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Design of millimeter-wave detectors based on zero-bias Schottky diode for
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Abstract: In this paper, two millimeter-wave zero-bias Schottky detectors for the direct detection system of the
CubeSat radiometer, with center frequencies of 89 GHz and 150 GHz, respectively, were designed and imple-
mented. These designs were based on zero-bias Schottky diodes of ACST. A radial stub structure was adopted at
the DC ground and output port with a tuning line for optimum impedance matching to achieve stable and high per-
formance and broadband characteristics ; this structure also makes the circuit easier to integrate with pre-level sys-
tems and more suitable for CubeSat radiometer miniaturization. Circuit structure and Schottky diode were ana-
lyzed, modeled, and optimized to obtain better performance. The results showed that the W-band detector has a
typical sensitivity of about 2500 V/W in the range of 85 GHz to 95 GHz and a linearity of 0. 9994 at 89 GHz.
Moreover, the D-band detector has a typical sensitivity of about 1600 V/W in the range of 145 GHz to 155 GHz
and a linearity of 0. 9992 at 150 GHz. These results verified the advantages of the improved circuit structure in the
detector and the feasibility of the direct detection system.
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Meanwhile, in order to reduce the volume, mass, and to-
tal power consumption of the radiometer, these two chan-
nels adopt the direct detection mode.

Zero-bias Schottky detectors are very mature in
America and European countries. In 2014, Hoefle and
Penirschke et al. "' designed an 89 GHz zero-bias detec-
tor for the direct detection system of the European Meteo-
rological Satellite program, which was applied in MetOp-
SG. The voltage sensitivity of the detector is higher than
860 V/W (before amplification). Tekbas et al. ' de-
signed a W-band detector based on the zero-bias Schott-
ky diode using the antipodal finline transition structure.
The voltage sensitivity is above 500 V/W over 85 GHz to
110 GHz. In China, Zhang et al. 7' developed a 270
GHz detector based on a typical circuit structure, and
the voltage responsivity in the range of 260 ~280 GHz
was greater than 1200 V/W. Meanwhile, Zhang et al. L8]
designed a W-band detector based on the VDI zero-bias
Schottky diode using the antipodal finline transition struc-
ture. The voltage sensitivity is above 2000 V/W over 86
GHz to 94 GHz. Yao et al. " developed two detectors:
one in the W-band and the other in the D-band. The sen-
sitivity of the W-band detector is higher than 2000 V/W
from 80 GHz to 104 GHz, and the typical sensitivity of
the D-band detector is 600 V/W in the range of 110 ~170
GHz. However, these detector circuits based on the typi-
cal structure or antipodal finline transition structure are
not suitable for circuit integration or CubeSat radiometer
miniaturization because they are not compact enough.

In this paper, two millimeter-wave detectors were
developed with center frequencies of 89 GHz and 150
GHz, respectively. The detectors were designed based
on the zero-bias Schottky diode from ACST"® in which
3DSF30 was used in the W-band detector and 3DSF20
was used in the D-band detector. Both Schottky diodes
are 147 pm long, 46 pwm wide, and 7.5 pwm thick. Ac-
cording to the requirements of CubeSat radiometer minia-
turization, the zero-bias Schottky diode detector circuit
structure was improved. A radial stub structure was ap-
plied to replace the traditional low-pass filter (LPF) RF
short end, which reduced the length of the whole circuit
and made it more compact. Meanwhile, by paralleling
the DC ground port and DC output port with a radial
stub, the effects of external loads connected to the
ground or output port on module performance were re-
duced, and the stability of the detector was improved. A
tuning line was connected to the radial stub to adjust its
impedance for optimum impedance matching. In addi-
tion, we changed the position of the DC ground port to fa-
cilitate circuit integration and CubeSat radiometer minia-
turization.

1 Design of Millimeter-wave Detector

The zero-bias waveguide detector generally contains
a waveguide transition, matching network, Schottky di-
ode, LPF, and other transmission structures”™. When
the DC bias voltage is V,, the DC bias current is /,, and
a small AC voltage 6V is loaded on both ends of the
Schottky diode. (V') can be obtained by using Taylor se-

ries expansion:

. . di 8V di
L(V):L(VO)+6VE PRI PR
SV d'i 0
n! dv |1,

Assuming that 8V = V],(cos a)ct) and the signal is so

small that the term above the second order can be ig-
nored, equation (1) can be simplified as follows :

. . di V 2cos(w,.t) d*
(V)=i(vy)+V, cos(w(t)% I %ﬁ L
. (2)
VR di
Ai = R ]o+ V”Cos(w"z)dv 10+
V ?cos(2w,t) d*i
4 dv’ | 1,

Equation (3) illustrates that Ai contains the DC
term, the fundamental term and the second harmonic
term, and the DC term is directly proportional to the in-
put RF power. The RF input power can be calculated by
measuring the DC voltage.

