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A wide-band test fixture is designed for the measurement of parasitic effects of RF passive SMD (surface mounted devices)
components. Two calibration methods, TRM (Thru-Reflect-Match) from 45MHz to 2GHz and TRL (Thru-Reflect-Line) from
2GHz to 12GHz, are used for error correction.Themeasurement standards and fixture are designed based on these two calibration
methods. For experimental verification, the multilayered ceramic SMD capacitors of Johanson Technology are measured. The
parasitic effects of the SMD capacitors are analyzed. The designed fixture is feasible and applicable for quick and accurate
measurement of RF passive SMD components.

1. Introduction

With the development of electronic technology, SMD com-
ponents have been widely used in the design of microwave
circuits and wireless communication systems. Therefore,
studying the SMD component measurement methods and
extracting accurate high-frequency component characteristic
parameters in high frequency are very important. However,
for conventional SOLT (Short-Open-Load-Thru) calibration
method, with the increase of the operating frequency, the
parasitic effects caused by the calibration standards increase,
especially by the fringing capacitance of the open standard.
The fringing effect of open standard can be adjusted by
using EM modeling and inputting the model value into the
VNA. For TRL (Thru-Reflect-Line) calibration method, the
calibration bandwidth is limited by the line standard due
to the line phase ambiguity, where the eigenvalue matrix
becomes unitary and can cause measurement inaccuracy, if
only one LINE is used [1, 2]. The bandwidth can be extended
using multiple LINEs instead of one LINE. In our paper,
TRM (Thru-Reflect-Match) calibration is introduced at low
frequency range to avoid phase ambiguity. Then, based on
the theoretical analysis, the measurement fixture is designed.

Parasitic effects of SMD capacitors are analyzed. Excellent
results are achieved.

2. Theory, Analysis, and Results

TRL calibration is based on the ten-term error model (shown
in Figure 1). Based on the calculation using Mason formula,
the relationship between the measured S-parameters and
actual S-parameters of the network can be expressed as [3]

𝑆11
= 𝑒00

+ 𝑒10𝑒01𝑆11 (1 − 𝑆22𝑒22) + 𝑒10𝑒01𝑆21𝑆12𝑒221 − 𝑆11𝑒11 − 𝑆22𝑒22 − 𝑆21𝑆12𝑒11𝑒22 + 𝑆11𝑆22𝑒11𝑒22
𝑆21
= 𝑒30

+ 𝑒10𝑒32𝑆211 − 𝑆11𝑒11 − 𝑆22𝑒22 − 𝑆21𝑆12𝑒11𝑒22 + 𝑆11𝑆22𝑒11𝑒22
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Figure 1: The ten-term error model of a two-port network.

𝑆12
= 𝑒03

+ 𝑒01𝑒23𝑆121 − 𝑆11𝑒11 − 𝑆22𝑒22 − 𝑆21𝑆12𝑒11𝑒22 + 𝑆11𝑆22𝑒11𝑒22
𝑆22
= 𝑒33

+ 𝑒23𝑒32𝑆22 (1 − 𝑆11𝑒11) + 𝑒23𝑒32𝑆21𝑆12𝑒111 − 𝑆11𝑒11 − 𝑆22𝑒22 − 𝑆21𝑆12𝑒11𝑒22 + 𝑆11𝑆22𝑒11𝑒22 .
(1)

For reflection calibration, the reflect standards (open-
circuited or short-circuited) are connected to the measure-
ment ports. The reflection coefficient is Γ𝑅. Then, 𝑆21 = 𝑆12 =0 and 𝑆11 = 𝑆22 = Γ𝑅.Themeasured values for reflect standard
are

𝑆11𝑅 = 𝑒00 + 𝑒10𝑒01Γ𝑅1 − 𝑒11Γ𝑅
𝑆21𝑅 = 𝑒30
𝑆22𝑅 = 𝑒33 + 𝑒23𝑒32Γ𝑅1 − 𝑒22Γ𝑅
𝑆12𝑅 = 𝑒03.

(2)

For the thru calibration, it can be regarded as connecting a
central network with 𝑆21 = 𝑆12 = 1 and 𝑆11 = 𝑆22 = 0. Then,
the measured values for thru standard are

𝑆11𝑇 = 𝑒00 + 𝑒10𝑒01𝑒221 − 𝑒11𝑒22
𝑆21𝑇 = 𝑒30 + 𝑒10𝑒321 − 𝑒11𝑒22
𝑆22𝑇 = 𝑒33 + 𝑒23𝑒32𝑒111 − 𝑒11𝑒22
𝑆12𝑇 = 𝑒03 + 𝑒23𝑒011 − 𝑒11𝑒22 .

(3)

The last one is line calibration. A segment of 50Ω transmis-
sion line with the electrical length 𝑙 is connected to the ports.

