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Design and simulation results of a novel multifunctional electronic calibration kit based on microelectromechani-
cal system (MEMS) single-pole double-throw (SPDT) switches are presented in this paper. The short-open-load-through
(SOLT) calibration states can be completed simultaneously by using the MEMS electronic calibration, and the electronic
calibrator can be reused 10° times. The simulation results show that this novel electronic calibration can be used in a
frequency range of 0.1 GHz-20 GHz, the return loss is less than 0.18 dB and 0.035 dB in short-circuit and open-circuit
states, respectively, and the insertion loss in through (thru) state is less than 0.27 dB. On the other hand, the size of this
novel calibration kit is only 6 mmx2.8 mmx0.8 mm. Our results demonstrate that the calibrator with integrated radio-
frequency microelectromechanical system (RF MEMS) switches can not only provide reduced size, loss, and calibration
cost compared with traditional calibration kit but also improves the calibration accuracy and efficiency. It has great potential
applications in millimeter-wave measurement and testing technologies, such as device testing, vector network analyzers,
and RF probe stations.

Keywords: microelectromechanical system (MEMS), electronic calibration kit, single-pole double-throw

(SPDT) switch, short-open-load-through (SOLT) calibration

PACS: 85.85.4j, 87.80.Ek

1. Introduction

With the rapid development of electronics, medicine,
industries, automotive, and aerospace technology, the re-
quirements for miniaturization and high reliability of sys-
tems are increasing, and these requirements can be fun-
damentally achieved by high-degree integration of systems.
The microelectromechanical system (MEMS) technology has
gained popularity in the electronic information field, such as
in the fabrication of integrated circuits, to produce minia-
turized, intelligent, and integrated MEMS devices. At
present, devices based on MEMS technology have grad-
ually moved from the laboratory to practical application
level, and they greatly contribute to the development of
fields such as industry and agriculture, information, envi-
ronment, bioengineering, medical treatment, space technol-
ogy, and national defense.!'™*) The MEMS-based devicl2-es
such as radio-frequency microelectromechanical system (RF
MEMS) switches, 57! attenuators, 31 filters,[1%111 and phase
shifters!!?>~15 have been developed. However, the network an-
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alyzer, microwave test cable, and load used in the RF perfor-
mance testing process all encounter problems of large loss, in-
stability, and non-repeatability, and these problems directly re-
sult in the low accuracy of MEMS device testing.['%~!8] There-
fore, the test cable, load, test instrument, and other systems
need calibrating prior to the MEMS device testing in order to
minimize the system errors generated during the test, thereby
improving the measurement accuracy of the MEMS device. "]

Currently, most widely used calibration kits for MEMS

20211 and electronic/??! calibration

devices are mechanicall
kits, based on the coaxial calibration principle. Mechanical
calibration kits are easy to operate and have high dependency
on operator skills, whereas electronic calibration kits use au-
tomated operation, which is fast and less affected by opera-
tor skills. However, for the calibration of non-coaxial MEMS
devices, both calibration kits encounter the problems of low
matching degree and high error rate. In response to this,
a through-reflect-line (TRL) calibration kit for S-parameter
characterization of membrane circuits for the WR-03 waveg-

uide band (220 GHz-325 GHz) was developed at Chalmers
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University of Technology.?’!

Testing results verified that the
calibrator has good response characteristics and reliability, but
low sensitivity. A printed circuit board (PCB) was used to
design and produce an electronic calibration kit suitable for
power amplifiers (PA) at Malaysian University of Science and
Technology.!**! Although the measurement accuracy of this
calibration system was approximately 10% higher than that of
traditional calibration Kkits, its size was at least six times larger
than that of a sub-miniature A (SMA) interface connector. A
non-contact detection calibration kit for 220 GHz-325 GHz
was designed and produced at Ohio State University, [>! which
effectively improves the mismatch caused by the wear of the
probe tip. However, its operation is complicated and requires
human operator judgment, which greatly affects the repeata-
bility of the calibration Kkit.

