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ABSTRACT

As cellphones and electronic devices moves towards higher date rates yet smaller
form factor, designer face more electromagnetic interference (EMI) and radio frequency
interference (RFI)problems. In order to better guide the early design; designers want to
know the exact electrical performance of small components, coupling estimation between
components.

In Section 1, a de-embedding method is proposed to measure the impedance of an
innovative O-shape spring contact, for frequency up to 30 GHz. The measurements are
performed under the same condition when it’s actually used in cellphones. De-embedding
method will be applied to remove the fixture effects of the measurement setup, hence
only the electrical performance of the DUT is obtained.

In Section 2, a dipole moment model is studied to investigate the near field RF
coupling. A set of dipoles (both electric dipoles and magnetic dipoles) will be used to fit
the measured tangential H field of the near field scanning. The dipoles will be built in 3D
simulation tool. Together with the nearby antenna, the coupling between the dipole
source and the victim antenna can be obtained. This dipole moment method is verified by

both measurement and direct simulation data.



ACKNOWLEDGMENTS

| would like to express my great gratitude to my advisor, Dr. Jun Fan, for his
guidance, encouragement, and trust throughout my master study. | learned a lot from him
not only at the technical side, but also the non-technical side. He helped me gain a big
picture of how to deal with research work, the people around, and also family. | feel
fortunate to work with him and be his student.

I would also like to thank Dr. Drewniak, who guided me how to be a mature and
responsible man. | learned a lot from him too. | would like to thank Dr. David
Pommerenke , Dr. Beetner and Dr. Victor Khilkevich for their advice and help on my
research work.

| also feel grateful to Yansheng Wang, Guangyao Shen, Xiangyang Jiao, Xiao Li,
Xiang Fang, Liang Li, Jing Li. Every one of them helped me a lot in my research and life
in Rolla. Also my thanks go to all of the other faculty members and my fellow lab mates
in the EMC group of Missouri S&T. | am happy to work with you.

| am deeply grateful to my family, including my girlfriend, Yuan. Thanks for their
understanding and love all the time.

Finally, my sincere appreciation goes to my mother. | dedicate this thesis to her.



TABLE OF CONTENTS
Page
ABSTRACT ettt ettt e bt e et e nan e be e ar e e e i
ACKNOWLEDGMENTS ...ttt iv
LIST OF ILLUSTRATIONS ...ttt vii
SECTION
1. INTRODUCTION ... ..ottt 1
2. DE-EMBEDDING METHOD TO ACCURATELY MEASURE HIGH-
FREQUENCY IMPEDANCE OF O SHAPE SPRING CONTACT ....ccccovvviverienne 2
2.1. DE-EMBEDDING METHOD........coiiiiiiiiieieeee e 4
2.1.1. BASIC MOUEL.......couiiiiiiii e 4
2.1.2. Automatic Fixture REMOVaL. ..........ccccoiiiiiiiiiiiiceees e 5
2.1.3. S Parameters and Impedance ReSUILS. .........cccccoviiiriiiniieieccc e 6
2.2. ELECTROMAGNETIC MODELING FOR VALIDATION ....ccccoocviiieiiiiinns 8
2.2.1. IMpedance Of Part 2. 9
2.2.2. Impedance Of Part 2. 10
2.2.3. Validation Using HFSS SImulation.. ........cccccoceiiiininiiiincc e 11
2.3. MEASUREMENT VALIDATION ....oooiiiiiiie e 11
2.3.1. Measurement Results of O and C Clips up to 10GHz..........c..cccoveneee. 12
2.3.2. Measurement Results of O and C Clips up to 20 GHz...........c..cccocnee. 18
3. RADIO-FREQUENCY INTERFERENCE ESTIMATION USING
EQUIVALENT DIPOLE-MOMENT MODELS........ccooiiiiiiiee e 28
3.1. EQUIVALENT DIPOLE-MOMENT MODELS. ........ccoeiiiieeieeeeee 28