The S-parameters of the line standard are 𝑆11 = 𝑆22 = 0 and
𝑆12 = 𝑆21 = 𝑒−𝑗𝛽𝑙, and then the corresponding measured val-
ues can be given as

𝑆11𝐿 = 𝑒00 + 𝑒10𝑒01𝑒22𝑒−𝑗2𝛽𝑙1 − 𝑒11𝑒22𝑒−𝑗2𝛽𝑙

𝑆21𝐿 = 𝑒30 + 𝑒10𝑒32𝑒−𝑗2𝛽𝑙1 − 𝑒11𝑒22𝑒−𝑗2𝛽𝑙

𝑆22𝐿 = 𝑒33 + 𝑒23𝑒32𝑒11𝑒−𝑗2𝛽𝑙1 − 𝑒11𝑒22𝑒−𝑗2𝛽𝑙

𝑆12𝐿 = 𝑒03 + 𝑒23𝑒01𝑒−𝑗2𝛽𝑙1 − 𝑒11𝑒22𝑒−𝑗2𝛽𝑙 .

(4)

Besides the ten error terms, the reflection coefficient Γ𝑅 of
the reflect standard and the phase constant 𝛽 of the line stan-
dard are also unknown. So, there are total twelve unknown
factors, which can be solved by the twelve equations: (2)–(4).
The line standard provides the key attributes to generate a
good calibration. One critical factor of the line standard is
that its length should be different from the length of the
thru standard, so that the phase shift of the line standard
is different from that of the thru standard by at least 20∘
and no more than 160∘. If the phase differences of these two
standards get close to 0∘ or 180∘, the inaccuracy of calibration
will be magnified enormously due to potential singular
points in equation solving. Therefore, the frequency ratio for
TRL calibration method should not exceed 1 : 6. Our design
is to widen the bandwidth with no cost of measurement
accuracy; therefore TRM calibration method is adopted at
low frequency range. Since two unknown factors 𝛽 and 𝑙 can
easily be eliminated, themeasured values formatch standards
are

𝑆11𝑀 = 𝑒00
𝑆22𝑀 = 𝑒33. (5)

Then the real S-parameters of the network can be calcu-
lated as
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𝑆11 = [((𝑆11 − 𝑒00) /𝑒10𝑒01) (1 + ((𝑆22 − 𝑒33) /𝑒23𝑒32) 𝑒22) − ((𝑆21 − 𝑒30) /𝑒10𝑒32) ((𝑆12 − 𝑒03) /𝑒01𝑒23) 𝑒22]
𝐷

𝑆21 = ((𝑆21 − 𝑒30) /𝑒10𝑒32)
𝐷

𝑆22 = [((𝑆22 − 𝑒33) /𝑒23𝑒32) (1 + ((𝑆11 − 𝑒00) /𝑒01𝑒10) 𝑒11) − ((𝑆12 − 𝑒03) /𝑒01𝑒23) ((𝑆21 − 𝑒30) /𝑒10𝑒32) 𝑒11]
𝐷

𝑆12 = ((𝑆12 − 𝑒03) /𝑒01𝑒23)
𝐷 ,

(6)

where

𝐷 = (1 + 𝑆11 − 𝑒00𝑒10𝑒01 𝑒11)(1 + 𝑆22 − 𝑒33𝑒23𝑒32 𝑒22)

− (𝑆21 − 𝑒30𝑒10𝑒32 )(𝑆12 − 𝑒03𝑒01𝑒23 ) 𝑒11𝑒22.
(7)

Since the calibration algorithm has been determined,
the next step is to design the measurement fixture. In our
work, the measurement standards are designed firstly. For an
ideal thru standard, its impedance shouldmatch the standard
characteristic impedance of the system. The impedance and
electrical length of a microstrip line can be calculated as [4]

𝑍0

=
{{{{{{{{{

60
√𝜀𝑒 ln(

8𝑑
𝑊 + 𝑊

4𝑑)
𝑊
𝑑 ≤ 1

120𝜋
√𝜀𝑒 [𝑊/𝑑 + 1.393 + 0.667 ln (𝑊/𝑑 + 1.444)]

𝑊
𝑑 > 1

(8)

𝑙𝑒 = 𝑙𝑝𝑓
𝑐/√𝜀𝑒 × 360∘, (9)

where

𝜀𝑒 = 𝜀𝑟 + 1
2 + 𝜀𝑟 − 1

2 (1 + 12𝑑
𝑊 )−0.5 . (10)

𝑐 is the speed of electromagnetic waves in vacuum and 𝑙𝑓 is
the physical length of the microstrip line. In our design, the
substrate Taconic TLX-7-0310-C1 with 𝜀𝑟 = 2.6, tan 𝛿 = 0.0019,
and ℎ = 0.79mm is chosen. Then the line width at 50Ω can
be calculated to be 2.14mm.The length of the thru standard is
comparatively flexible. Considering that the reflect standard
is only half the length of the thru standard, 2𝜆 (720∘) at 12GHz
is chosen, and the physical length can be calculated to be
about 35.4mm. The structure of the thru standard is shown
in Figure 2.