The typical zero-bias detector structure is shown in
Fig. 1-(a). A LPF is adopted as the RF short at the DC
ground and output port, which are located at different
sides of the probe. In this paper, the structure of the ze-
ro-bias detector circuit was improved based on the radial
stub structure'"”, as shown in Fig. 1-(b). The high and
low impedance line or compact microstrip resonant cell
(CMRC) LPFs, which are commonly used in detectors
as the RF short end"™*’, were replaced by the radial stub,
which is shorter, smaller, and helps increase the com-
pactness of the whole circuit. Moreover, since the imped-
ance of the radial stub is equal to zero, the DC ground
and output port were connected in parallel with a radial
stub structure to eliminate the influence of the external
loads on the detector circuit impedance matching and
bring a better stability in detector performance and con-
formance between measurement and simulation. Mean-
while, since the radial stub brought a large mismatch im-
pedance, a tuning line was connected to the radial stub
to modify its impedance to optimize the impedance match-
ing and achieve a lower return loss. In addition, the DC
ground and output port were placed on the same side of
the probe to enable the detector circuit to be directly con-
nected with the pre-level circuits without a waveguide-to-
microstrip transition structure, which would cause more
energy loss. Furthermore, this change made the detector
circuit more convenient to integrate with pre-level sys-
tems and suitable for circuit integration and CubeSat radi-
ometer miniaturization.

The High Frequency Structure Simulator (HFSS)
was used in this study to design and model each passive
structure separately, including the 3D electromagnetic
model of the Schottky diode. The Schottky diode nonlin-
ear model was constructed using Advanced Design Sys-
tem (ADS) and combined with the HFSS models to form
a complete circuit model for further optimization.
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Fig. 1 (a) Typical zero-bias detector circuit structure, (b) im-
proved zero-bias detector structure
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1.1 Establishment of Schottky Diode Model

The detectors were designed based on the zero-bias
Schottky diode of ACST used a quasi-vertical struc-
ture'™. The structure of the quasi-vertical Schottky di-
ode (QVSD) and its 3D electromagnetic model in HFSS
are shown in Fig. 2(a). The diode is supported by a thin
film substrate 5 pwm thick and composed of an anode
probe, epitaxial layer, buffer layer, and metal layer.
Schottky contacts are formed on the front side of the n
GaAs epitaxial layer, and ohmic contacts are formed on
the back side of the n++ GaAs buffer layer, directly un-
der the corresponding Schottky contacts. The equivalent
circuits of the QVSD and diode junction area are shown
in Fig. 2(b). R, is the diode junction resistance, which
can usually be ignored due to its large value. C;is the di-
ode junction capacitance, and R, is the series resistance.
Parasitic parameters, which are usually determined by
the material and geometric structure of the diode, in-

clude the anode pad parasitic capacitance C , parasitic

p’
inductance L,, air bridge inductance L,, capacitance be-
tween the air bridge and buffer layer C,, and capacitance
between the anode pad and buffer layer C,,. The material
and thickness of each layer of the QVSD model are listed

in Table 1.

Table 1 3D electromagnetic model parameters of the QVSD

* 1 EEEHBE_RE-SBWIERSY

Pa: te Passivation =
Layer Layer
Epitaxial Layer \"“
Buffer Las
S HFSS Model

(a)

T Junction Area
J R, \ Equivalent Circuit
’—%‘W\'—‘ I Cop
LI
K o
L, SN Ly L,

W@“ T I °
Gy "-|'_' Gy I Schottky Junction  Cp I G I

(b)

Fig. 2 (a) Structure of the QVSD and its 3D electromagnetic
model in HFSS, (b) equivalent circuits of the QVSD and diode
junction area
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Since HFSS cannot simulate the nonlinear character-
istics of the diodes, the nonlinear characteristics model
needs to be established in ADS. Meanwhile, to eliminate
the influence of the nonlinear structure in the HFSS mod-
el, the Schottky contacts need to be short-circuited. The
short-circuit structure and the port loading model in
HFSS are shown in Fig. 3(a). Its equivalent circuit is
shown in Fig. 3(b).