3.2. NEAR FIELD MEASUREMENT .....ccotiiiiiiiiiiieseee e 31



Vi

3.3. EQUIVALENT DIPOLE MOMENT MODEL......cccccoooiiiiiiieiiiie e 34

3.4. COUPLED POWER VALIDATION ...cciiiiiiiiiiieeee e 37
3.4.1. Coupled Power from MeasuremMent. ..........ccocerererineeienenenese e 37

3.4.2. Coupled Power from Equivalent Dipole Model. ............ccccceeveiverinennn. 37

4. CONCLUSIONS. ... 40
BIBLIOGRAPHY ...t 41



vii

LIST OF ILLUSTRATIONS

Page
Figure 2.1. O shape spring contact (O ClIP) ....covivieiieiiiieceee e 2
Figure 2.2. Measurement setup of the De-embedding method............cccooeiiiiiiniiinnnen 4
Figure 2.3. De-embedding MOdel ..........ccooieiiiiiie e 4
Figure 2.4. HFSS model (a) De-Embedding structure (b) 2X through..........ccccccevveriennnne 6
Figure 2.5. S parameters of the left fIXTUre ... 7
Figure 2.6. S parameters of right-left fixture cascaded and 2X through............cc.ccoeevnenns 7
Figure 2.7. Comparison between S,, of O-Clip and S,, Overall...........c..cccceoviininiinnnnns 8
Figure 2.8. Real part and imaginary part of the O-Clp........ccocviiiiiiiiiees e 8
Figure 2.9. Model of: (a) whole O Clip; (b) One half: part 1; (c) One half: part 2 ............ 9
Figure 2.10. Part 1: imaginary part and real part of the impedance..........c.cccccocenirvrnnnnn. 9
Figure 2.11. Part 2: imaginary part and real part of the impedance............c.ccccceevevernenen. 10
Figure 2.12. Imaginary part and real part COMpPAriSONS ...........ccovrereeieieereeneseseseseenes 11
Figure 2.13. Typical shape of O and C ClipS.........ccceiviiiiii i 12
Figure 2.14. HFSS model and its corresponding real PCB............cccooeiiiinencncniice 13
Figure 2.15. Details of the measurement board.............ccccceeveiieie e 14
Figure 2.16. Procedures of applying de-embedding method. ............cccceiiiiiiiiiininnn. 15
Figure 2.17. Imaginary part of the impedance from measurement and simulation data .. 16
Figure 2.18. Imaginary part comparison between O and C clip......ccccovvveviiiievieciieeenen. 16
Figure 2.19. Magnitude of the impedance of O clip at different working heights .......... 17
Figure 2.20. Geometry of 3 different O ClipS........ccoeiiiiiiiiiicic e, 18
Figure 2.21. Imaginary part of the impedance of different O clip at same heights .......... 18
Figure 2.22. HFSS model of the 2X through channel..............ccccooiii e, 19



Figure 2.23. Simulated S parameters of 2X through channel by HFSS ............ccooee. 20
Figure 2.24. Parts and assembling processing of the 20 GHz test vehicle ....................... 20
Figure 2.25. Measured S parameters of the 2X through channel...............cccociiiiinnnn. 21
Figure 2.26. Assembling processing of the C clip in the test vehicle.............ccccccoenn. 21
Figure 2.27. Measured S parameters of the 2X+DUT channel............cccooeiiininnnnnn. 22
Figure 2.28. S parameter and TDR comparisons of 1X and 2X channel............c..c.......... 22
Figure 2.29. S parameter of the DUT C Clip.....ccovoviiieiiee e 23
Figure 2.30. Magnitude and phase of C clip impedance............cccoovvieiiieneiinenincnee 24
Figure 2.31. Magnitude and phase of C and O clip impedance...........c.cccccecevvvevveviesnenne. 25
Figure 2.32. PCB with and without the conductive foam............ccccoveieiinencicniicne 25
Figure 2.33. |S21| comparison with and without the conductive foam...........c...cccccocveeee. 26
Figure 2.34. Normal H field at the cross section, with (a) and without