To address the above-mentioned problems associated
with existing MEMS device calibration methods, in this study
a multifunctional electronic calibration kit is proposed and de-
signed by using cascaded MEMS-based SPDT switches. The
SOLT calibration states can be completed simultaneously, and
the metallization of probe tip and errors introduced by human
operation can be reduced by using the MEMS electronic cali-
bration. It can calibrate a vector network analyzer, microwave
probe station, and test cable in a frequency range of 0.1 GHz—
20 GHz with high precision, and the overall size of this novel
proposed calibrator kit is only 6 mmx2.8 mmx0.8 mm.

2. Theory

At present, the most effective and direct testing method
of RF parameters of MEMS devices in the millimeter wave
band is to use a vector network analyzer, a microwave probe
station, a test cable, and a test method for connecting the de-
The loss introduced by the cable and the
probe will directly result in inaccurate test results. The com-

vice under test.

monly used two-port calibration methods are SOLT and TRL
(straight-reflect-reflection line).?0! The SOLT calibration kit
is easy to operate, and can provide excellent accuracy and re-
peatability, so it is more commonly used. Figure 1(a) shows
the calibration kit for a probe station. The ground wire—signal
wire—ground wire (GSG) probe is directly calibrated on a cal-
ibration sheet on which the short-circuit, open-circuit, load,
and through (thru) units are arranged and distributed as shown
in Fig. 1(b). In the dual-port calibration process performed
by the vector network analyzer, the GSG probes connected to
the port of the mobile network analyzer calibrate short-circuit,
open-circuit, and load at ports 1 and 2; then, the two probes
are placed on the thru calibration unit simultaneously. The
four calibration units are immersed in sequence seven times to
measure the S-parameters; subsequently, 12 errors are calcu-
lated according to the SOLT calibration formula. Thus, the
calibration of the vector network and the probe station are

completed.?”-?8] The functions of the calibration ports are as
follows.

Short calibration: The signal achieves an ideal short cir-
cuit on the calibration kits (total reflection |I"| = 1) and under-
goes total reflection, yielding return loss Sy; close to 0.

Open calibration: The signal achieves an ideal open cir-
cuit (total reflection |I"| = 1) on the calibration kit and under-
goes total reflection, yielding return loss S;; close to 0.

Load calibration: The signal realizes an accurate broad-
band impedance matching with the system impedance on the

(b)
G
sHnl I

short open load thru

calibration kit.

Fig. 1. (a) Thru calibration of probe, and (b) calibration on-chip calibration
kits.

2.1. Design of electronic calibration kit

The RF MEMS devices have characteristics of small size,
low loss, and easy integration, and have important applications
in the development of miniature, intelligent, light-weight, and

291 Com-

low-power-consumption communication systems. !
pared with traditional electronic switches, RF MEMS switches
have high frequency, small size, low power consumption, and
high-degree integration, and they are used in many electronic
devices. In this study is proposed an RF MEMS switch that
can be introduced into an electronic calibration kit to realize a
small-volume, low-loss, convenient, and multifunctional inte-
grated electronic calibration kit as shown in Fig. 2. The cali-
bration kit consists of a standard short-circuit port Zy, a stan-

dard open port Z;, and a standard load port Z,.

jﬁ'ﬂ
?ISQ

SQ T_S’)
Ss

Fig. 2. Overall scheme of calibration kit.

The signal from port 1 passes through switches S; and
S3 and enters into Zy, providing the short-circuit calibration
of port 1. The signal from port 2 passes through switches Sg
and S7 to reach Zy, providing the short-circuit calibration of
port 2. The signal from port 1 passes through switches S;
and Sy to arrive at Z;, providing the open calibration of port
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1. The signal from port 2 enters into switches Sg and Sg and
reaches Z;, realizing the open calibration of port 2. The sig-
nal from port 1 enters into switches S, and S¢ and reaches Z,
realizing the load calibration of port 1. The signal from port
2 enters into switches Sig and S, and reaches Z,, providing
the load calibration of port 2. Finally, the signal enters into
switches Sj, Ss, S11, and S;g from port 1 to port 2, which can
be directly calibrated to complete the network signal dual-port
calibration. This calibration kit is thus simple and convenient.

