Radio Frequency Measurement and Modeling of
Miniaturized Components for High-Speed Applications

DAAD Deutscher Akademischer Austauschdienst
German Academic Exchange Service

DAAD Project No. 57531629

TUHH

Hamburg University of Technology

Institut fUr Theoretische Elektrotechnik

Work Report
by

Dr. Yifan Qian

20.12.2022



This is the work report of project No. 57531629 supported by DAAD (Deutscher Akademischer
Austauschdienst) and CSC (China Scholarship Council), written by Dr. Yifan Qian, supervised by Prof.
Schuster and Dr. Yang, lasts from July 10th, 2021 to December 31st 2022.



Outline

1 Original ProjeCt ProPOSal.........ccciiiiiieieie et se et este e e s aeste s enaesaeseeenaeneeneas 4
1.1 Current State 0f RESEAICI .......ooiiiic e 4
1.2 Preliminary Work and Research ODjJECHIVES.........cccvvviiiieneiesee e 4
I (oL oL o] g I 1 U S 6

2 Simulation & MeasuremMeNt TraINING ......cccoiiiiiiieie et sresreere e e 7
2.1 FUIT-WAVE SIMUIALIONS ....c.viiiiciecie ettt ettt be e be e sbe e be et e e sbeesteesbeesaeesbeereens 7

0 0 AV o0 ] W o I TS 7
N B\, Lo oS A g o I g (=1 o ] T OSSR 10
N = T oo LT IR AV AT 11
2.2 Calculation of Complex PermittiVity.......c..ccooeiiiiiiiiiiiie e 12
2.3 Measurement of Coaxial CabIesS ...t 15
W TN 0] 1 T L RSP 18

3 TRL Calibration Theory and PraCtiCe..........cccceiiiiiieieie st 20
B L DEIIVALION ..ttt bbb bbbt b bt e b e e b b e e e bt b eb e b et e bt b e b e ene 21
I V0] 0] LT aTCT a1 = o] o IS 26

3.2.1 Implementation Of SECTION 2.1.1.......cooiiiiieiee e 26
3.2.2 Implementation Without SMA CONNECLOL .........cccvvveieiere e 27
3.2.3 Three-Dimension Model Optimization ...........cccocviieieic i 31
GG I AV =TT | =] 1= o RSP PPR 36
KT T8 I O 0 ] o = <o o S 36
I I @ o] 10 TV4= 1 (o] o H SO 38
K T ) Tor= LA o] IS 43
BI04 T USSP 44

4 De-embedding of 3D ElemMent PACKage ..........ccccveiiiiiiiiie e 46
4.1 SIMUIAtioN VEFITFICALION .......coviiiecie et e e 47
4.2 EXPeriment VerifiCatiON ........ccccvoeiii et 48
e BT U 10 011 0= o TSP 51

R = Lo g [or= o] g N @ AT VT SRRSO 52
5.1 Fabrication IMETNOM .......c..oiiiiiiiieee ettt bbb e 52
5.2 Fabricated Calibration StFUCTUIES ........cc.coiiiiiiiieicie e 54

6. Conclusions and ReCOMMENAALIONS .........c.coviiiiiiiiiicic e 58

A R ] (L =] 1o TP 59



1 Original Project Proposal

In order to achieve balance between complexity, efficiency, and accuracy of miniaturized components,
this research project aimed at developing parameterized and scalable model generation. The key research
topics are focusing at parasitic effects analysis, de-embedding processing with TRL (Thru-Reflect-Line)
calibration techniques and model synthesis.

1.1 Current State of Research

With increasing development of high-speed and high-integration electric and electronic systems,
miniaturized components, for example, surface mounted device (SMD) capacitors, diodes, transistors and
monolithic microwave integrated circuit (MMIC), are widely used in distributed radio frequency (RF)
designs. As a result, accurate modeling of the impedance characteristic for miniaturized components
becomes a concern in final designs. First, the size of miniaturized components is in the millimeter and
submillimeter range that brings difficulty to high frequency measurements and an additional fixture is
needed. Second, component packaging produces complex parasitics in RF designs which should be
precisely investigated to avoid significant performance degradation. Third, customized applications and
simulation tools request different variations of using miniaturized components, such as changing substrate
materials of printed circuit boards (PCB), layout sizes, choosing planar or full-wave interfaces, resulting
in an issue of modeling scalability.

Since the 1960s, Scattering parameters (S-parameters) and vector network analyzer have enabled dramatic
advances in RF measurement and modeling techniques. Among them, a calibration and de-embedding
technique, so called Thru-Reflect-Line (TRL)[1], was successfully applied for measuring the S-parameters
of miniaturized components and was adopted by RF discrete manufactures for decades up to nowadays[2].
The de-embedded S-parameters can be transformed into a netlist, an equivalent circuit including R, L, C
and control sources, for general simulation with sophisticated techniques[3][4]. When considering field
interactions with components, such as reconfigurable antennas, the de-embedded S-parameters and
equivalent circuits might be inadequate because of an incomplete 3D full-wave simulation model of
components and inevitable parasitic effects from local grounds, soldering pads[5]. Also the final
application environment might be inconsistent with the one of measurement[6]. In such circumstances,
full-wave electromagnetic (EM) model of RF components, including packaging, geometry, material
composition, is proposed for accurate characterization of field-circuit couplings in application
environment and numerical calibration techniques are used for removing parasitic effects[7][8][9].

The full-wave EM model has advantages of improved accuracy but shows high complexity and low
efficiency by integrating manufacturing designs into simulation. Consequently, the computation cost and
stability of the whole design become an issue when applying over discretized meshes of a component at
high frequencies. Considering inside fields of a component are not of interests for most RF designs, such
as signal/power integrity (SI/PI), Electrostatic Discharge (ESD) protection and electrically reconfiguration
antennas, a parameterized, scalable model is proposed here with emphasis on the numerical
characterization of miniaturized components with model-to-hardware correlations. In special, the
redundant computation of component in full-wave simulations will be optimized with considerable
reductions and parasitic effects from different stages of manufacturing, testing and simulation will be
separated using measurement and numerical de-embedding techniques for enhancing modeling scalability.

1.2 Preliminary Work and Research Objectives

During the PhD study, the applicant has engaged numerical simulations with respect to transient
investigations of fields-circuit problems[10]. The fundamental tasks of this project, such as full-circuit co-
simulations, lumped port modeling, are consistent with the applicant’s previous studies. The extended work
with preliminary investigations, for example, parasitic effects analysis, de-embedding processing, are well
selected for enhancing the applicant’s professional knowledge and programming skills.



The host research group, the Institut fUr Theoretische Elektrotechnik (Institute of Electromagnetic Theory)
at Hamburg University of Technology (TUHH) headed by Prof. Christian Schuster, has great advantages
in the modeling and simulation of field-circuit coupling problems and extensive experience in hosting
academic guests, including joint BS/MS/PhD students, PostDocs, Alexander-von-Humboldt (AvH)
fellows. The host can offer high-performance computational resources and measurement equipments to
support this project[11][12]. Also high-quality academic training and guidance are provided.

Table 1 Research Schedule

Date Schedule
Software and coding training.
Several kinds of models such as microstrip line, microstrip antenna, patch R/L/C

Jul. 2021 ~ . D ! . -

Oct. 2021 elements and wires are l.JtI|IZ.ed in the_S|muIat|on training. .R_easonab_le reSL_JIts
have to be achieved, calibration code is completed and verified by simulation
data.

Hardware and fabrication training.

Oct. 2021 ~ | The caibration fixture is fabricated in the laboratry and measured by the Vector
Jan. 2022 | Network Analyze machine. The connector from coaxial to PCB and calibration

code are implemented from 10MHz ~ 6GHz.

Jan. 2022 ~ Fix'gure ‘?p“”.“zatiof‘- Lo . .

Apr. 2022 Callbratlpn flxtur_e is _updated by optimizing the transmission quality of launch.

' More reliable calibration result is obtained from 10MHz ~ 18GHz.
Measurement verification and the manuscript of IEEE Magazine.

Apr. 2022 ~ | Real element is implemented on the fixture and the calibrated result is obtained.

Aug. 2022 | The comparison between simulation and measurement is analized. The
manuscript of IEEE magazine is completed.
Implementation and de-embedding for higher frequency.

A Based on the TRL calibration data, a de-embedding equation is implemented for
ug. 2022 ~ . .
Dec. 2022 further element package d_e-embeddlng. The_SMA connector gnd transmission

line are all improved for higher frequency fxiture implementation from 10MHz
~ 40GHz. This research project can be possibly extened for further achievement.

The research objectives of this project are mainly shown as follows:

(1) Parasitic effects analysis: It is well known that manufacturing and testing procedures of miniaturized
components introduces physical parasitic effects for modeling, such as bonding wires inside a package,
solder pads on PCBs, testing cables and adaptors. However, an improper using of lumped ports, i.e.
numerical interface between electric small elements to distributed EM structures, also brings virtual
parasitic effects into simulation. For example, the lumped assumption of small size gap surface with
negligible phase variations might be invalid for miniaturized components operating at tens of GHz.
Therefore, a comprehensive analysis of parasitic effects is conducted.

(2) De-embedding processing: Using sophisticated calibration techniques, TRL for example, the reference
plane of measurements can be shifted to the adjacent area of the device under test. But the local ground
and the pads effects are not removed in the final measurement de-embedding results. Therefore, a full-
wave simulation assisted numerical de-embedding processing is proposed. Besides, when the frequency
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is up to tens of GHz, the 8-term TRL error model should be carefully adapted because of increased
radiation emissions and couplings of different portions of the testing fixture.