(b) conductive material ............cccoeviiiiiieie e 27
Figure 2.35. Ratio between normal H field over tangential H field,with

and without conductive material...........ccocooiiiiiiiiiii 27
Figure 3.1. Patch antenna board for RFI Study.. ........ccccoveviiiiiecii e 32
Figure 3.2. Top view of the board model............coooiiiiiii 32
Figure 3.3. Calibration setup for H field probe..........c.cccooviiiiicii e 33
Figure 3.4. Probe factor of the H field probe. ... 33
Figure 3.5. Measured H field data, 2mm above the patch ...........ccccocevveviciciiccice 34
Figure 3.6. Location and type of the dipole Set..........ccoeieiiiiiiiiieee e 35
Figure 3.7. H field at z=4.5mm, from measurement (a) and from Matlab fitting (b)....... 35
Figure 3.8. H field at another plane z=10mm, from measurement (a) and

from Matlab calculation (D) .......c.coveiiiie 36

Figure 3.9. Magnitude and phase of the 8*8*3dipolesS..........ccccvviviiiiiiii 36
Figure 3.10. Setup of measuring coupled power (a) and coupled power value (b).......... 37



Figure 3.11. Equivalent dipole moment model in HFSS (a) dipole details (b) ................ 38
Figure 3.12. E field integral to get the coupled voltage...........ccccoviveiievecic i 38
Figure 3.13. Ex (a), Ey (b), Ez (c) magnitude plot at the end of the coaxial cable........... 39

Figure 3.14. Tangential E field from Matlab (a) and HFSS simulation (b)...................... 39



1. INTRODUCTION

As cellphones and electronic devices moves towards higher date rates yet smaller
form factor, designer face more electromagnetic interference (EMI) and radio frequency
interference (RFI)problems. In order to better guide the early design; designers want to
know the exact electrical performance of small components, coupling estimation between
components.

In order to achieve better mechanical and RF performance, an innovative O-shape
spring contact (O-Clip), which is more commonly used in mobile device applications, is
designed [1]. A de-embedding method is proposed to measure the impedance of an
innovative O-shape spring contact, for frequency up to 30 GHz. The measurements are
performed under the same condition when it’s actually used in cellphones. De-embedding
method will be applied to remove the fixture effects of the measurement setup, hence
only the electrical performance of the DUT is obtained.

Noise coupling from IC to antenna is also a big challenge in cellphone industry. A
dipole moment model is studied to investigate the near field RF coupling. A set of dipoles
(both electric dipoles and magnetic dipoles) will be used to fit the measured tangential H
field of the near field scanning. The dipoles will be built in 3D simulation tool. Together
with the nearby antenna, the coupling between the dipole source and the victim antenna
can be obtained. This dipole moment method is verified by both measurement and direct

simulation data.



2. DE-EMBEDDING METHOD TO ACCURATELY MEASURE HIGH-
FREQUENCY IMPEDANCE OF O SHAPE SPRING CONTACT

Spring contacts are usually assembled onto printed circuit boards (PCBs) to act as
an electrical connection between two circuits or two PCBs. In order to achieve better
mechanical and RF performance, an innovative O-shape spring contact (O-Clip), which is
more commonly used in mobile device applications, is designed [1]. A typical O-shape

spring contact is shown in Figure 2.1.

Figure 2.1. O shape spring contact (O Clip)

Compared with conventional spring contacts, such as pogo pins, and C-shape
spring contacts, the O-Clip spring contacts have several advantages: lower cost, reduced
size, and better RF performance especially at high frequencies. When the O-Clip is used
as a board-to-board connection, it introduces smaller impedance to the electrical system
due to the dual-path design than the conventional designs.

An accurate impedance measurement of the O-Clip needs to be performed at high
frequencies. Currently, very small surface mount capacitance can be measured by

specific RF impedance analyzer at frequencies from 1 MHz to 2.8 GHz [2]. However, for



the 3mm by 1Imm by 1mm O-Clip connector, the impedance cannot be measured all the
way up to 30 GHz, since at such high frequencies; the current distribution within the O-
Clip significantly affects the impedance of the O-Clip. With different setups, different
impedances will be measured due to different current distributions. Since O-Clips are
mostly used as board-to-board connections, there are two current paths from the peak
point to the ground plane of the O-Clip.