2.2. Design and simulation of RF MEMS SPDT switch

The RF MEMS SPDT switch is a three-port structure in
which signals are input from one port and output to either
of the other two ports selectively. The signal is input from
the input port and is divided into two channels for transmis-
sion by the T-type power divider, and each channel has an RF
MEMS switch. By controlling the opening or closing of the
RF MEMS switch of each channel, the selected output of sig-
nal is realized.

Figure 3 is a schematic diagram of the typical series con-
tact RF MEMS SPDT switch. When sufficient driving voltage
is applied between the upper plate and lower plate of the RF
MEMS switch, the upper electrode will move vertically down-
ward under the action of electrostatic force, and the signal is
turned on and the switch is closed as shown on port 2. When
the driving voltage between the upper plate and lower plate is
removed, the upper electrode is restored to the original posi-
tion under the action of the restoring force, the signal is dis-
connected, and the switch is in the disconnected state as shown
in port 3.

|substrate| |contact pointsl | top electrode |

—
bstrat actuation dielectric h
substrate electrode layer anchor

Fig. 3. Schematic diagram of RF MEMS SPDT switch.

To meet the requirements for the application of the stan-
dard calibration kit, the ADS software is used to calculate
the basic physical dimensions of the substrate and coplanar
waveguide at a matching impedance of 50 Q. In this study
is adopted a series contact-type MEMS SPDT switches in the
electrostatic drive mode, and the upper electrode has a sim-
ple straight-plate structure. It is composed of a glass substrate
(dielectric constant is 4.6, thickness is 500 pm), a coplanar
waveguide reflection line (20 um/120 pm/20 wm), a straight-
plate-type top electrode, an actuation electrode, air bridges, a
contact point, and a driver. The electrodes and other kit are
shown in Fig. 4.

| T-type power splitter sign line

actuation
| ground line | | port 1 | | ground line |
Fig. 4. Structure of SPDT switch.
0
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Fig. 5. (a) Insertion loss and (b) isolation of SPDT switch.

The results of the simulation conducted by using the AN-
SOFT HFSS software are shown in Fig. 5. When the input sig-
nal enters into port 1, the insertion loss is 0.36 dB at 20 GHz
through port 2, with isolation 20 dB at 20 GHz, and the inser-
tion loss is 0.37 dB at 20 GHz through port 3, with isolation
21.83 dB at 20 GHz. The results indicate that the two ports
of the designed RF MEMS SPDT switch have good insertion
loss and isolation, and excellent consistency with each other
as well.

2.3. Design of load resistance

The load resistance is an important factor and should be
considered in calibration under a load state. In this study, a
tantalum nitride thin-film resistor with self-passivation, high
corrosion resistance, and high stability is selected in the
design.[*”] The resistance of the thin-film resistor is related
to its size and geometry and can be calculated from

)
R=Rpx —,
w
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where Rg is the square resistance of the thin-film resistor
(100 ©/0O tantalum nitride resistor is selected in this study),
[ is the length of the thin-film resistor (50 um), and w is the
width of the thin-film resistor (100 wm).

The ANSOFT HFSS software is used to simulate a 50-Q
load resistance, and the simulation results are shown in Fig. 6.
At 0.1 GHz-20 GHz, the return loss is within 10.95 dB-
11.07 dB. The resistor has good stability and can be used as
a load standard for calibration.

—10.90

—10.95

—11.00f

Return loss (dB)

—11.05}

—11.10 L . .
0 5 10 15 20
Frequency (GHz)

Fig. 6. Simulation results of load resistance.