(3) Model synthesis: The scalability of a model states for the applicability of using one model for various
applications with little or no modifications. As explained, the lumped port setting in full-wave modeling
results in parasitic effects (discontinuities from pads to port, ground couplings). Therefore, the port
modeling is optimized from multiple application environments and the corresponding parasitic separation
procedure and the performance profiling is carried out.

1.3 Research Strategies

The duration of the project is about one year and a half (July 2021 ~ December 2022). During this period,
we focused on full-wave simulations, computer programming, high frequency measurements and
experimental validations, successively. The entire research content closely fits the original research
proposal, and there are also some extended research on some valuable points that can be investigated
deeper. Specifically, the time schedule is shown in Table 1.



2 Simulation & Measurement Training

The first part was to complete the software and hardware training (2 months), which was also a meaningful
way to start the research project. Although the applicant had some experience in high-frequency simulation
for 3D models, it was still necessary to take some relative 3D simulation training of this project. At the
same time, it also helped strengthen knowledge about high frequency electromagnetics. Two popular
commercial electromagnetic simulation software are used for simulation.

2.1 Full-Wave Simulations

Accurate modeling and simulation of miniaturized components are difficult. To start the research project
in a responsible way, while consolidating the theoretical foundation, simulation must be taken to deepen
the understanding of the electromagnetic effects of micro devices instead of experiment. Achieving
accurate simulation is the first step. At this stage, two popular commercial electromagnetic simulation
software are used to simulate the same model, and whether the simulation results are consistent is a
criterion to judge whether the simulation is effective.

At the beginning of this project, some initial preparations have to be completed. Various algorithms of
electromagnetic calculation, especially the transmission line method should be studied[13], operation of
two commerial simulation software should be reviewed[14][15], the references of the research proposal
should be read carefully again as well as the books recommended by the supervisor[16]. Information of
two topics 'Linear Algebra' and 'Microelectronic Element' from website, books, colleagues, memories be
should payed attention to. Literatures about EMC, MTT, CPMT transactions should be read and the
scholarship holder should also pay attention to the key words 'de-embedding’, ‘parasitics’, 'parasitic
elements' and find out the research progress of the frontier in the world. At the same time, applicant has
to complete a good monthly report every three months and a short summary after every weekly meeting.
That is important to the research project as well as the improvement of scientific research ability for the
scholarship holder himself.

To successfully complete the TRL (thru-reflect-line) calibration, accurate simulation is needed. To make
sure the simulation is right, not only the transmission line but also other typical models such as microstrip
antenna, will be simulated under a certain frequency range and their both results in FIT method (Finite
Integration Technique) and FEM method (Finite Elements Method) will be compared to guarantee the
accuracy. The simulation of transmission line is presented in section 2.1.1, the simulation of microstrip
antenna is presented in section 2.1.2.

2.1.1 Microstrip Line

The transmission line is a typical structure for TRL calibration, so the accuracy of simulation on a
transmission line is important. In this report, all the characteristic impedance of microstrip line is S0Ohm.
In this section, two similar results of simulations for a transmission line structure by two commercial tools
are regarded as the simulation target. The schematic of transmission line cross section is show in Fig. 1.
The height of the substrate is ~=20mil=0.508mm, the width of line is w=1.07mm, the height of ground is
35um, the whole length of substrate is L=50mm, the whole width of substrate is W=30mm, the material
of line and ground is 'copper', the material of substrate is RO4350 (lossy free), the permittivity is
ero4350=3.66. The frequency range is from 0GHz to 5SGHz.

Accuracy simulation of such transmission line is a prerequisite of TRL calibration. In order to ensure the
accuracy of the simulation, two simulation software are utilized to simulate it, and ensure that in the both
ways can almost the same results been obtained when the structural parameters, materials, excitation types,
and frequency ranges are the same. The object to be compared is the S-parameter, and in order to ensure
the consistency of the characteristic impedance, the touchstone files of the two software's results will be
imported into the third software for verification.

All the excitations are set as waveguide ports, the ports directly attach the copper ground, the width and
height of ports is Wpors=w+A*14=1.07+0.508*14=8.182mm, Aports=0.035+A*8=4.099mm. In Fig. 2(a), the
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boundaries is set as an example from the website[17].

w=1.07mm
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Fig. 1 Schematic of transmission line cross section

(a) Boundary set from internet (b) Boundary set as open with distance

(d) Boundary set as open only without distance at

(c) Boundary set as open without distance two port sides

Fig. 2 Four Schematic of setting in a commercial software
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(a) S(1,1)s for varies boundary conditions (b) S(2,1)s for varies boundary conditions

Fig. 3 Results of the four S-parameters in FIT (red for (a), blue for (b), yellow for (¢), green for (d))

There is Smm distance at the positive direction of Z axis, the distances at other axis directions are zero.
Only the negative Z axis is set electric (Et=0), the others are set magnetic (Ht=0). In Fig. 2(b), all the
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distances of axis are 10mm, all the boundaries are set 'open'. In Fig. 2(c), all the distances are set zero and
all the boundaries are set 'open'. In Fig. 2(d), the distances at X axis are set zero, distances of other axes
are set 10mm, the boundaries are all set 'open'.

The four results of S(1,1)s are shown in Fig. 3. The simulation accuracy are all set '-60dB'. The red line
stands for the S(1,1) of situation (a), the blue line stands for the S(1,1) of situation (b), the yellow line
stands for the S(1,1) of situation (c) and the green line stands for the S(1,1) of situation (d). The trends of
the four curves are very similar, but their errors will increase at high frequencies such as above 4GHz.
This can indicate to a certain extent that the FIT simulation is accurate, and the setting of boundary
conditions has little effect on it.

(a) Simulation model in FIT method (b) Simulation model FEM method
Fig. 4 Excitation setting in FIT method and FEM method
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(a) Comparison of S(1,1) in FIT and FEM
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(b) Comparison of S(2,1) in FIT and FEM
Fig. 5 S-parameters of cylindrical waveport in FIT and FEM

But for real application, the waveport can not be well applied, coaxial cable has to be connected to PCB
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board for transferring. Now we consider to add a cylindrical waveguide on both sides of the microstripline.
In that way, there won't be any difference in excitation. The models are shown in Fig. 4.

even the simulations of 'thru' and 'line' are also very different in their magnitudes. In this section many
kinds of boundary conditions are set to check the mistake, but the consistency of the materials for
transmission line, substrate, ground are not carefully ensured.

The results in FIT and FEM are shown in Fig. 5. The red line stands for the curves in FIT, and the blue
line stands for the curves in FEM. Due to the difference in algorithms between FIT and FEM, their
simulation results can not be exactly the same especially in a multi-port simulation, but the result can be
accepted.

2.1.2 Microstrip Antenna

The microstrip antenna is a simple radiator, there is only one feed point in this model. The material of the
small cylinder is PEC, the substrate is made of RO4350, the patch and the low surface of substrate are set
'PerE' to perform as ground. The excitation is lumped port under the substrate at the feed point. The model
of FIT method and FEM method are shown in Fig. 6. The boundary in FIT method is set 'open', the
boundary in FEM method is set 'radiation’.

The circuit simulator schematic is shown in Fig. 7, the results are shown in Fig. 8, it shows that the two
curves are very similar, the resonant frequencies are very close. That indicates the simulations are accurate.
In this subsection, the simulation results of reflection coefficient for microstrip antenna in both FIT &
FEM have a good agreement, that indicates the simulation is reasonable, to verify the simulation in another
software or another algorithm is also a method to guarantee the simulation result.

(a) Antenna model in FIT method (b) Antenna model in FEM method

Fig. 6 The model of microstrip antenna for 3D full-wave simulation

+¥ Term ‘
2 | Tem1 ;
Num=1 Refl
Z=50 Ohm
ft| S-PARAMETERS _ ’—‘

— n . SnP .
$_Param —é— SnP1
&p1
Start=1 GHz =
Stop=5 GHz g A Ten |—-— z
SRS Term2

§ Num=2 Refl
Z=50 Ohm
SnP
= SnP2

Fig. 7 Circuit simulator schematic of simulation for antenna
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freq, GHz

Fig. 8 Comparison of S(1,1) for microstrip antenna (red for FIT method, blue for FEM method)

2.1.3 Bonding Wires

In this subsection, FIT method will only be utilized, a copper wire will be established to connect the gap
of 'reflect' model in the subsection 2.1.3, here two copper wires are established in FIT method as shown
in Fig. 9.

In this section the height of the wire is parameterized as 4, 2 can be swept in simulation by a step width,
in that way simulations can be automatically operated for many times and several results can be obtained.
It is convenient for observing the influence of the specific parameter on the simulation. In this section, the
parameter 4 is set from 0.5mm ~ 3.0mm by a step width 0.5mm.

\

a o

(a) Straight copper wire model (b) Bond copper wire model
Fig. 9 Two copper wires in FIT working plane
The models corresponding to all the parameters will be simulated one by one (a), the reflection coefficient
S(1,1)s are presented in Fig. 10(a), the reverse transmission coefficient S(1,2)s are shown in Fig. 10(b).

From Fig. 10(b) is can be seen that as the height of copper wire increases, the whole length of wire
increases, so the transmission loss also increases.

Sweeping simulation cannot only help observe the influence of parameter, but also to guarantee the
plausibility of simulation.
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S-Parameters [Magnitude in dB]
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(a) Sweeping simulation result of S(1,1) of straight wire
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Frequency / GHz

(b) Sweeping simulation result of S(1,2) of straight wire

Fig. 10 S-parameters of straight copper wire
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Frequency(Hz) «10° Frequency(Hz) «10°
(a) S(1,1)s of FIT and circuit simulator (b) S(2,1)s of FIT and circuit simulator

Fig. 11 Comparison of S-parameters for bonding wire

Circuit simulator can also be used to guarantee the reliability of simulation, for one situation in Fig. 9(b),
the height is 1mm, so the whole length is 4.6mm, diameter is 0.5mm, then the inductance of bonding wire
is about 2.66nH. The comparison result is shown in Fig. 11.