The most important parameters of the Schottky diode
nonlinear model are the junction capacitance C;, series
resistance R, saturation current I, and ideal factor n.
The junction capacitance C; of 3DSF20 and 3DSF30 are
20 fF and 30 fF, respectively. The -V characteristic of

the diode can be expressed as follows :
qV
I(V)=[{exp"KT —1} , (4)

where ¢ is the electronic charge, K is the Boltzmann con-
stant and T is the absolute temperature.

Three points, A (v,, 1,), B(V,, 1,), and C (V,,
I,) , were selected from the I - V characteristic curve.
According to equation (4) , R, I, and n can be ob-
tained :

Layer Material Relative Dielectric Constant Thickness (pwm)
Epitaxial Layer GaAs 12.9 0.2
Buffer Layer Perfect Conductor 1 1.8
Thin Film Substrate GaAs 12.9 5
Passivation Layer SiO 4 0.5

2

Anode Probe & Pad Gold

1 —
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Buffer Layer

(b)

Fig. 3 (a) Short-circuit structure of the QVSD and its port load-
ing model in HFSS (b) equivalent circuit
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(v,-v)+(v.-7) M

R = 111((11/13)) . (5)
B B In{1,/1,
(L-1)+(1,-1,) A (11/13)
1,

I = , (6)
- (VI—RJI]_I
P nV,
nz(V.—Vz)+R,.(12—L) e

V,in(1,/1,)
where V, = KT/q is the thermal voltage. The calculated

values of the two diodes are shown in Table 2.

Table 2 Calculated R, /, and n of Schottky diodes
* 2 HEBEE_RER IsSnHitEHE

Type R_;(Q) I_‘(mA) n
3DSF20 14. 585 0.051 1.052
3DSF30 10. 672 0.02 1. 059

While the nonlinear model of the diode can be estab-
lished based on the parameters, the complete model can
be obtained by combining the nonlinear model with the
HESS 3D electromagnetic model. The I - V characteris-
tic simulation results of the two Schottky diodes are
shown in Fig. 4 and are basically consistent with the
measured results (provided by ACST).

1.2 Design of waveguide—to—microstrip transition

//.
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Fig. 4 Simulated and measured /- characteristic: (a) 3DSF20
(b) 3DSF30
Pl 4 ARZRFE I LA 55 S5 R : (a)3DSF20 (b)3DSF30

structure

There has been extensive research on developing
millimeter-wave waveguide transitions using probe struc-
tures''’. In this paper, the E-plane probe transition was
adopted because of its small size and broadband low-loss
performance. The transition structures were modeled and
simulated in HFSS. The optimized models and simulated
results are shown in Fig. 5. The insertion loss of the W-
band transition model was lower than 0. 4 dB, and the re-
turn loss was better than 18 dB in the 20 GHz band-
width. Furthermore, the insertion loss of the D-band
transition model was lower than 0.3 dB, and the return
loss was better than 20 dB in the 20 GHz bandwidth.
1.3 Design of radial stub structure

Generally, the radial stub structure can be equiva-
lent to a resonant circuit composed of an inductance and
capacitance'"’. By changing the radius and the central
angle of the radial stub, its impedance can be adjusted to
the short circuit point of the Smith chart at the input RF
frequency. This means that the radial stub, which is
much shorter and smaller than the LPF, can be adopted
as a RF short end, and fully reflect the RF signals. In ad-
dition, since the impedance of the RF short end is ap-
proximately equal to zero, the total load impedance will
be still close to zero when the load is in parallel with it.
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Fig. 5 Transition models and simulated S-parameters: (a) W-
band (b) D-band
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Thus, the parallel branch load will not affect the total
load impedance and therefore will not affect the imped-
ance matching of the whole detector circuit. Consequent-
ly, the stability of the detector is improved. The HFSS
models of the two radial stub structures used in the W-
band and D-band detectors, and their Smith chart simula-
tion results are shown in Fig. 6. It can be seen from the
Smith chart simulation results that the impedances of the
two radial stub structures were optimized to the short cir-
cuit point at 89 GHz and 150 GHz, respectively, and the
two radial stubs can be seen as RF short ends.
1.4 Design of matching circuit