2.4. Design of electronic calibration kit based on RF SPDT
switch

Figure 7 shows the structure of the entire electronic cal-
ibration kit, which is composed of symmetrically cascading
five RF MEMS SPDT switches. For the vector network ana-
lyzer to perform single-port calibration, three calibrations are
required. First, port 1 probe of the vector network analyzer
port contacts port 1, and switches 1-4 are all open at the same
time. the calibration kit is in a short-circuit state, and single-
ended short-circuit calibration is performed. Control switches
1 and 3 are both open. Next, switch 5 is switched off and the
calibration kit is in the open state, then single-ended open cir-
cuit calibration is performed. Control switches 1, 3, 5, and
6 are all open, the calibration kit is in load resistance state,
and 50-Q load calibration is performed. For the single-ended
calibration by the vector network analyzer, the calibration is
performed seven times. The switch status is shown in Table 1.
The vector network analyzer ports CH 1 and CH 2 contact port
1 and port 2 of the calibrator, respectively. Then, the two ports
are calibrated in the states of shorted circuit, open circuit, load,
and thru by closing the control switches. This process requires
only two probe contacts, thus reducing the effect of human
errors on the calibration accuracy.

The switch status of each calibration state is shown in Ta-
ble 1, where 1 indicates that the switch is on and 0 represents
that the switch is off.

The ANSOFT HFSS software is used to simulate the
RF performance of the electronic calibration kit based on the
MEMS SPDT switch, and the simulation results are shown in
Fig. 8. Figure 8(a) shows the return loss of the calibration
kit in the short-circuit state. Figure 8(b) indicates the return

loss of the calibration kit in the open-circuit state. Figure 8(c)
displays the return loss of the calibration kit in the load-circuit
state, and figure 8(d) exhibits the insertion loss in the thru state.

switch 6|— #‘\
MI_\ switch 7
-switch 4
switch 8
1 e
port 1 7 port 2
switch 27 Nswitch 10

Fig. 7. Structure of electronic calibration kit based on RF SPDT switch.
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800251 N - {02
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) . . . | | |
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T -LLs : : : —0.15F
2 —12.0
= —0.20
g —12.5
£ —13.0 —0.25
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~13:55 510 15 20 230 5 10 15 20

Frequency (GHz) Frequency (GHz)

Fig. 8. Simulation results of calibration kit: return loss in (a) short state, (b)
open state, and (c) load state, and (d) insertion loss in thru state.

Table 1. Corresponding switch mode of calibration state.

Switch S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11
Short1 1 1 1 1 o o0 0 0 O 0 0
Short2 0 0 O O O O O 1 1 1
Openl 0 O O O O O O O O 0 0
Open2 0 O O O O O O O O 0 0
Loadl 1 0 1 0 1 1 0 0 o0 0 0
Load2 0 O O O O 1 1 0 1 0 1
Thru 1 0 1 0 1 0 1 0 1 0 1

The simulation results indicate that for a frequency range
of 0.1 GHz-20 GHz, the electronic calibrator can be reused
and needs only two steps for one-time calibration. Further, the
return loss is less than 0.18 dB in the short-circuit state is less
than 0.18 dB and less than 0.035 dB in the open-circuit state.
This suggests a lower reflection error. When the load resis-
tance is 50 Q, the echo is within 11.5 dB-13.5 dB, showing
good stability. In the thru state, the insertion loss less than
0.27 dB has a lower reflection error. This calibration kit ex-
hibits an excellent performance during dual-port calibration.

3. Fabrication and measurement of SPDT
switch

In order to verify the simulation results of this novel mul-
tifunctional electronic calibration kit, the core device of the

118501-4
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RF MEMS SPDT switch is fabricated by micro-nano surface
technology,3!! and the fabrication process consists of nine
steps and is shown in Fig. 9.

(a)

(c) (d)

|

(e) (f)

(2)

—~
£

)

(i) @j
. BF33 glass . SizNy . Al Au
B B B

Fig. 9. Fabrication processes of SPDT switch.

Step (a) The surface of the BF33 glass sheet is cleaned
to remove various inorganic impurities and organic contami-
nants.