2.2 Calculation of Complex Permittivity

A new transmission line method for measuring the complex permittivity of dielectric materials using
propagation constant measurements is presented[18]. The method will be referenced for calculation
training, meanwhile the experiment equipment support at TET institute is enough.

First, the two 'touchstone.file' are obtained by FIT method simulation. Then the data is imported into
MATLAB, the M’ is obtained by
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Mi :i (812, Sz:1 _Su1 Szz,) 5111:| (2_1)
-S,, 1

M is obtained by
Mi=MI[M'T]" 2-2)
the two eigenvalues A4, and A), of M" are obtained by
i i (ME+ML) (M - ML) +4MEM),

A Ao 5 (2-3)
AV is the average of the two eigenvalues as
i L0 i 1

l'] = — | + — 2'4
] »

then the propagation constant y can be calculated by

i

_In(2") (2-5)

I 1
where /=50mm, /=60mm, they stand for the length of two transmission lines.
The complex propagation constant can be divided into its real and imaginary parts as
7(w)=a(0)+p(w) (2-6)
so its real part and imaginary part can be both extracted.
So the real part of the sample permittivity &, can be obtained by

()
£ =2l 2-7)

’ O o8y

where a stands for the longer width of the waveguide, w=2wf stands for the radian frequency,
10=1.25664x10"° H/m and £=8.8542x10"1> F/m stand for the free space permeability and permittivity
respectively.

If the conductive losses in the metal waveguide is neglected, the imaginary part of the sample permittivity
can be obtained by

, 2
g = 295 1—(ij (2-8)
k 2a
where
2
A=— 2-9
. 29)
and

(EFON TR (2-10)

First we calculate the difference of phase factor § by assuming the real part &'=2.9. Then we export the
ASCII file of two S(2,1)s from FIT method and calculate the difference between them in MATLAB.

The comparison is shown in Fig. 12(a), the blue line stands for the APhase from assuming &,=2.9, the
orange line stands for the APhase in FIT method, it is obvious that their trends are the same but in FIT
method the phase is restored when at one frequency point it reaches 2.

Then we suspect the problem only exist in the calculation of imaginary part. For the imaginary part of a
complex number, the phase will be wrapped after a change of more than 2x especially in square or Square

root. So according to equation (2-3) the propagation constant will be wrong.

We can also directly obtain the f from S-matrix extracted from the original touchstone file, then get the
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phase by . The result can be observed in Fig. 12(b), it is obvious that there is a step in the phase around
frequency 11.3GHz.

Since the imaginary part of S-matrix has some problem in the phase, so the calculation of propagation
constant y will be wrong. If we apply +j2n to the eigenvalue A7 in equation (5), we can obtain part of the
right result. The result is shown in Fig. 13, the real part permittivity is shown in Fig. 13(a) and the
imaginary part is shown in Fig. 13(b). The blue line stands for Aij-j27, the orange line stands for Aij+j27.
From Fig. 13(a) it can be seen that there is a step at around 9.4GHz and an oscillation at around 9.7GHz.
If the oscillation is neglected, under 9.4GHz the Aij-j2n can lead to the right result permittivity=2.9, upon
9.4GHz, the Aij+j27n can lead to the right result. The enlarged picture of real part is shown in Fig. 14. The
result only changes from 2.9~2.925, it can be considered as a constant.
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(a) APhase of calculation (b) APhase from S-matrix
Fig. 12 APhase of S(2,1)s
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Fig. 13 Result of permittivity for Aij£j2n
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Fig. 14 Enlarged figure of real part of permittivity

The wrapping of phase is probably because of the difference of two lines. So in order to avoid the phase
exceeding 2w to cause some error in the calculation, we consider to decrease the difference of lengths for
the two waveguide transmission line.

The i line remains 25.4mm, the length of j line is changed to 20mm. The result is shown in Fig. 15. It is
obvious that the real part of es is close to 2.9 as set in FIT, the error is below 0.00345%. The result is good.

-15
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2.90015 | .
. 8
3 E
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& 29001 g
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2.90005 |
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(a) Real part &, of permittivity (b) Imaginary ¢, part of permittivity

Fig. 15 Real part and imaginary part of permittivity

In this method of calculating the permittivity, the difference between the two waveguide transmission lines
should not be too big, instead the smaller the better.

2.3 Measurement of Coaxial Cables

Other two coaxial cables are used as the Under Test Device, their data can be searched and found from the
website[ 19][20][21], it is shown below in Table 2.
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Table 2 Information of coaxial cables

Outside Velocity of Signal
No. Label Diameter Length Propagation Delay

Batch no. 1317297 4A8in

1 ST18/SMAmM/SMAmM/48 4.6mm 1219 2mm 77% 4.3ns/m
Order no. 84003373 ’
Batch no. 2597910 72in

2 ST18/SMAmM/SMAmM/72 4.6mm 1828 8mm 77% 4.3ns/m
Order no. 84004007 )
Batch no. 2597910 36in

3 ST18/SMAmM/SMAmM/36 4.6mm 914 4mm 77% 4.3ns/m
Order no. 84002061 '

Now we try to simulate the coaxial cables in FIT method, from the document provided in the website, the
velocity factor is 77%. So the the permittivity can be calculated by the velocity propagation through
equation:

1

Hi &,
So the &=1.69. We consider to use VNA experiment machine, MS46122B 20GHz Vector Network

Analyzer from Anristu Company, from 1MHz up to 18 GHz to test the coaxial cable and observe the result.
The VNA is shown in Fig. 16.

VelocityFactor =VF = (2-11)

Fig. 17 Calibration of MS46122B VNA
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The MS46122B VNA can be automatically calibrated by its calibrator body as shown in Fig. 17.

After automatic calibration, the 48 inches coaxial cable is firstly tested so as to check the phase to observe
if the data provided by the manufacture is believable or not. The screenshot of the S-parameter testing
result is shown in Fig. 18.

Tr1 211 Refl LogM Reflwl -40 dB Res: 10 dB/Div b 512 Trans Fhase RefLvl: 0 Res: 45 “Div
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v o W
-f0 -135
-80 -180
80 — -225 = A
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Ch1 | TR |Start1MHz Stop500.975 MHz IFEYY 1 kHz - teasuring State  SEGIRRS

Fig. 18 Screenshot of the GUI for MS46122B VNA testing 48 inches coaxial cable

This time we measure the S-parameters of all three coaxial cables, their labels are shown in Fig. 19(a), the
experimental scene is shown in Fig. 19(b). This time we measure the frequency range from 1MHz~6GHz.

ST18/SMAMSMAMI48
Order no 84003372

(a) Three cables (b) Experimental scene

Fig. 19 Cables and the measurement platform

The propagation constant can be calculated by measured S-parameters of two coaxial cables of different
lengths, here we use the S-parameters of coaxial cable 36 inches and 72 inches, the result is shown in Fig.
20. It is obvious that the result is wrapping, we suspect that it is due to the large difference of length, the
wrapping phase causes the wrapped result, the reason is already mentioned in section 2.2 and the solution
is suggested to reduce the difference of lengths. But in this section, or in another way, when we only deal
with the simulation result, the model is easy to adjust. But now we are focusing on the experiment and it
is impossible to adjust the lengths as we wish.

The wrapping is caused at least three times in the program in MATLAB, once is the square root in equation
(2-3), the twice is the phase wrapping of the result of propagation constant y in equation (2-5).
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Propagation constant of coaxial cable measured by Anritsu
T
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Fig. 20 The result caused by the wrapped phase

To prevent the imaginary part of propagation constant from wrapping, the code below is added in the
extraction of £ from y. In addition, since the beta is monotonous, to prevent the result of beta from wrapping,
the code below is added to ensure imaginary part f is right. After obtaining the f we can get the permittivity
& from equation (2-12) as shown below:
2
C.
g = (MJ (2-12)

@
The relative permittivity will be obtained by the propagation constant. The result of propagation constant
is shown in Fig. 21(a) and the relative permittivity is shown in Fig. 21(b). It is obvious that the real part
and imaginary part change without wrapping, the permittivity decrease from about 1.8 and remains stable
about 1.658 from 300MHz. The data indicates that the relative permittivity is 1.69, the error is about 1.9%.

Propagation constant of coaxial cable measured by Anritsu Relative permittivity

0.16
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| |
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< 100 > s
=008} s % 1.68
2 80 g &
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0.02 20 1651
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Frequency(Hz) «10° frequency (Hz) «10°
(a) Real and imaginary part of y (b) Calculation result of permittivity

Fig. 21 Result of calculation for complex permittivity of coaxial transmission line

The reason of error may be the male connector added in the measurement because without two male
connectors the two coaxial cables can not be connected to the VNA.

2.4 Summary

The work of this section enables the scholarship holder make a good preparation for the coming large
number of simulation work in the following sections, and also improves the understanding of the three-
dimensional full-wave electromagnetic field calculation. Some errors will be avioded and the efficiency
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of simulation will be improved for the coming job related to the research proposal.

1. Due to the difference in algorithms between FIT and FEM, sometimes the simulation results can not be
exactly the same especially in a multi-port simulation, but the result can be accepted, that depends on the
3D model, the frequency range. When the 3D model is complex, the FEM method will be more accurate,
when implemented in the high frequency, the FIT method will be more accurate.