A de-embedding method to measure the impedance of the O-Clip is described
below. As shown in Figure 2.2, two PCBs of equal size are utilized. The first PCB has
two trace lines on the bottom side, while the top surface of the second PCB is a ground
plane. The O-Clip under test is soldered on the bottom PCB. When the two PCBs are
assembled to form the test fixture, they are aligned in such a way that one of the trace
lines will properly contact the top contact point of the O-Clip. With proper control of the
spacing between the two PCBs, the O-Clip is engaged connecting the trace and the
ground plane in the middle of the transmission line formed by the trace and the ground
plane. The other trace line, at the same time, forms another transmission line referencing
the ground plane, which has the same geometry as the first one to be used for fixture
removal. Taking an S parameter measurement of the two transmission lines with and
without the O-Clip connection allows for the impedance of the O-Clip to be extracted
using the proposed de-embedding method. The distance between the transmission lines is
long enough that the coupling between them can be neglected. Using the proposed de-
embedding method, the impedance of the O-Clip is found by removing the loss effect and
phase shift of the imperfect transmission line, along with removing the effect of the

discontinuity created by the connectors at the ends of the transmission line.
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Figure 2.2. Measurement setup of the De-embedding method

" Ground

2.1. DE-EMBEDDING METHOD

A De-embedding method will be applied to remove the fixture effects of the
measurement setup, hence only the electrical performance of the DUT is obtained.

2.1.1. Basic Model. Practically, O-Clips are used as board to board connectors. A
microstrip transmission line is formed from the copper trace line in the first PCB and the
ground plane in the second PCB as shown in Figure 2.3, even though, in this case, the
dielectric layer between them is air. To measurement the S-parameters, two vertical-
mount coaxial connectors are added to the two ends of the transmission line. The outer
conductor of the coaxial connector is connected to the ground plane, and the inner
conductor is connected to the trace line. The O-Clip is placed in the middle of the

transmission line as described before.

Sour

Figure 2.3. De-embedding model



Stotal 1 Seix_L» Spur» and S denote the S parameters for the total structure, the

total ?

fixture on the left side of the DUT, the DUT (O-Clip), and the fixture on the right side of

the DUT. To find Sy r [3], Sy » Seix 11 Spx_g Must be known. In other words,
Stotal = SFIX_L ®SDUT ®SFIX_R (2.1)

where ® represents S-parameter cascading. In this equation, once three of these four S
parameters are known, the last one can be derived.

2.1.2. Automatic Fixture Removal. If the O-Clip under test is placed in the
middle of the transmission line, using symmetry, the S parameters of the right fixture and

the S parameters of the left fixture are in mirror symmetric relationship, i.e.,

|:81F1|X_L SllzIX_Lj|:|:SZFZIX_R SZFlIX_Rj| (2.2)

SFIX_L SFIX_L SFIX_R SFIX_R
21 22 12 11
In order to obtain the S-parameters of the fixtures, the second transmission line is

used as a “2X through”.Cascading the left fixture with the right fixture gives us the 2X

through:
SzTQU = SFIX_L ®SFIX_R (2.3)
S]_.Trl:z 8{2:3 — Sll SlZ ® S22 S21 (24)
821 S22 S21 S22 S12 Sll
Sll SlZ H . . . . .
where is the matrix representation of S, | .Since the fixtures are reciprocal,
21 22

S, =3, So only three unknowns S, S,; and S,, exist inSg,, | . Due to the symmetrical
property of the 2X through, the following relationship for S;" also holds:

i =S5.8," =S, (2.5)



Currently, there are three unknowns with only two equations. To gain a third

equation, a TDR is performed on the S,7" and the corresponding TDR of the left fixture

is further obtained [4]. By solving the three equations, S.,,  and S, . are obtained.
Then, through (1), S,,; for the O-Clip can be solved. Converting from the S parameters
to Z parameters, the impedance of the O-Clip which is equal to Z,, can be derived as [5]

2S,,

Z.. =
21 AS

Z, (2.6)

where as=(1-S,,)1-S,,)—S,,S,, , and Z; is the characteristic impedance of the

transmission line.
2.1.3. S Parameters and Impedance Results. The 3D models shown in Figure

2.4 are simulated in HFSS, a finite element method based tool from Ansys.