Step (b) A 400-nm-thick silicon nitride film layer is de-
posited by PECVD at 350 °C, and dry etching is performed to
obtain bumps contacting the ohmic series switch.

Step (¢) A 500-nm-thick aluminum film layer is de-
posited by magnetron sputtering and the wet etching is per-
formed by using concentrated phosphoric acid to obtain the
driving electrode and PAD of SPDT.

Step (d) A 300-nm-thick silicon nitride film layer is de-
posited again by PECVD, servins as an isolation layer, which
is used to prevent metal-to-metal contact from diffusing and
also to prevent aluminum metal from being destroyed by sub-
sequent processes.

Step (e) A 50-nm-thick titanium adhesion film layer is
deposited on the isolation layer, followed by a 150-nm-thick
gold layer. The purpose of Ti/Au metal layer is to serve as a
seed layer for electroplating coplanar waveguide (CPW).

Step (f) A 2-um-thick Au layer is selectively deposited
as CPW, and the Au layer also covers the exposed contact
points of the series ohmic switches to provide low contact re-
sistance.

Step (g) A Ti/Au seed layer is then removed by wet etch-
ing. Finally, the isolation nitride spacer is defined by pho-
tolithography and dry etching to expose the underlying PAD.
The over-etch time of dry etching is determined by considering

the removal of Si3Ny capping and exposure of the underlying
aluminium layer. The sacrificial layer for the definition of air
gap is formed by 4-um thick polyimide (PI). In order to solve
the problem of PI step coverage, the spin-coated PI wafer is
horizontally placed in a covered petri dish, and then the petri
dish is placed in an oven at a constant temperature of 50 °C for
4 h. The temperature and time parameters are selected based
on the fact that the liquid PI has the fastest flow rate at 50 °C
and will become solid after 4 h, so 50 °C and 4 h are chosen.

Step (h) The anchor vias in the sacrificial layer are ob-
tained by a mask and wet etching, and followed closely by the
alkaline developer dissolving the upper photoresist and con-
tinuing to etch the underlying PIL.

Step (i) The beams of the switches and the air bridges are
formed when a 2-um-thick gold layer is electroplated. Then
the seed layer is removed by wet etching.

Step (j) The sacrificial layer is released. At this point the
manufacturing process of the switch is completed. The scan-
ning electron microscopy (SEM) image of the prepared SPDT
switch is shown in Fig. 10.

10kV X45 500um 19 48 SEI

Fig. 10. SEM photograph of SPDT switch.
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Fig. 11. (a) Measured insertion loss response of SPDT switch, and (b) mea-
sured isolation response of SPDT switch.

118501-5



Chin. Phys. B Vol. 30, No. 11 (2021) 118501

The test results are shown in Fig. 11, which shows that
the insertion loss of the MEMS SPDT switch is less than
1.0 dB and the isolation is more than 18 dB, which satisfies
the design specifications and calibration requirements. The
calibration sheet used for the probe can be used only once,
whereas the MEMS SPDT switch prepared in this study can
be used 10° times; the insertion loss changes after multiple
tests has become small and the repeatability is good. The mea-
surements and the simulations accord well each other, which
makes the process and technology of designing multifunc-
tional electronic calibration kit more confident.

4. Conclusions and perspectives

The electronic calibration kit in four calibration states are
proposed that is composed of the five cascaded MEMS SPDT
switches and one load resistance. In the working frequency
band of 0.1 GHz—20 GHz, the return loss of the calibration kit
is less than 0.18 dB in the shorted circuit state and less than
0.035 dB in the open circuit state, the insertion loss is less
than 0.27 dB in the thru state. The electronic calibrator can be
reused 10° times and needs only two steps for one-time cal-
ibration. The calibration method has addressed the problems
of the traditional calibration with a single function and many
cumbersome calibration steps. Therefore, the multifunctional
calibration kit can provide a convenient calibration method for
the microwave test systems, such as vector network analyzers,
RF probe stations, and millimeter wave test cables.
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