2. In some situation, sweeping simulation cannot only help observe the influence of parameter, but also to
guarantee the plausibility of simulation. Through sweeping we can clearly observe the change of results,
it helps to judge whether the result is reliable or not.

3. In this method of calculating the permittivity in subsection 2.2, the difference between the two
waveguide transmission lines should not be too big, instead the smaller the better to avoid the wrapping
of phase. But in real situation, the difference can not be as short as we wish, that is a common problem.
Sometimes the simulation can be easily satisfied, but the actual situation cannot be satisfied. This requires
adjustments to both the simulation and the actual measurement to make the two as consistent as possible.
4. In the measurement in subsection 2.3, the reason of error may be the male connector added in the
measurement because without two male connectors the two coaxial cables can not be connected to the
VNA. This is also a common problem in high frequency measurement or calibration, in the high frequency
band, a small error of the calibration surface will lead to a phase deviation, resulting in a mismatch between
the simulation and the actual measurement.
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3 TRL Calibration Theory and Practice

Before researching and applying the TRL method, it is necessary to study the standard of the calibration
method in the industry first. Such standards are formulated by experts in the electromagnetics industry and
a standard for judging whether the calibration effect is reliable or not is given.

Inside diameter of SMA connector <

Fail
D <7mm
Pass

Return loss and insertion loss
Class A - Class B - Class C

Return loss < -6 dB

Pass

Redesign or optimize
the microstrip line

Difference of TDR impedance
Class A - ClassB - ClassC

Maximum: #10%

Pass

Optimize coaxial-to-
microstrip transition

Minimum length of 2xthru <

At least 3\ at highest frequency

Inconsistency of calibration )

Improve measurement
accuracy

Residual insertion loss < 0.1 dB
Phase of 2X-Thru < 1 degree

Qualified calibration fixture
(Class C)

Fig. 22 Flow chart of standard process for fixture design in this article according to IEEE Standard 370

IEEE has evaluation standards for calibration methods, and this set of evaluation standards is based on the
"2xthru’ method, which provides recommended ranges for transmission line lengths at certain frequencies,
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dimensions of coaxial microstrip adapters, and amplitudes of S-parameters. "2xthru" is the basic
calibration method, and the requirements apply to more complex fixture designs, such as 'line' and 'DUT'
in TRL fixtures.

In clause 3.3 of IEEE Standard 370-2020[22], the inside diameter of coaxial connector measured up to
18GHz should be lower than 7mm. If the SMA adaptor is with lower precision and non-air dielectrics, it
can still be used but an additional adapter is required to be added. In the measurement of this article, a
high precision female-to-male adapter is added between the coaxial cable and the SMA adaptor.

Since the fixture cannot be perfect and lossless, so in clause 4.3, the standard also proposes the
requirements classes A, B and C for the performance of fixture, i.e. the transition of the fixture must not
be too bad. A fixture is considered to be not qualified for all frequencies higher than the frequency of its
first class C failure. In subclause 4.3.8, the standard also proposes a series of classes for the requirement
of impedance transmission line measured by TDR method. To meet the requirement of class C, the
difference from the reference impedance should be no high than 10%. In subclause 4.3.11, there is also a
restriction for the minimum length of '2xthru’, it should be at least three wavelength at the highest
frequency. Also considering about the twisting of long PCB board during measurement, the ‘'line’ will be
set 50mm in this paper.

There must be inconsistency in the measurement of fixture, even if the measurements are operated at the
same situation. So there will also be inconsistency after different calibrations. In clause 6.5, the IEEE
Standard also states the error range for consistency of multiple calibrations. For a reliable '2xthru’ fixture,
the criteria of the maximum acceptable difference for the magnitude of insertion loss is no higher than
0.1dB, while the phase is no higher than 1 degree. The flow chart of process for TRL fixture design based
on IEEE Std 370™-2020 is shown in Fig. 22.

3.1 Derivation

In this section, all the equations about TRL calibration will be derivated in detail. All the variable written
format will be corrected because whether the superscript or subscript of the variable is italicized in the
reference is not rigorous[23].

Using T parameters (transfer parameters), we can show that if

{b1 = Sllal + SlZaZ

b, =S,a, + 5,8, G-1
That is because
|:bl:|:{sll 812i|{a1:|:>{b1 =S, a+S,-8,
b, Sy Splla b,=S,-a+S,-a, 3-2)
So we can extract
— bz — Szzaz
- S, (3-3)
Take equation (3-3) into equation (3-2) we can have
b =S, b, izzaz 15,8, = Sy-b,-Sy SzzS :12 +55, 58 (3.4)

So we can have

- - a -A S,\(a
b ) _ 1 (~(848,-848x) Sul(@)_ 1 0% 55, -5 s)
q S21 _Szz 1 bz 821 _Szz 1 bz

There is a mistake in the slide 16th where the position of @, and b, is opposite. We can also have
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R_i(_A SllJ iy
S21 _822 1 3-6)

The measurement matrix Ry is just the result of the matrices of the error boxes and the unknown Device-
Under-Test (DUT), so we can have

Ry = RARRg (Rmeasured = MatrixA-DUT - MatrixB) (3-7)
or
R=R,'R,Rs" (3-8)
Let Ra be written as
L L
r, r r a b
RA=|:11 12}:r22 22 22 :rzz{ } 30
N, I, H Iy c 1 (-9
N, Iy
and Rg can be similarly written as
Pu P
R, = |:P11 ,012:| = pyy P2 P = Py {a ,B} (3-10)
Pxn Pz P P y 1
P2 P

Obviously according to equation (3-9) the inverse matrix of Ra is

ri_1fa b 1 1 1 -b]] 1 1 [1 -b .
" r,lc 1] r,|(a-l-b-c)|-c a || r,a-bc|-c a G-11)

so according to (3-10) the inverse of Rg is

L1 BT 1 1 1 —ﬂ}
Rg' =— = 3-12
P L’ 1} Py =Py {_7 o ( )

So taking equations (3-11), (3-12) into equation (3-8) we can have the matrix of DUT R as

1 -b 1 - 1 -b 1 -
T I e e o RN R
r,a-bc|-c a Ppa=Pyl=y o] Tppypaaq_pC 1_},£ —€ a -7 a
a a
Note that although there are eight terms in the error boxes, only seven quantities are needed to be found
to get matrix R, they are a, b, ¢, a, f, y and raop2».
From the measurement of the through and of the line, seven quantities will be obtained, let us find the

above seven quantities.
The ideal through has an R matrix which is the 2x2 unit matrix. The measured R matrix with the through

connected will be denoted by Rt and is given by

R; = RyRg (Ry,, = MatrixA - MatrixB) (3-14)
where R4 and Rp are the matrices of the error box A and B respectively. In the 'line' connection, the
measured R matrix will be denoted by Rp and is equal to

Ro = RaR Rg (Roey, = MatrixA-R,,, - MatrixB) (3-15)
where Ry is the R matrix of the line, so from equation (3-14) there is
Ry =R.R; (3-16)
so that we can have
R, =R,R Ry =R,R R'R, (3-17)
and so obviously we have
R,R:'R, =R,R. (3-18)

Let's define
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T =R,R"
and take equation (3-19) into (3-18) we have
TR, =R,R,

Obviously the matrix T can be obtained from measurements 'Thru' and 'Line' and it can written as

T= |:t11 I"12j|
t21 t22

Assuming the line is non-reflecting we have the R matrix

e 0
RL{ 0 e}

Matrices Ra and R are unknown and were able to be written as

r, r a b
N, Iy c 1

Pu P a p
Ry = = P2
Pa P2 y 1

Recalling equation (3-20) and here write the matrices results in below

t, t,|[a b] [a b]e” 0
t, t,|/lc 1| |c 1] 0 e

So calcite the equation (3-24) we can have

ty-a+t,-c t,-b+t,-1] [a-e” +b-0 a-0+h-e”
c-0+1.¢"

tya+t, € t,-b+t, 1| |c-e” +1.0

that is

t,a+t,c tb+t, ae” e
- Ce—yl e+y|

t,a+t,c t,b+t,
so that gives four equations as (3-27) ~ (3-30)
t,a+t,c=ae”
t,a+t,c=ce”
t,b+t, =be”

t,b+t, =€
Dividing equation (3-27) by (3-28) results in
a
t,a+t,c_ae” - tha+t,c_a_ tﬂEthl?
ta+t,e ce” T ta+t,e ¢ A
21 c 22

and equation (3-31) is equal to a quadratic equation for a/c as

2
a a
ty (Ej +(t22 _tll)g_tlz =0
Dividing equation (3-29) by (3-30) results in
tub+t, _be™  tib+t, _

t,b+t, e Ttb+t,

and equation (3-30) is equal to an analogous quadratic equation for b as

t,b% +(t, —t,)b—t,=0
Diving equation (3-30) by (3-28) results in

|

(3-19)

(3-20)

(3-21)

(3-22)

(3-23)

(3-24)

(3-25)

(3-26)

(3-27)
(3-28)
(3-29)
(3-30)

(3-31)

(3-32)

(3-33)

(3-34)
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b+t _ g™ o Lb+t,  tb+t,

— = =C = (3-35)
ty,a+t,c ce ta+t,c t, a +t,
c
Since €' can not be equal to 1, b and 2 are distinct roots of the quadratic equation. So the choice of the
c
root will be discussed now. Obviously according to equation (3-9)
I
b=2=§5, (3-36)
2
According to equation (3-6)
E _ h _ —A _ S11822 — S12521 =S S12821
=== = =9y (3-37)
C Iy _Szz S22 Szz

a

c

a
And for a well designed transmission line |S,,|,[S,,|]<<1 which yields |b|<<1 and |[-|>>1, so || << s

which determines the choice of the root.
Recalling equation (3-20) we have
TR, =R,R_ = (detT)(detR, )=(detR, )(detR,) (3-38)