(@) (b)

Figure 2.4. HFSS model (a) De-Embedding structure (b) 2X through

Firstly, with the S;;" from the HFSS 2X through structure, S,  and S, . are

obtained. The results for S, _are shown in Figure 2.5. The S;}" result is further

compared with the cascaded S parameters of the left and right fixtures in Figure 2.6, to

demonstrate that the fixture characterization is correct.
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Figure 2.5. S parameters of the left fixture
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Figure 2.6. S parameters of right-left fixture cascaded and 2X through

When the S parameters of the two fixtures are known, together with the overall S
parameters from the HFSS simulation, the S parameter for the O-Clip can be solved. A
comparison between the magnitude of the overall S, and the S,, of the O-Clip with the

fixtures de-embedded is shown in Figure 2.7.

Converting the S parameters to Z parameters, the real part and imaginary part of
the O-Clip impedance are obtained and shown in Figure 2.8. At low frequencies, the O-
Clip behaves inductively; however, when the frequency goes up to 25.9 GHz, a resonance

occurs and the O-Clip behaves capacitively right after the resonance.
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Figure 2.7. Comparison between S,, of O-Clip and S,, Overall
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Figure 2.8. Real part and imaginary part of the O-Clip

2.2. ELECTROMAGNETIC MODELING FOR VALIDATION

In the de-embedding model, the O-Clip is placed in the middle of a transmission
line for two reasons. One reason is that the ports are well defined making measurements
easier to implement. The other reason is that it’s closer to the real application of the O-
Clip. The O-Clip is mostly used as a board- to-board connection where current flows
from the peak point of the O-Clip, through the O-Clip, and to the ground plane.

In order to understand the resonance of the impedance in the frequency range of
0-30 GHz, more details of the O-Clip need to be examined. Inspired by the idea that two

current flow paths exist in the O-Clip, it is cut into two pieces in Figure 2.9. The



impedances of these two parallel pieces can be used to explain the electrical performance

of the O-Clip over frequency.

(a)

(b)
Figure 2.9. Model of: (a) whole O Clip; (b) One half: part 1; (c) One half: part 2

Part 2

(©)

Using the driven modal solution type in HFSS, a lumped port was added in the

cutting plane to get the impedance of the structure. Then the two blocks were treated as

parallel blocks to get the overall impedance of the structure.

2.2.1. Impedance of Part 2. For part 1, the real part and imaginary part of the

impedance are shown in Figure 2.10. In this frequency range, the imaginary part is

dominated by inductance since it’s proportional to frequency. The real part increases with

frequency due to the skin effect.

100.00

80.00-

im(z(1,1))

20.00-~

0.08

imaginary part OvshapetB-H_cut_pat 506 A

60.00
40.00-

.00

10.00  20.00
Fnaeq [(.‘:5HZ]

30.00

2.00

@(1.1)
S

re

real part Oshapete110_cut_partt 506 M

1.50

0501

0% 65

10.00 2000
Freq [GHz)

30.00

Figure 2.10. Part 1: imaginary part and real part of the impedance
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2.2.2. Impedance of Part 2. For part 2, the real part and imaginary part of the
impedance are shown in Figure 2.11.

In this frequency range, the impedance changes from inductive to capacitive
because in this frequency range ,part 2 can no longer be regarded as an electrically small
lumped element. In fact, part 2 is more like a shorted transmission line. The input

impedance of a short circuited TX line is given as

7 7. Z, +Z,tanh(yL) ; o ,Z, tanh(yL) 2.7)
Z,+Z, tanh(yL)
y=a+jp

where Z, is the characteristic impedance of the equivalent transmission line, y is the
complex propagation constant, « is the attenuation constant, and £ is the phase constant.
So when the frequency goes higher, the impedance will alternate between inductive and
capacitive.

