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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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0.825 THz砷化镓单片集成二次谐波混频器
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摘要：基于国内的GaAs单片集成电路产线，研制了一款中心频率在 0.825 THz的二次谐波单片混频器。针对

肖特基二极管在太赫兹频段的高频效应详细分析了反向并联肖特基二极管的寄生参数以完善单片电路的设

计。单片电路集成度高和装配误差小的特性更适用于太赫兹频段器件的设计。梁氏引线形式电路设计既可

以降低介质基板带来的损耗，减小安装的位置偏移。实测结果表明，0.825 THz单片混频器最佳单边带的插

损值为28 dB，0.81到0.84 THz频率范围内插损小于33 dB。
关 键 词：反向并联肖特基二极管；插入损耗；集成单片电路；太赫兹混频器
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Introduction
The terahertz wave is between microwave and opti⁃

cal wave，which has huge applications［1］. Terahertz
waves have a low quantum energy，good security，and
wide frequency band，which is worthy of academic re⁃
search and applications［2–4］. These waves have wide ap⁃

plication prospects in the fields of security imaging，tera⁃hertz communication， and terahertz spectrum analy⁃sis［5-6］. Research on devices and systems at high tera⁃hertz frequencies is sparse due to the limitation of mono⁃lithic microwave integrated circuit technology and thelack of terahertz sources. The development of terahertzdevices provides the technical basis for detecting ice-
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cloud information， which can be further improvedthrough detection above 0. 8 THz，at which meteorologi⁃cal changes can be more accurately forecast and somenatural disasters prevented in advance［7］. With increas⁃ingly deeper exploration of terahertz applied fields，tera⁃hertz devices are being developed with higher frequencyand better performance［8–14］. Thomas designed an 835∼900 GHz fundamental balanced mixer with 9. 25 dB con⁃version loss［15］. And Thomas，et al. designed an 874GHz sub-harmonic balanced mixer. The optimal conver⁃sion loss of this mixer is 10 dB and the 3 dB bandwidthranges from 820 to 920 GHz［16］. Zhang Bo，et al. de⁃signed a 1. 1 THz tenth-harmonic mixer based on a pla⁃nar GaAs Schottky diode. Measurement results showthat the conversion loss is less than 55 dB in the frequen⁃cy range 1. 03∼1. 154 THz［17］.The design of a sub-harmonic mixer above 0. 8 THzand the associated processing measurements have beencompleted in the present work. The core component ofthe proposed terahertz mixer is an anti-parallel Schottkydiode，which shows a complex high frequency parasiticeffect in the terahertz range. The analysis and modelingof Schottky diodes is the key to the design of a monolithiccircuit，which will bring more advantages to realizematching circuit and to achieve better performance ofmixer［18-19］. Further study on the high frequency parasiticparameter model of a Schottky diode is of great value forthe 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 analyzethe 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，lowdoping buffer layer，high doping epitaxial layer，and up⁃per metal structure，as shown in Fig. 1.

A Schottky diode is mainly composed of intrinsic pa⁃rameters and high frequency parasitic parameters. Theintrinsic parameters reflect the DC characteristics ofSchottky diodes，including ideal factor n，saturation cur⁃rent Isat，zero-bias junction capacitance C j0，and series re⁃sistance Rs［20］. These characteristics determine the cutofffrequency of the diode and play an important role in the

matching of the entire circuit.
Isat = RC ⋅ AaT 2 (e-

qΦ
kT ) ，（1）

I (V ) = Isat ⋅ (e
qV
nkT - 1) ，（2）

C j0 = (C t - Cpp) /N - C fp ，（3）
C j (V j ) = A qεsNd

2 (Vbi - V j ) =
C j0

1 - (V j /Vbi ) ，（4）
Rs (V j,f ) = Repi (V j,f ) + Rspreading ( f ) + Rohmic ( f ). （5）
In this design，the Schottky diode anode diameter is0. 8 µm and epitaxial layer thickness 0. 1 µm. Accord⁃ing to the above formula，Isat = 3 × 10-17 A，C j0 = 1 fF，and Rs = 15 Ω.However，the high frequency parasitic parametersof 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 dueto the vacancy of on-chip test probe platforms. A detailedtheoretical analysis and simulation verification of high-frequency parasitic parameter extraction are carried outby the parameter matrix，which mainly includes the para⁃sitic capacitance Cpp between anode and cathode pads，parasitic inductance L f and parasitic resistance R f of theair bridge finger，and parasitic capacitance C fp betweenair bridge and pad［21–24］. The top view of the anti-parallelSchottky diode is shown in Fig. 2.

The anode and cathode pad structure can be equiva⁃lent to the π -type circuit composed of capacitance Cpadand inductance Lpad，the finger can be equivalent to theseries circuit of finger inductance L f and finger resistance
R f，and the anode column part can be equivalent to theparallel circuit of parasitic capacitance C fp between fingerand pad parallel capacitance C j and resistance R j of theSchottky-junction contact. The equivalent circuit of ananti-parallel Schottky diode for four-step parameter ex⁃traction is shown in Fig. 3，where ① is the equivalentcircuit of the pad，② is the equivalent circuit betweenthe anode and cathode pad，③ is the equivalent circuitof the finger，and ④ is the equivalent circuit between thefinger and pad.The Y parameters of the anode or cathode pad struc⁃ture Ypad，no finger structure Ypad - pad，finger connectedstructure Y finger (n )，and finger pad part Ypad - finger，are calcu⁃lated as follows，where n is the number of fingers，n =1，2.

Fig. 1 Three-dimensional cross-sectional view of Schottky di‐
ode
图1 肖特基二极管的三维横截面图

Fig. 2 Top view of anti-parallel Schottky diode
图2 反并联肖特基二极管俯视图
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The Y parameters of each part can be calculatedfrom the simulation，where YT - pp is the no finger struc⁃ture parameter；YT - f (n ) the finger short structure parame⁃ter，where n = 1or 2 and YT - fp the no Schottky-junctionstructure parameter.