According to equation (3-22) we have

(detR )=e7" e =1 (3-39)
so taking (3-39) to (3-38) we can have
(detT)=(detR_)=1 (3-40)
so that
bty —toty =1 (3-41)
According to equation (3-14) we have
a bjla B d e
RaRs =0 c 1|y 1 =R, =¢ fF1 (3-42)
According to (3-11) we have
a b]" 1 [1 -b
c 1| a-bc/—c a (3-43)
Taking equation (3-43) to (3-42) we have
a p g |1 -bjd e
r = 3-44
22'02{7/ 1} a—bc[—c a}{f 1 (3-44)
or
a p g |d-bf e-b
r = 3-45
Zzpz{y 1} a—bc{af—cd a—ce (3-45)
because from equation (3-45) we can know
d-bf e-b
a B| g(a-ce)l a—ce a-ce
r, == 3-46
zzpzz[;f 1} a-bc |af-cd (3-46)
a—ce
so obviously we can have
1—eE
a—ce
(202 =9 b =g Eé (3-47)
a—bc 1_bg

and
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Ja B]__1 [d-bf e-b s
y 1| a-bc|af-cd a-ce (3-48)

s0 we can also obtain quantities

f-Sd
y= a (3-49)
c
1-—e
a
p e-b
—= 3-50
a d-bf (3-50)
d —bf
aa= (3-51)
C
1-—e
a
To complete the solution, one needs to find a, let the reflection measurement through error box A be w;
_alg+b 3.5
Yol +1 (3-52)
which may be solved for « in terms of the known b and a/c as
chl“R+W1:a1"R+b3wl—b:al“R( —%j:a:wl—_b (3-53)

c
I'; (l—wla)

we need a method to determine a. Use the measurement for the reflect from through the error box B. Let
ws denote the measurement

SIS R —(SnSzz - S1zsz1)FR _ Sy Al

W, =S.. + = = 3-54
2P 1-s.T, 1-8,.I, 1-S,.I, (3-54)
According to equation (3-23) we have
_@-’—&FR
W, = P2 Pxn (3-55)
1-FPer,
P2
or
al'y —y
W2 = (3'56)
prs-1
so from equation (3-56) a may be found in terms of y and S/« as
) y+W W, + ¥
wzﬂFR—wzzy—aFR:(wz—+l h=—tag=—"--2—"—— (3-57)
a a Y]
| (1+ w, j
a
Recalling equation (3-53) so that we have
w, —b
¢ p
Ipll1-w,—
- R( laj UL (3-58)
a W, +y W, +y 1-w E
1
Iy (l+ w, B
a

Recalling equation (3-51) we can have
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L= (3-59)
Wok 7V 1—w, = 1-"e
a
or
B 2
1+w, —
a=+ Wl—b 2O(d—bf (3—60)

c. c
Wot? 1-w, = 1-"e
a  a

which determine a to within a + sign, recalling equation (3-53) that if I'z is known to within + then a may
be determined as well. Calibration is complete and we can now proceed to the measurement of the DUT.
From earlier the matrix of DUT is found from equation (3-13)

Ro 1 1 1 1 {1 b}RN[l ,B} (3-61)

0,0, A 1— bE 1_}/£ —-Cc a -y«
a a

in which all the terms have now been determined.

Now the derivation of TRL calibration is finished in such a detail progress.

3.2 Implementation

In this section the TRL calibration method will be implemented by simulation data, simulation situation
will change from simple to complex.

3.2.1 Implementation of Section 2.1.1

Now we will use the data in the subsection 2.1.1 for TRL calibration. The 'Thru', 'Reflect’, 'Line' data is
obtained from a microstrip line. The 'DUT" is simulated by a serial element of which the resistance is 5Q
and the capacitance is 1pF. The comparison of S(1,1) and S(2,1) before and after TRL calibration is shown
in Fig. 23.

| |[=——s11DUT ———S21 DUT
= S11 Callibration = 521 Calibration

Jos} Jos}
o o
10 4t
,12 L
_5 L
14
-16 | b
-18 7 : : . : : : : :
05 1 15 2 25 3 35 4 45 5 05 1 15 2 25 3 35 4 45 5
Frequency(Hz) «10° Frequency(Hz) «10°
(a) Comparison of S11 (b) Comparison of S21

Fig. 23 Comparison of S(1,1) and S(2,1) for before and after calibration

The comparison of the phase of S(1,1) and S(2,1) is shown in Fig. 24.
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Fig. 24 Comparison of phase for S(1,1) and S(2,1) for before and after calibration

3.2.2 Implementation without SMA Connector

The remained detail simulation and comparison of R/L/C element as DUT in microstrip line will be
continued. The whole length of transmission line is 50mm, the excitation is two discrete ports, the gap and
the length of DUT is 2mm as shown in Fig. 25(a). The R/L/C is set as 1m€Q, 50Q, 10kQ, 1uH, 1nH, 1fH,
1uF, 1pF, 1fF, respectively.

(a) Transmission line model (b) Original simulation model

Fig. 25 Simulation model of microstrip line and DUT without trace

To prepare for the reference/original data of an R/L/C element, the S-parameter of the element will be
simulated by cutting off the transmission line with only the element left as shown in Fig. 25(b).
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(a) S(1,1) curves of resistor (b) S(2,1) curves of resistor

Fig. 26 Comparison of resistance element
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Fig. 27 Comparison of inductance element
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Fig. 28 Comparison of capacitance element
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Fig. 29 The comparison between original and calibrated result of R=0.001Q
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Fig. 31 The comparison between original and calibrated result of C=1le-12 F

The remained simulation targets are now completed in the circuit simulator. The data are imported and
plotted by MATLAB.

Component
Type |MLIN ¥ ID |MLIN: MLIN_DEFAULT e

Substrate Parameters

Physical
ID |MSUB_DEFAULT - o 3.050 mm_ >
L 24,000 mm <
Er 4.300 /A ~ .
MfA
Mur 1.000 NfA : e
MfA
Hu il - Synthesize Analyze
E Calculated Results
K_Eff = 3.502
Cond N/ Eectrica ADE = 0.016
Toen o nnn nit hd 70 Ohm v SkinDepth = 0.027
Companent Parameters EEFf deg =
- L] o .
. ] o

Fig. 32 Calculation of characteristic impedance in circuit simulator
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Fig. 33 Schematic of R/L/C element simulation in circuit simulator
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Fig. 34 Comparison of element R
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Fig. 35 Comparison of element L
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Fig. 36 Comparison of element C

3.2.3 Three-Dimension Model Optimization

In this section, the model of pre-processing transmission model is simulated. Before collecting dielectric,
connector and the manufacture of microstrip line on PCB, the model is established and simulated in FIT.
The original 3D connector model is estabished according to the real model, the dimension is shown on the
website[24]. The substrate height is 1.52mm, the trace width is 2.98mm. The model is shown in Fig. 37.
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e oHe

Geometry Data
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I
Line lenath
Permiltivity
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Impedance static

zn- Ohm eps_eff = | 327 Phase shift = || 3.2363e+02
(a) Cross section parameters

(b) Model of 3D transmission line in FIT

Fig. 37 Simulation model of microstrip line on PCB
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Fig. 38 S-parameters of simulation for full-wave microstrip line
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The frequency range is S00MHz~5GHz, boundary condition is 'open add space', material of dielectric is
FR-4 (loss free), relative permittivity is 4.3. Material of line and connector is 'copper(PEC)', the inner core
of connector is 'vacuum'. The length of line is 30mm, the height is Imm, width is 2.98mm and the height
of PCB is 1.52mm as shown in Fig. 37(a).

It is obvious that the reflect coefficient S(2,1) is about -4dB around frequency 4~4.5GHz. So the simulation
still needs to be improved. For smoothly transmission from coaxial to PCB, we can create a blend at the
corner to decrease the distance between transmission line and the outer core as shown in Fig. 39. The angle
is 30 degree, the length of the diagonal side of the obtuse angle is 0.3mm.

(a) 3D Model of transmission line in FIT (b) Optimization structure

Fig. 39 Simulation model of coaxial to microstrip line

Here we create two microstrip lines, one for 'Thru' model and the length is 50mm, another is for 'Line'
model and the length is 60mm. The frequency range is from 10MHz to 18GHz, the result of S(1,1) and
S(2,1) is shown in Fig. 40.
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(a) Comparison of S(1,1) curves (b) Comparison of S(2,1) curves

Fig. 40 Comparison between S-parameters of microstrip line for 'thru' and 'line'

The result is more better than before and reasonable, up to 18GHz the transmission coefficient S(2,1) only
decreases to -2.6dB.

We can also cut off some ground to try to optimize the simulation result, here sweeping simulation is used

and the cut-off rectangular is parameterized by x and z. Two sweeping simulation according to parameters
x and z respectively are taken. The definition of x and z is shown in Fig. 41.
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Fig. 41 Top view of the bottom of PCB board for sweeping parameters x and z

The parameterized simulation of z and x are shown in Fig. 42 and Fig. 43 respectively.
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Fig. 42 Parameterized sweeping simulation of z
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(a) Sweeping simulation results of S(1,1) (b) Sweeping simulation results of S(2,1)

Fig. 43 Parameterized sweeping simulation of x

In the results of parameterized simulation, the best result is chosen and extracted to compare with the
original result as shown in Fig. 44. Unfortunately the result after ground cutting-off is similar and not
better than the original one, they are all not satisfied. The optimization still needs to be improved in another

way.