As for the reflect standard, the phase of the reflection
coefficients of the two ports should be the same. Therefore,

the reflect standard should be symmetrical. In real applica-
tions, the reflect standard can be either open-ended or short-
ended. But for the open-ended structure, the fringing capaci-
tance cannot be neglected, especially at high frequency range,
which can deteriorate the measurement results considerably.
So in order to achieve better calibration, the short-ended
structure is adopted.The reflect standard is shown inFigure 3.
The microstrip lines are half the length of the thru standard
and are both connected to a common ground plane in the
middle.

Compared with the thru standard, the line standard
should have the same characteristic impedance but with a
longer phase delay. For measurement accuracy, the phase
delay should be controlled between 20∘ and 160∘ to avoid
phase ambiguity [5, 6].The electrical length can be calculated
using (9). Based on the optimization using the simulation
software ADS, when the physical length of the line standard
is 6.8mm longer than the thru standard, the additional phase
delays at 2GHz and 12GHz are 24.6∘ and 149.5∘, which
satisfies the phase delay requirement. Then, the length of
the line standard is determined to be 42.2mm (shown in
Figure 4).

The final measurement standard is the match standard.
The key to designing a good match standard is to avoid
reflection at the ports [7, 8]. Therefore, the impedance of the
loads should be strictly matched to the system characteristic
impedance. In our design, two pairs of 100Ω chip resistors
in parallel position are employed for the loads (shown in
Figure 5). The match standard can only be used in lower
frequency range due to the high-frequency parasitic effects
caused by the resistors. TRM calibration method is applied
from 45MHz to 2GHz in our design.

SMD components have many different packaging types.
The 1210 packaging with length of 2.0mm, width of 1.25mm,
and height of 0.5mm is most commonly used. Therefore,
in our experiment, the SMD capacitors with 1210 packaging
type are measured and analyzed.The structure for measuring
SMD components is shown in Figure 6. It is similar to the
thru standard except that a slot with the width of 1.5mm is
added in the middle. SMD components can be put across the
slot for measurement.



4 International Journal of Antennas and Propagation

3
0

35.4

2.
14

Figure 2: The structure of the thru standard.

17.7

30

17.73

G

Figure 3: The structure of the reflect standard.

42.2

30

Figure 4: The structure of the line standard.

45.7

18

30

Figure 5: The structure of the match standard.

Based on the calibration standards and the measurement
structure, the measurement fixture is designed and shown in
Figure 7.The leveling screws are used to bring the instrument
into level. The base can prevent the structure from tipping
over. The movable panel is used to adjust the length so
that different measurement standards can fit in. The steel
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Figure 6: The structure for measuring SMD component.

weight is to press down the SMD components for fixing.
The measurement fixture is fabricated using stainless steel.
The photograph of the measurement equipment is shown in
Figure 8.

An SMD capacitor is not an ideal capacitor due to its
parasitic effects. The equivalent circuit model of the SMD
capacitor is shown in Figure 9. C is the intrinsic capacitance.
Cp is the parasitic capacitance caused by the metal wires
between the capacitors. There are more than one equivalent
model of capacitors in Figure 9, where Cp is parallel with
the intrinsic capacitor. Ls and Rs are the inductance and
resistance of the metal wires. Therefore, a series resonance
can be caused by 𝐶 and Ls. The frequency can be determined
approximately as

𝑓𝑆𝑅 = 1
2𝜋√𝐿𝑠𝐶. (11)

When the working frequency exceeds 𝑓𝑆𝑅, the capacitor
becomes an inductor. So, in real application, SMD capacitors
can only be used below their series resonant frequencies.
Based on the equivalent circuit model, a parallel resonance
can also be produced by Cp and Ls, where the capacitor can
be seen to be open-circuited. But Cp generally has a smaller
value; the parallel resonant frequency is higher than the series
resonant frequency.

The next step is measurement. The measurement is per-
formed using the vector network analyzer HP8510B and the
photograph of the measurement setup is shown in Figure 10.
The measurement steps are given as follows:

(1) Calibrate the VNA from 45MHz to 12GHz.

(2) Measure the S-parameters of the thru, reflect, and
match standards from 45MHz to 2GHz. Measure the
S-parameters of the thru, reflect, and line standards
from 2GHz to 12GHz. Copy the measurement data
into a computer.

(3) Measure the SMD capacitors on the measurement
structure. Copy the measurement data into the com-
puter.