In order to transfer as much power as possible to the
diode, it is necessary to match the impedance of the di-
ode and the two radial stub structures. The integrated cir-
cuit structure is shown in Fig. 7. Since the radial stub
structures introduce a large mismatch impedance at the
input RF frequency, the total load impedance at port 1
needs to be adjusted by changing the length and width of
the tuning lines L, and L,; this reduces the impedance
matching difficulty of the integrated circuit and increases
the matching bandwidth. The matching network was real-
ized by four stepped impedance lines, and the length and
width of the four matching lines were optimized to
achieve the maximum energy transmission'”’. The imped-

[ Neme [ Freq Ang | Mag | RX |
| m1 [89.0000]-179.8606 0.99710.0014 - 0.0012i[
( 050 100 200 500

[ Name [ Freq | ang | Mag |
| _m1 |150.0000]-179.9595 0.9968 | 0.0016-0.0004i |

18{1 gg 020 0.50 1.00 2.00 5.00 0

Fig. 6 Radial stub structure models and Smith chart simulation
results: (a) W-band, (b) D-band

K6 i 2 S5 R AR R I ol o 7 8] 121 47 B 2R - (a) W B
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ance matching network and the tuning lines L, and L,
were optimized in the ADS and modeled in the HFSS.
The calculated parameters of L, and L, of the two detec-
tors and their optimized normalized impedances of port 1
at 89 GHz and 150 GHz, respectively, are shown in Ta-
ble 3. The integrated circuit models in HFSS are shown
in Fig. 8.

Eﬁ 4  Diode Radial Stub
REin | Probe
Tuning Line Ly SMA
Matching Network
Tuning Line L,

DC Ground L :/\

Fig. 7 Integrated circuit structure

Bl 7 A B Eh
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Table 3 Calculated parameters of L, and L, and opti-
mized normalized impedances of port 1

x 3 HESHMLUISLHSHURAUR RO 1HEF—4

FEHT

Z, 0, Z, 0,

(C) (deg) (C) (deg)
W-band 57.24 11.03 117.89 64.73

D-band 144.21 97.47 120.79 24.11

1 2 2

Port 1 Impedance

0. 611-j2. 035
1. 95+j1. 552

(b)

Fig. 8 Integrated circuit models in HFSS: (a) W-band (b) D-band
8 B % HFSS KA : (a) W B (b)D i BL

2 Fabrication and measurement

2.1 Fabrication and package

The fabricated circuit was installed in the cavity.
The substrate of the circuit was made of quartz glass with
a relative dielectric constant of 3. 78 and a thickness of
100 pm. The quartz glass circuit and DC ground were
connected with the cavity through a 15 pwm thick conduc-
tive adhesive. The Schottky diode was installed on the
circuit through a 10 pm thick conductive adhesive. The
DC output port was connected with the SMA probe
through a gold bonding wire. The photos of the two detec-
tor modules and their circuits are shown in Fig. 9.

2.2 S-Parameter measurement

The return loss of the two detectors was measured by
a vector network analyzer with an extension module, as
shown in Fig. 10.

The simulated, measured, and fixed return loss of
the two detectors are shown in Fig. 11. The return loss of
the W-band detector is better than 9 dB over the pass
band and reaches 20 dB at 95 GHz. Meanwhile, the re-
turn loss of the D-band detector is better than 6 dB over
the pass band. However, there are some differences be-
tween the simulated results and the measured results, es-

Fig. 9 Photos of two detector modules and their circuits: (a) W-
band (b) D-band
B9 Pkl as b b L B IR 2 (a) W B (b) DBt

Fig. 10 Photo of return loss test platform
B0 [l A ISP 5 IR

pecially for the W-band detector. The factors causing
these differences are the fabrication deviation of the
quartz circuit and the deviation of the Schottky diode it-
self, which mainly includes the junction capacitance de-
viation and series resistance deviation. The deviation of
the Schottky diode has a greater influence on return loss
than any other factors. Additionally, as shown in Fig.
11, the simulated results can be fixed to fit with the mea-
sured results only by changing the junction capacitance
and series resistance of the Schottky diode model in a rea-
sonable range (provided by ACST). The original and
fixed parameters of the junction capacitance and series
resistance of the two Schottky diodes are shown in Ta-

ble 4.