Then circuit simulator is utilized to help observe the S-parameters of transmission lines in different
situations for different characteristic impedance, the first is 50Q-50Q-50Q2 serial, the second is 50Q-55Q-
50Q serial. The schematic in circuit simulator software is shown in Fig. 45.
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Fig. 44 Comparison with sweeping simulation and original simulation

@

S PARAMETERS. Ii o

(b) Comparison of S(2,1) curves

16

18

%10°

S_F:a’a'r‘w -
S$Pi
© Stat=001GHz = - - - - - T ) SR 1 | ! o
+ Stop=18 GHz- x lermG . "1 I e——— | il | TemG
. Step=10.0.MHz . . Tiefm.GT . MUN . MUN MUN TemG2
Num=1 L1 TL2 L3 Num=2
i Z=50 Ohm ~ Subst="MSub1" = Subst="MSub1" = Subst="MSub1" ’ Z=50 Ohm
- MSub - . © - - - W=353mm - - W=353mm ‘- - W=353mm - Coboa s
1.=8.5536 mm 1.=8.5536 mm 1.=8.5536 mm
MSUB
‘MSub1
"H=1.5mm S SO
Er43 - by Jb——df s
- Mur=1 : MUN © °© © * MUN *© *© * * MUN ° TemG4
.Cond=5.96e7 . . . e - - - . Js5 2 - .. e . Num=4
_Hu=393701e+34 mil Subst="MSub1" . Subst="MSubi" . Subst="MSub1" . Z=50 Ohm
T=0.1 mm W=353 mm W=302 mm W=353 mm
‘ TanD=0.017" | [=85536mm  [=86215mm  L=85536 mm
-Rough=0mﬂ SR X R e B o
. Bbase= .
. Dpeaks=

Fig. 45 Schematic of different characteristic impedance serial in circuit simulator

In Fig. 46 the red line stands for the 50Q-50Q-50Q2 serial transmission line and the blue line stands for the
50Q-55Q-50Q serial transmission line. It is obvious that the reflection coefficient S(1,1) in blue line is

higher because of the mismatched characteristic impedance.
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(a) Comparison of S(1,1)
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(b) Comparison of S(2,1)

Fig. 46 Comparison of S-parameters for two serial transmission lines
(Red line: 50Q-50Q-50Q; Blue line: 50Q-55Q-5002)

Then we implement the TDR (Time Domain Reflectometry) simulation to the model to check the reflection
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of the whole system[25]. First we adjust the signal to 4ns with a step at 0.25ns and hold on for 3.75ns, the
setting and waveform graph is shown in Fig. 47.

Name and type definition
Signalname: | oaml

Signal type: Rectangular

[JPeriodc signal

(a) Set of TDR excitation

Excttation: signall

1.5 2 2.5 3
Time / ns

(b) Waveform of TDR excitation

0 0.5 1

Fig. 47 Setting and waveform graph of step signal

Then we apply two situations into the simulation, as shown in Fig. 48. The red line stands for the model
with cutting-off ground (x=5mm, z=2mm), the green dash line stands for the situation without cutting-off

ground.

0.03

WA(L/2)

Time Signals

From Fig. 48 we can

Time / ns

Fig. 48 Reflect signals of two different systems

(Red solid: cutting-off ground; Green dash: no cutting-off)

easily find that the cutting-off ground will cause a mismatched characteristic

impedance, without cutting off the mismatched characteristic impedance will disappear. In Fig. 49, a
manual sweeping simulation is operated according to the changing of transmission line tracewidth in order
to find the matched characteristic impedance.

Time Signals

0.02

-0.02 -
-0.04 -

WA(1/2)

-0.06 +
-0.08 -

01,1 (TraceWidth=2.78)
01,1 (TraceWidth=3)
= 01,1 (TraceWidth=2)

— 01,1 (TraceWidth=2.15)

-0.1

Time / ns

Fig. 49 Sweeping simulation results of TDR

As the pink line in Fig. 49, we adjust the tracewidth to 2.15mm in the simulation to compare with the
original 2.78mm tracewidth. Although according to calculation of thick microstrip line if tracewidth is
equal to 2.15mm, the characteristic impedance will be 57.45Q as shown in Fig. 50.
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Fig. 50 Impedance calculation in FIT method

The comparison result is shown in Fig. 51. After the adjustment the reflection coefficient S(1,1) is still
upon -20dB in the frequency range 8~14GHz.

3.3 Measurement

e Adjusted e Adjusted
e Original e Original
-05 ]
_1 F
[y
Sas
&
2L
25 ¢
10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Frequency(Hz) x10° Frequency(Hz) «10°
(a) Comparison of S(1,1) (b) Comparison of S(2,1)

Fig. 51 Comparison of S-parameters between adjusted and original model

Before measurement, the testing device, so called VNA(Vector Network Analyzer), should be calibrated.
In this project, the measurement is completed by the Agilent VNA E8364C, 'SOLT' mechanical method is
used for calibration. The calibrated frequency range must cover the range that the experiment needs for

measurement.

3.3.1 Comparison

For the measurement of first calibration kits, the frequency range is set up to 6GHz. Measurement,
simulation by FIT method and the simulation by FEM are all completed, the boundary condition of FEM
method should be set PML(Perfectly Matched Layer)[27]. Now the result of 1st-round measurement is
responsible from 100MHz~6GHz as shown in Fig. 52~Fig. 54.
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Measurement and Simulation of 48mm Thru FR4 1.5mm Height
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Fig. 52 S-parameter and model of "Thru'
o Measurement and Simulation of 50mm Reflect FR4 1.5mm Height o
s —r—
s S 11 Measurement Q,.
== =S]1 CST Simulation [N --10
2 |weees S11 HFSS Simulation ‘%,
s §2 1 Measurement \.%.
== =$21 CST Simulation Ned
B |reees S21 HFSS Simulation
T 20
s o
= 1302
7 2
+-40
-50
-60

(a) Simulation and measurement of S(1,1) and S(2,1) of

25 3 35 4 45 5 5.5 6
Frequency(Hz) x10°

'Reflect' (b) Real and simulation Models

Fig. 53 S-parameter and model of 'Reflect’
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Fig. 54 S-parameter and model of 'Line'

The results of "Thru', 'Reflect’ and 'Line' from Time-domain simulation, Frequency-domain simulation and
measurement are compared. The results are reliable but the phase of measurement differs a lot from the
simulation, that is maybe because the permittivity of SMA connector is not accurate, thus the phase is
affected.

3.3.2 Optimization

The transition of coaxial line to microstrip line will generate unexpected electromagnetic field, which
degrades the transition efficiency of the system[28]. But for coaxial-to-microstrip transition at high
frequency, even tiny structures can cause resonances, so the SMA connector should be adjusted[29]. The
other structures which as be used to reduce the resonance can be added in the transmission line[30].
Early in last century, the optimization of coaxial-microstrip has been discussed. Chamfers have been
created on the protruding pin of coaxial to optimize transmission as shown in Fig. 55(a), a via is also used
to make the transition better[31]. In Fig. 55(b), Eric S. Li makes some adjustments in geometry and
implements vias in the PCB board to improve the coaxial-microstrip transition[32]. Later as shown in Fig.
55(c), to avoid the cumbersome manufacture process of PCB, the author optimizes the geometry of SMA
adaptor in another way[33].

I'4

(a) Adjustment of Pin (b)) Adjustment of SMA  (c) Adjustment of PCB
with chamfer and PCB board board

Fig. 55. Schematics of existing optimization about coaxial-microstrip
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In the initial simulation of 3D SMA-Microstrip model, there will be an obvious resonance around
frequency 10~12GHz the resonance is mainly caused by the upper two fingers of the SMA. In order to
deal with that, the SMA manufacturer provides a suggestion of SMA pad and the drilling hole used for
eliminating the resonance frequency cause by the upper two fingers. Due to the constraints of the
manufacturing conditions, the vias cannot be easily processed. To remove the resonance frequency caused
by this kind of SMA adaptor, the upper two fingers are simply cut off so that only the lower two fingers
and the pin need to be soldered to the microstrip line.

For higher frequency implementation, the VNA is operated by mechanical calibration method 'SOLT' up
to 18GHz. Through measurement we find that there is a resonance around 11GHz, we suspect that there
is a resonance frequency caused by the two fingers of the SMA connector, so the fingers are cut off and
results are compared. As shown in Fig. 56, the measurement of S-parameters for with fingers uncut and
fingers cut off based on the 40mm 'thru' microstrip line RO4003C substrate height 1.5mm. The result
shows that the S-parameters will be better if the fingers are cut off.

Measurement of 40mm Thru RO4003C 1.5mm Height
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(a) S11 and S21 comparison (b) Models

Fig. 56 The measurement result with and without the fingers of SMA connector

Measurement of 50mm Line RO4003C 1.5mm Height
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Fig. 57 Comparison of the two 'Line' models
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For comparison with the same model produced nearly at the same time, to observe the consistency of our
fabrication, we manufactured two S0mm 'Line' models and get them measured, the result is shown in Fig.
57. Summary: The trend of S-parameters are similar, but there is still some difference between the two
results, it is mainly due to the fabrication accuracy, we may investigate the range and reason of the
difference deeply in the future.

