-590 hybrid 6-10 12
[24] 630-720 hybrid 2-8 10.5
[25] 530-590 monolithic 1.5 9
[26] 520-620 hybrid 3 5.7
this work 540-580 hybrid 3 8

5. Conclusions

In this paper, the design, measurement, and analysis of a 560 GHz sub-harmonic
mixer using a novel half-global design method is presented. The mixer using the HGDM
achieves average DSB conversion loss of 8 dB within 565-585 GHz. This means that it has
a comparable performance to similar designs, such as the products of Virginia Diode, Inc.
(VDI). The good test results verify the feasibility of the design method at THz frequencies.
This method is a good candidate for a terahertz mixer design.
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