Table 4 Original and fixed parameters of C, and R, of
the Schottky diodes
x4 BEECRECIIMRsMABEBIESH

Original Error range pro-
Type Parameters Fixed value
value vided by ACST
C(fF) 20 21.273 16 t0 24
3DSKF20 ’
R(Q) 14. 585 10. 489 —
C(fF) 30 24. 627 24 10 36
3DSF30
R(C) 10.725  18.986 51020

s
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Fig. 11  Simulated, measured, and fixed return loss: (a) W-band
detector (b) D-band detector
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2.3 Voltage sensitivity measurement
Voltage sensitivity reflects the ability of a detector to
detect small signals and can be expressed as follow :

Vi
T 3
Br= (®
where V,, is the output detection voltage and P,, is the in-
put power.

A diagram of the test platform is shown in Fig. 12.
The vector network analyzer was selected as the small sig-
nal source, and the signal was transmitted to the detector
through the attenuator. During the test, the output power
of the signal source was controlled at about -20 dBm after
calibration by a power meter, and the detection voltage

Table 5 Voltage sensitivity comparison

x5 BEREELE

was measured by a multimeter.

Multimeter

o@ngo

o =4

v -
. Detector v
oFF WA

Extension Module

Vector Network Analyzer

Altenuator

L
L Straight Waveguide

Fig. 12 Test platform
Bz iksra

Figure 13 shows the simulated and measured voltage
sensitivity of the two detectors. The typical sensitivity of
the W-band detector is about 2500 V/W from 85 GHz to
95 GHz, with a maximum sensitivity of 2875 V/W at 87
GHz. Meanwhile, the typical sensitivity of the D-band
detector is about 1600 V/W from 145 GHz to 155 GHz,
with a maximum sensitivity of 1891 V/W at 146 GHz.
Both measured results are basically consistent with the
simulated results. A performance comparison of voltage
sensitivity between our proposed detectors and other W-
band and D-band detectors is shown in Table 5.

2.4 Linearity measurement

Linearity can measure the relationship between out-
put voltage and input power of a detector, which directly
affects the accuracy of brightness temperature measure-
ment of a radiometer. The test platform is the same as
shown in Fig. 12. The vector network analyzer was used
as the small signal source, and the output power was con-
trolled by adjusting the attenuator.

The measured linearities of the two detectors are
shown in Fig. 14. The linearity was measured at 89 GHz
and 150 GHz for the W-band detector and D-band detec-
tor, respectively. When the input power is in the range
of 5 wW to 40 pW, the linearity of the W-band detector
is about 0. 9994. Meanwhile, when the input power is in
the range of 3 WW to 18 wW, the linearity of the D-band
detector is about 0. 9992.

3 Conclusion

Two millimeter-wave detectors with an improved cir-
cuit structure were designed and implemented in this pa-
per. The improved circuit structure based on the radial
stub is more stable and compact compared to the typical
circuit structure. The W-band detector has a typical sen-
sitivity about 2500 V/W in the range of 85 GHz to 95
GHz, and a linearity of 0. 9994 at 89 GHz. Meanwhile,
the D-band detector has a typical sensitivity about 1600

Ref. W-band Frequency/GHz Voltage Sensitivity (V/ W) D-band Frequency/GHz Voltage Sensitivity (V/ W)

(5] 79~93 >860 — —

(6] 85~110 Typ 750, MAX 1000 — —

(8] 86~94 >2000 — —

(9] 80~104 >2000 120~155 Typ 600, MAX 1600
This work 85~95 Typ 2500, MAX 2875 145~155 Typ 1600, MAX 1891
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Fig. 13 Simulated and measured voltage sensitivity: (a) W-band
detector (b) D-band detector
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V/W in the range of 145 GHz to 155 GHz, and a linearity
of 0. 9992 at 150 GHz. The measured results are basical-
ly consistent with the simulated results. The fabricated
detectors using the improved circuit structure based on
the radial stub and tuning lines achieved broadband high
voltage sensitivity, accurate in-band return loss, and
high in-band linearity. And benefit from changing the
DC ground port’ s position, it is easier to realize broad-
band characteristics and integrate with pre-level systems
of the CubeSat radiometer direct detection channels with-
out using waveguide-microstrip transition structures,
which would result in more energy loss. Our results veri-
fy that the detectors with the improved circuit structure
can meet the technical requirements of the direct detec-
tion system, and are more suitable for CubeSat applica-
tions compared to typical detectors.
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