The models in simulation do not contain the modeling of soldering (material Tin). The result is shown in
Fig. 58. It shows that at high frequency, the S-parameter of with and without Tin soldering is almost the

same.
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(a) S11 and S21 comparison (b) Model with soldering
Fig. 58 Comparison of simulation with soldering modeling and without soldering modeling
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Fig. 59 Comparison of measurement and simulation of 40mm '"Thru' (Material RO4003C)
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Comparison of 50mm 10mm gap Reflect RO4003C 0
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Fig. 60 Comparison of measurement and simulation of 50mm 'Reflect' (Material RO4003C)
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Fig. 61 Comparison of measurement and simulation of 50mm 'Line' (Material RO4003C)

Then we established the models as the measured geometric parameters and did simulation in FIT method
software, and also measured the S(1,1) of the SMA for three situations such as 'with fingers', 'without two
fingers' and 'without any fingers'. If the relative permittivity of the dielectric is set to 1.9, the phase of
S(1,1) will have a good consistency up to 18GHz as shown in Fig. 62 ~ Fig. 64.
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Amplitude and phase of S(1,1) for SMA connector
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Fig. 62 Simulation and measurement of SMA with fingers
Amplitude and phase of S(1,1) for SMA connector )
) ; : ‘ : ‘
ak -100
2+ -200
21 -300
g7
= 5l 400
s -500
T o Sil et wahow s e 600
8+ s S 1| phase simulation without two fingers
== =511 phase without two fingers 00
ol
0 ) ‘ \ ‘ ) ‘ ) ‘ w0
2 4 6 8 10 12 14 16 18
Frequency(Hz) x10°
(a) S(1,1) and the phase of simulation and measurement (b) Model and Real object
Fig. 63 Simulation and measurement of SMA without two fingers
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Fig. 64 Simulation and measurement of SMA without any fingers

It is obvious that the relative permittivity of Teflon dielectric inside the SMA should set 1.9 instead of
vacuum or 2.1 from the official website.
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Amplitude and phase of S(2,1) for 2SMA connectors

Amplitude and phase of S(1,1) for 2SMA connectors
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Fig. 65 Simulation and measurement of two connected SMA connectors

We use two SMA connectors connecting directly to measure the S-parameters to verify the right relative
permittivity, the result is shown in Fig. 65. That proves the updated permittivity is accurate.

3.4 Verification

Now before the complement of measurement, in order to make sure the TRL calibration is reliable, we
have to simulate and implement the TRL calibration at first. The length of "Thru' is 48mm, gap of 'Reflect’
is 2mm, length of 'Line' is 50mm, the 'R/L/C' device under test will be 5Q, SnH and 5nF respectively. The
reference result is obtained by simulation that the DUT is directly touched by the excitation without any

transmission line as the condition in section 3.2.2.
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Fig. 66 Comparison of TRL and reference S-parameter for DUT=5Q
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(b) Comparison of S(2,1) curves
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Fig. 67 Comparison of TRL and reference S-parameter for DUT=5nH
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Fig. 68 Comparison of TRL and reference S-parameter for DUT=5nF

The result of TRL calibration based on simulation data shows that the TRL calibration result is reliable,
thus it is possible for us to go deeper into TRL calibration of reality measurement data. The TRL calibration
code is provided by Michael Wulff.

3.5 Summary

This section shows the main job of the research project, the TRL calibration method is verified, the
calibration kits are completed, optimization aiming at improving the reliability of calibration is processed,
and the measurement is done. The part of de-embedding process in the original proposal is investigated in
this section.

1. Due to the degradation of equipment performance. Before measurement, it is important to judge whether
the VNA is in a good condition or not. There are too many glitches in the curve, which means the VNA is
no in a good condition, so this VNA can hardly satisfy the high frequency research.

2. In order to achieve a good consistency between simulation and measurement. Every aspect such as
permittivity, geometry, VNA calibration should be checked. The parameter provided by company or
manufacture may not be accurate. In this section, the results of 'Thru', 'Reflect' and 'Line' from Time-
domain simulation, Frequency-domain simulation and measurement are compared. The results are reliable
but the phase of measurement differs a lot from the simulation, that is because the permittivity of SMA
connector is not accurate, thus the phase is affected. So the SMA connector is modelled and verified by
simulation and experiment, thus the permittivity is adjusted.
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3. In the high-frequency application range of centimeter or millimeter waves, tiny structures will cause
resonance. Therefore, in the investigation, the structure of products can be adjusted to a certain extent to
meet the actual situation in the project, for example to eliminate the resonance.

4. An important condition for determining the quality of a transmission line is whether the characteristic
impedance is consistent. The TDR method and TDR machine can easily observe the characteristic impedance
matching of the transmission line to help adjust the structural size of the transmission line.
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4 De-embedding of 3D Element Package

In previous chapters, TRL calibration is discussed, verified and implemented as a de-embedding method.
Through TRL calibration we can obtain the S-parameter of 3D device packages, pads, and a short
transmission line included.

But even elements with the same parameter will be utilized in many different application conditions, such
as different transmission line widths, different pads, different PCB substrate heights, PCB materials with
different dielectric permittivity, and even embedded in different package. Just like the model synthesis
mentioned in the original research proposal. In this section, we will use the hybrid method including
simulation and measurement to further strip away the interference such as pad, packaging contained in the
DUT parameters obtained by TRL calibration, and obtain the intrinsic parameters of the element, which
can be accurately generalized to any other application situation[34][35]. It will be verified in this section,
this method is highly dependent on the consistency of simulation and measurement.

For the fixture with DUT implemented in this article, it can be analyzed through Fig. 69, where D
represents the scattering matrices of the element. Specifically, the short transmission line, pad, package
are all included in matrix S. More detail process is shown in Fig. 73.

The fixture is represented by a general 3-port network, no assumptions are made about its electrical
characteristics, the first 2 ports of the network are the external ports of the fixture, which are connected to
the measuring instrument, and the other one-port is the port of the device. So the S matrix can be processed

as[36][37]:

S S

S :{ 2x2 2><l:| (4_1)
Sle Slxl

When the DUT is embedded in the fixture, the total scattering matrix measurement Sy can be expressed

as:

S =S50 = S10(Spa — Dil)il Sia (4-2)
Solving this equation, the D matrix is expressed as:
o7t
D= |:Sl><1 - [S;xl(SZXZ - SM )8112] :| (4'3)

where T stands for the Moore-Penrose generalized inverse.

T
l

[
i

D o —0

External ports

Internal ports

SM
Fig. 69. Schematic of DUT embedded with a fixture

The de-embedding method can be used directly without TRL calibration, but the accuracy of this method
depends a lot on the consistency between simulation and measurement. With TRL calibration we can at
least eliminate the mismatch caused by the conversion of coaxial-PCB, thus the consistency between
measurement and simulation can be further guaranteed.
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4.1 Simulation Verification

For a normal result of simulation for a transmission line, the calculation of matrix D should be accurate

and the verification should be reliable. In this section, a 50mm transmission line with a 4.7pF capacitor is
verified in FIT method.

() Element on standard 0805 pad (b) Element on S-type pad
Fig. 70. The simulation package model and the complex implementation S-type pad in FIT method

The S matrix (3>3) can be obtained from the 3-port simulation and the Sy matrix can be obtained from
the original 2-port simulation with a 4.7pF capacitor. To deeply verify the reliability of the solution for
embedded equation and also to demonstrate the use of the TRL calibration application in solving
embedded equations, the matrices S and Sy are replaced by the matrices after TRL calibration, thus the
influence of coaxial-PCB transition can be eliminated. After TRL calibration calculation the matrices Ty
and T can be obtained. The S matrix can be obtained by de-embedding the matrices T, and T, form the
original simulation result S' matrix(.s3p).

Thus, the calculation result is verified through Term1-s2p-Term2 and Term1-s3p(s1p)-Term2 simulation
in the circuit simulator. From the result in Fig. 71, it is obvious that the two S-parameter results are matched
perfectly, that means the right S-parameter of the DUT is obtained. The solution of embedded equation is

reasonable.

O 0 r\-\'\,\/’
= -20 -~ -10 ]
S &)

.—T (\]ﬁ
& 40 & 20 —
- === Qriginal
Orl.gmaI. == = Verification
== = Verification
-60 L. ‘ — -30 : : :
0 5 10 15 0 5 10 15
AGHz) A(GHz)
(a) Comparison of S(1,1) curves (b) Comparison of S(2,1) curves

Fig. 71. The verification result of embedded equation in standard 0805 pad implementation
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Fig. 72. Further verification result of importing D matrix into the S-type pad implementation
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To deeply verify the reliability of the solution for embedded equation, the pad of capacitor and the material
of substrate are changed to RO4003C respectively, and another S matrix and another Sy matrix are
obtained, but the matrix D remains. The comparison result is shown in Fig. 72. It is obvious that the two
results are very close, which means the de-embedded D matrix is responsible and can be used universally.

4.2 Experimental Verification

After the verification of the embedded equation. It should be implemented into the de-embedding of real
component measurement based on TRL calibration. The flow chart is shown in Fig. 73.
As told in the last subsection, TRL calibration can be used to eliminate the influence and transition
inconsistency of coaxial-SMA, and the matrix Sw is obtained from measurement, while the matrix S is
obtained from simulation, TRL calibration, and two fixtures de-embedding.