Ypad - pad = YT - pp,Y finger (n ) = YT - f (n ) - YT - pp
Ypad - finger = 1

YT - fp - YT - pp
- 1
YT - f (2) - YT - pp

. （7）
From the above simulated Y-parameters，the compo⁃nent values of the parasitic equivalent circuit are the fol⁃lowing：

Cpad = 1
ωYpad11 + ωYpad12

Lpad = -Ypad12
ω

，（8）
Cpp = YT - pp11

ω
，（9）

L f (n ) = 1
ω (YT - f ( )n - YT - pp ) 11 ，（10）

R f (n ) = re{ 1
(YT - f ( )n - YT - pp ) 11} ，（11）

C fp = { 1
YT - fp - YT - pp

- 1
YT - f ( )2 - YT - pp}11 /ω .（12）

According to the above formula and the simulated Sparameters of the Schottky diode，the high frequency par⁃asitic parameters can be calculated as follows：Cpp =4.5 fF，where Cpp varies with the distance between the an⁃ode and cathode pad. R f (1) = 0.5Ω，L f (1) = 55 pH，and
L f (2) = 70 pH，which are related to finger width and dis⁃tance between fingers.

M = (L f (1) + L f (1) - L f (2)) /2 ，（13）
M is the mutual inductance between two fingers，which isa special parasitic parameter of an anti-parallel Schottky

diode. The anode pad，cathode pad，and fingers play animportant 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 theinstallation of the circuit and cavity in the design of the0. 825 THz sub-harmonic mixer，which not only reducesthe loss caused by the dielectric substrate，but also re⁃duces the installation position offset. The design of thesub-harmonic mixer mainly includes radio frequency
（RF）and local oscillator（LO）probes，LO and interme⁃diate frequency（IF）low-pass filters，and the anti-paral⁃lel Schottky diode. A WR1 rectangular waveguide isused as the RF waveguide in the frequency range 0. 75∼1. 1 THz，and a WR2. 2 rectangular waveguide as the LOwaveguide in the frequency range 0. 33∼ 0. 5 THz. Thebeam lead circuit is installed in the cavity with a smallamount of conductive adhesive ［25］. The proposed 0. 825THz mixer architecture and assembled mixer block areshown in Fig. 4.

Simulated results show that the SSB conversion lossof this mixer is 9 dB in the range 0. 815 ∼ 0. 835 THz，and the minimum SSB conversion loss is 7. 8 dB. Thesimulated 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 LOlow-pass filter（LPF）adopts the form of three high andlow impedance lines，which has a simple structure andwide bandwidth. The IF LPF ［26］ is different from the LOLPF and has compact microstrip resonating cell（CMRC）structure. The length of the LO LPF is 149 µm and thelength of the CMRC for the IF LPF is 230 µm. Simulatedresults from the two LPFs are shown in Fig. 6.

Fig. 3 Equivalent circuit of anti-parallel Schottky diode
图3 反向并联肖特基二极管等效电路

Fig. 4 Proposed 0.825 THz mixer architecture and assembled
mixer block
图4 关于0.825 THz混频器模块结构及安装图
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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，andthe construction of the subharmonic mixer test platform isdepicted in Fig. 7. The RF and LO are input into themixer，and the IF power is measured by a spectrometer.

The signal generator operates at 11. 1∼11. 7 GHz.To provide the 0. 4∼0. 42 THz LO signal with 4 mW，thesignal generator was cascaded by a sextupler，attenua⁃tor，doubler and tripler. The RF source is provided by a0. 75∼1. 1 THz extender，and the IF output is obtainedby a spectrum analyzer. The measured performance ofthe proposed 0. 825 THz sub-harmonic mixer is shown inFig. 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.

There is difference between the measured and simu⁃lated results due to the circuit size sensitivity of terahertzdevices，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，andthe roughness of waveguide. There is approximately a 5dB loss when the gap between the two flanges is 30 µm，and approximately a 3 dB loss when the position devia⁃tion of the waveguide port is 40 µm in simulation. It iseasy to produce position deviation in the connection ofmeasurement equipment，which cannot be ignored atterahertz frequencies. More attention will be paid to theavoidance of assembly deviation in the next planned de⁃sign. The deviation between the simulated and measuredresults 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 abeamlead circuit based on a 15 µm thick GaAs sub⁃strate. A more reasonable anti-parallel Schottky diodemodel is designed based on the analysis of the intrinsicparameters and high-frequency parasitic effect of theSchottky diode. Measured results show that the SSB con⁃version loss of the proposed 0. 825 THz mixer is lowerthan 33 dB in the range 0. 81∼0. 84 THz，and the mini⁃mum SSB conversion loss is 28 dB at 0. 836 THz. Thedeviation that may be introduced in the measurement of aterahertz monolithic mixer can influence the conversionloss of the mixer. The measured results of the 0. 825 THzmonolithic mixer prove that monolithic circuit design willbecome one of the important directions of future terahertz

Fig. 7 Sub-harmonic mixer performance measurement platform
for 0. 825 THz
图7 关于0. 825 THz二次谐波混频器测试平台

Fig. 8 Measured 0. 825 THz sub-harmonic mixer performance
图8 关于0. 825 THz二次谐波混频器测试结果

Fig. 5 Simulated 0. 825 THz sub-harmonic mixer performance
图5 关于0. 825 THz二次谐波混频器仿真结果

Fig. 6 Comparison of two different IF LPFs
图6 两个不同中频低通滤波器结果对比
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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 severalproblems that will be solved in the monolithic design.
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