(4) Calculate the corrected data using Matlab based on
(2)–(7). Compare these results with the reference
results given by Johanson Technology.



International Journal of Antennas and Propagation 5

Fixed panel

Measuring
platform

Height �xing
switch

Height adjustment
switch

Base
Leveling

screw

Steel weight

Weight support

Weight �xing switch
Movable panel

Sliding bar

Horizontal adjustment
screw

Leveling
screw

Figure 7: The structure of the measurement fixture.

Figure 8:The photograph of the designedmeasurement equipment.

C
Ls

Rs

Cp

Figure 9: The equivalent circuit model for SMD capacitors.

In our experiment, multilayered ceramic SMD capacitors
with the values of 2.0, 3.9, 5.6, 8.2, 10, 18, 30, 47, and 100 pF
have been measured. Here, we take the 2.0 pF capacitor as
an example to show the measurement results. The measured

Figure 10: The photograph of the measurement setup.

S-parameters are shown in Figure 11, and the reference S-
parameters provided by Johanson Technology are given in
Figure 12. By comparison, the measured results are generally
in good agreement.

From Figure 11, there is an attenuation point at 8.7 GHz
with the insertion loss of 17.4 dB. This is the parallel res-
onant frequency. Since the value of Cp is comparatively
small according to the equivalent circuit, the series resonant
frequency point is approximately at 3.45GHz, where phase
(S21) = 0. Based on the measured S-parameters, the effective
capacitance 𝐶eff of the capacitor can be extracted. First,
the S-parameters are converted to Y-parameters. And then𝐶eff can be calculated to be Im(Y21)/(j𝜔). The calculated
results are shown in Figure 13. Here, the series resonant point
can be clearly observed at 3.45GHz. When the frequency
exceeds the series resonant frequency, the value of 𝐶eff
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Figure 11: The measured S-parameters of the 2.0 pF capacitor: (a) magnitude and (b) phase.
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Figure 12: The reference S-parameters of the 2.0 pF capacitor provided by Johanson Technology: (a) magnitude and (b) phase.
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Figure 13: The effective capacitance of the capacitor.

becomes negative, which indicates that the capacitor is now
in fact an inductor. Therefore, for SMD capacitors, they can
only be used under their series resonant frequencies in real
applications.

In our experiment, other capacitors with values of 3.9, 5.6,
8.2, 10, 18, 30, 47, and 100 pF are alsomeasured, and the results
are shown in Figure 14. The measured capacitance values are
in good agreement with the reference values. It can also be
observed that, with the increase of the capacitance value,
the series resonant frequency decreases. This indicates that
SMD capacitors with larger capacitance can only be applied
in lower frequency ranges. In general, satisfactory results have
been achieved.

3. Conclusion

In this paper, a wide-band test fixture is designed for themea-
surement of parasitic effects of RF passive SMD components.
Two calibration methods (TRM and TRL) are used. Good
results have been achieved. The proposed test fixture can be
applied to measure SMD components from VHF band up to
X band.
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Figure 14: The measured results of other capacitors.

Acknowledgments

Thiswork is supported by theNational Natural Science Foun-
dation of China (Grant nos. 61301022 and U1430102).

References

[1] V. Teppati, A. Ferrero, and S. Mohamed,Modern RF andMicro-
wave Measurement Techniques, Cambridge University Press,
2013.

[2] N. Borges Carvalho and S. Dominique,Microwave andWireless
Measurement Techniques, Cambridge University Press, 1st edi-
tion, 2013.

[3] J. P. Dunsmore, Handbook of Microwave Component Measure-
ments: with Advanced VNA Techniques, Wiley, 1st edition, 2012.

[4] D. M. Pozar,Microwave Engineering, Wiley, 4th edition, 2011.
[5] Y. Liu, L. Tong, Y. Tian et al., “Measurements of planar micro-

wave circuits using an improved TRL calibration method,” Pro-
gress in Electromagnetics Research, vol. 109, pp. 263–278, 2010.

[6] U. Stumper, “Influence of nonideal LRL or TRL calibration ele-
ments on VNA S-parameter measurements,”Advances in Radio
Science, vol. 3, pp. 51–58, 2005.

[7] E. Centeno-Calero Clara, “Design of a TRM calibration Kit for
the ZMA coaxial interface using ansoft HFSS,”Microwave Jour-
nal, vol. 46, no. 6, pp. 88–101, 2003.

[8] Pulido-Gaytan., M. Alejandro, Reynoso-Hernanderz. et al.,
“Generalized theory of the thru-reflect-match calibration tech-
nique,” IEEE Transaction on Microwave Theory and Techniques,
vol. 63, no. 5, pp. 1693–1699, 2015.



Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal of

Volume 201

Submit your manuscripts at
https://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 201

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