Measurement Simulation TRL—p| 11/ '-g‘a’Tmﬂew

.s2p (Fixture 1)

[
De-embedding

.s2p (Fixture 2)

Thru/Line/Reflect/ .S3p
buT (Three ports)
TRL
.S2p Solving
(Matrix Sy) Embedded
Equation

Slp
(Matrix D)

Fig. 73. The solution flow chart of combination of TRL calibration and embedded equation

.S3p
(Matrix S)

Different

Situation
Verificaton
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According to Fig. 73, the S-parameter matrix D of the device under test is calculated by using the matrix
Sm obtained from the measured data and the three-port matrix S obtained by simulation. Matrix D is
substituted return into the three-port S-parameter S matrix for comparison with the original Sy matrix, as

shown in Fig. 74.
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Fig. 74. The measurement verification result of embedded equation in standard 0805 pad implementation
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Fig. 75. Further measurement verification result of importing D matrix into longer launch
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For more verification, first the length of DUT is changed, extending for 20mm, then the matrix D
calculated remains and is substituted into the new S matrix, the result is show in Fig. 75.
Then for further verification in another different implementation, a new calibration fixture is manufactured
and the substraight height is reduced to 1mm. After the substitution of D matrix, the result is shown in Fig.
76. Similarly, the same D matrix is substituted into the complex S-type pad implementation and the result
is shown in Fig. 77.
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Fig. 76. Further measurement verification result of importing D matrix into thinner launch (1mm)
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As can be seen from the results above, since the frequency exceeds the range recommended by the DUT
manufacturer (<8.5GHz), when the frequency goes higher, the verification result will become worse.
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Moreover, since the accuracy of the de-embedding results is highly dependent on the consistency of the
measurement and simulation after TRL calibration, when the DUT being calibrated and its implementation
pad become more complex, the accuracy of the verified results will also decrease.

4.3 Summary

In the verification of simulation, the extracted parameter of element is accurate and can be implemented
successfully in different conditions. That means the de-embedding method composed by simulation and
measurement is reliable. The parameter of element extracted is accurate, which means the package, pad
can be further de-embedded.

Theoretically, the de-embedding method in this verified in this section is still valid if it is not calibrated
by TRL method. The purpose of TRL calibration is to eliminate the influence of coaxial-PCB at both sides
of the transmission line, so as to make the results of simulation and measurement as consistent as possible,
because this method is a combination of simulation and experiment. It is highly dependent on the
consistency of simulation and experimentation.
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5 Fabrication Overview

In this report, most of the processing is done independently by the author in the institute. The equipment
of the institute is sufficient for the processing of microstrip lines, soldering of SMA connectors, and
soldering of DUT.

5.1 Fabrication Method

The overview of the operation on LPKF PCB Prototyping Machine will be shown as following. For the
manufactory of the transmission line in this project, we have to use the PCB prototyping machine to
produce the microstrip lines we need. The whole processing platform is shown in Fig. 78.

Fig. 78 LPKF processing device and the controlling computer

1. Open the 'CircuitPro PM 2.5' software, complete the connection to 'S63' by the Circuit Pro software, if
practicing, connect to 'Virtual'. At this time, the whole PCB board should also be put and sticked on the
white board

2. 'New File' — '"Templates' — 'SingleSided Bottom.cbf' or 'SingleSided Top.cbf';

3. 'Processing planning wizard’, choose the PCB, the style of layer, the material
(FR4/RO4003C/R0O4350B), then finish.

4. Import data from a non-native format or draw some simple plot in the software, here if the geometry of
the microstrip line is simple, we draw the plot directly in the software by creating 'rectangle' based on the
'Start point' and 'End point' of X & Y axis.

5. If the plot is complex, for the accurate processing and convenience, we can import the .dxf document
into the 'CircuitPro PM 2.5'". The tips are, first the .dxf document should be created in the HFSS software.
If exported from FIT METHOD software, there will be error in importing into 'CircuitPro PM 2.5'. When
exporting the model to .dxf document in HFSS, make sure the face to be drawn should be perpendicular
to the Z axis. After importing the .dxf document into CircuitPro PM 2.5, the board line and the copper
layer should be defined manually.

6. After completing the plot of microstrip line, we should let the machine be aware of the trace it has to
proceed — 'Generate isolation and contour routing toolpath';

7. Move the plot to the suitable place, we can shut down the 'Mouse cursor' and use the mouse to control
the drill holder's moving;

8. Then check if all the drills are installed, if not, install the drills one by one and set the drill information
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in the software;
9. 'Board production wizard' — start the prototyping;

However there are still some problems in the precision of processing.

As shown in Fig. 79(a), the SubstrateHeight of FR4 is 1.5mm, and the thickness of copper is 0.1mm, but
if these parameters is set as that in the Circuit Pro software, the copper layer will not be clearly cut off. In
fact, we set the thickness of copper 0.12mm, thus the copper layer can be cut off but there is a new problem
that the bottom edge of drill holder, shown in Fig. 79(b), will also touch the copper layer of PCB board.
As shown in Fig. 79(a), there are a lot of scratches around the outline of microstrip line and also scratches
on the trace.

So we suspect that, since the uneven of PCB board or white board, there are some problem in the precision
of maching. So we should make a little adjustment, not only changing the setting of copper layer, but also
the SubstrateHeight.

50mm 'Line’

orm

Adjusting/C p

(a) A set of processed lines by LPKF (b)-liall and the holder in the LPKF

Fig. 79 Pictures of processed microstrip line and the drill in LPKF
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5.2 Fabricated Calibration Structures

The pictures of calibration kits and transmission lines are all shown in Table 3.

Table 3 Fabrication Overview

Material
No. & Connector Type
Substrateheight
1st FR4 1.5mm Molex-SMA-73251-1290 Microstrip Line
2nd RO4003C 1.5mm Molex-SMA-73251-1290 Microstrip Line

A AL -

The 1st and 2nd
calibration Kits and
the SMA model
verified in the
subsection 3.3

3rd FR4 1.5mm Molex-SMA-73251-1290

Microstrip Line

4th FR4 1mm Molex-SMA-73251-1290

Microstrip Line

SLESLESS

3rd and 4th TRL Calibration Kits

The 3rd and 4th
calibration kits

5th FR4 1mm Rosenberger-SMA-32K243-40ML5 Microstrip Line
6th FR4 1mm Southwest-91Y 60926 Microstrip Line
7th FR4 1mm Southwest-91Y60926 CPWG

5th, 6th and 7th TRL Calibration Kits
1mm-FRA-ML-{40-50-50-57-57(s)-77-4.7pF(0805))-32K243-40MLS
1mm-FRA-ML-(40-50-50-52-(0402))-91Y60526
1mm-FR4-CPWG-{40-50-50-52-(0402))-91Y60926

e TUHH

The 5th, 6th and
7th calibration Kits
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There are totally seven calibration Kits, the S-parameters of the kits are all shown in Fig. 80~Fig. 86.
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Fig. 80 S-parameter of the 1st calibration kit
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Fig. 82 S-parameter of the 3rd calibration kit
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Fig. 85 S-parameter of the 6th calibration kit

56



S11(deg)

S21(deg)
8

-50 =—thru
— r'e flect 100 :tr:;rect
-60 —=line A - —line
-70 : : : -120 : A A
0 5 10 15 0 5 10 15
Frequency(Hz) % 10° Frequency(Hz) «10°
(a) Reflection coefficient of 7th kit (b) Transmission coefficient of 7th kit

Fig. 86 S-parameter of the 6th calibration kit

57



6. Conclusions and Recommendations

This research project supported by DAAD and CSC has been completed. The research content is sufficient
and highly consistent with the original research plan, in some aspects, extended research has been done.
The main research can be divided into three parts, summary and conclusion of this research project are
drawn as follows.

(1) The first part of the project is the training of simulation and measurement. The scholarship holder
intends to deepen the understanding of simulation calculations through modeling and simulation of
research project models and similar models, improve efficiency for the coming two parts, meanwhile some
inspiration for deepening or expanding projects are gained.

In the first part, FIT and FEM methods are both utilized in order to judge the credibility of the simulation
results with the knowledge of electromagnetism. Comparison is analyzed for the judgment of whether the
results are credible or not. Due to the difference in the algorithm principles of the two methods, sometimes
the simulation results cannot be completely consistent, especially in multi-port simulation, but the results
are acceptable. It depends on the 3D model, frequency range, the FEM method is more accurate when the
3D model is complex, and the FIT method is more accurate when implemented at high frequencies.
When some information of the model can be parameterized, sweep simulation can be implemented, not
only to help observe the influence of parameters, but also to ensure the rationality of the simulation.
Through sweeping, we can clearly observe the change of the result, which helps to judge whether the result
is reliable, and also helps to optimize the simulation setting.

Programming is necessary in the calculation when calculation cannot be done by commercial software.
But even if there is no error in the theoretical derivation, the calculation of the electromagnetic field is still
complicated, involving the calculation of matrices, real numbers, and imaginary numbers. During the
calculation process, phase changes are likely to cause errors in subsequent calculations, which must be
carefully paid attention to.

(2) The second part of the project is the verification of the TRL calibration method, which is the de-
embedding part of the original research plan. Compared with the previous part of work, the proportion of
simulation work in this part is reduced, and the proportion of actual measurement job is greatly increased.
In the measurement, we aim to match the test and the simulation, the dielectric permittivity of the SMA
connector is adjusted through the verification of the phase.

In the high-frequency measurement up to 18GHz, the structure of the SMA connector is adjusted, and
verified through simulation and experiment, the resonance formed by the fingers of the SMA connector is
eliminated in the microstrip line. Often in industrial applications, due to production standards and mass
production, products are reliable in most cases, but when used for research, the accuracy of product
parameters and the effect of high-frequency applications cannot meet the requirements of performance
breakthroughs, at this time moderate verification and adjustment are necessary.

(3) The third major part of the project is further de-embedding of the device, which is highly consistent
with the model synthesis in the original research plan. In this part the feasibility of the further de-
embedding method is verified through simulation, then the test data is substituted, the intrinsic parameters
of element is calculated and brought into different application conditions, relatively consistent result is
obtained. But in comparison, there is still a certain difference with the actual measurement result in the
magnitude of S-parameters. This method is highly dependent on the consistency of simulation and
measurement, so the job in the third part indirectly highlights the significance of the previous part. That
is, the TRL standard eliminates the inconsistency between simulation and measurement that may be caused
by coaxial to microstrip transition, which indicates that the forward and backward work of this research
project is coherent and meaningful.
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