Using the same theory, part 1 can also be treated as a short circuited TX line.
Since the dimension of part 1 is much smaller than that of part 2, the impedance is

inductive in the frequency up to 30 GHz.

i rt Dshape 810 cut pard mesh real par‘t '35"2;!!'&“\)7:“[;73127?;" A
2500.00 mag pa “ 00000,

= 1250.00+ - 750.00%
§ 0.00 X 500.0()*:
o ]
'5-1250.00 = 250.00

_2500'08-00 1000 2000 3000 O'08.00 10.00 20.00 30.00

Freq [GHz] Freq [GHz]

Figure 2.11. Part 2: imaginary part and real part of the impedance
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2.2.3. Validation Using HFSS Simulation. The two parts are treated as parallel
electric blocks to get the overall impedance of the structure. Results are then compared
with the results from the de-embedding method. The real part and imaginary part
comparisons are shown in Figure 2.12. The results agree roughly well in most of the
frequency range. At high frequencies, the current distribution in the two pieces is
different from the original O-Clip placed in the middle of a two boards, which may
describe there is some mismatch in the impedance. Last but not the least; the O-Clip is
regarded as a point in the de-embedding method. Error will be introduced at high

frequencies since the dimension effect of the O-Clip may start to appear.

1500 ! A — 1200 : —
: i | —— De Embedding method 5 - [— De Embedding method
| 7 HFSS simulation 1000 | = HFSS simulation
E 1000t
S =
— c H 1 : H U
5 L O gOOf b
500} Foeseesases £ ; | | ; ;
2 e s e e ‘ g e s s s s
£ g 00
o = : 3 3 : A
E T L 200y proveee e
; 0
500 | \ i i \ v 200 i i i i |
0 5 10 15 20 25 3 0 5 10 15 20 25 30
frequency/GHz frequency/GHz

Figure 2.12. Imaginary part and real part comparisons

2.3. MEASUREMENT VALIDATION

Test boards are built to measure the O shape spring contacts and also the O shape
spring contacts. Typical shape of the O and C shape spring contacts are shown in Figure

2.13.
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Figure 2.13. Typical shape of O and C clips

2.3.1. Measurement Results of O and C Clips up to 10GHz. A test vehicle is
built to fulfill the following requirements:
e Spring contact needs to be activated, the clip impedance is measured when
it is compressed at working height
e High repeatability
e For the test vehicle, fixture effect needs to be eliminated to obtain the
accurate impedance (typically a small value)
The 1 to 1 comparison between the simulation model and real PCB is shown in
Figure 2.14. Two PCBs of equal size are utilized. The first PCB has two trace lines on the
top side, while the bottom surface of the second PCB is a ground plane. The O-Clip under
test is soldered on the trace. When the two PCBs are assembled to form the test fixture,
they are aligned in such a way that one of the trace lines will properly contact the top
contact point of the O-Clip. With proper control of the spacing between the two PCBs,
the O-Clip is engaged connecting the trace and the ground plane in the middle of the
transmission line formed by the trace and the ground plane. The other trace line, at the
same time, forms another transmission line referencing the ground plane, which has the

same geometry as the first one to be used for fixture removal. Taking an S parameter
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measurement of the two channels with and without the O-Clip connection allows for the

impedance of the O-Clip to be extracted using the proposed de-embedding method.

Board 1 +Board 2

2X+0-Chi

G‘O“ ee 0‘¢

> (5.

Board 1

Figure 2.14. HFSS model and its corresponding real PCB

More details of the two channels with and without the O clip are shown in
Figure 2.15. Board 2 will be placed on top of the spacer when the measurements are
actually taken.

The S parameters for the 2X channel and the 2X+DUT channel are then
measured using VNA. De-embedding method will be applied to remove the fixture effect,
and then S parameter of the DUT will be obtained. The whole procedures are shown in
Figure 2.16.The original height of the DUT O clip is 2.8mm. It’s compressed to 2.3mm at
its working height, since the height of the copper spacer is 2.3mm.When the whole test

board is assembled, the O clip in the middle is compressed to the height of the copper

spacer.
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Figure 2.15. Details of the measurement board

3D model is also built in HFSS, which has the same geometry with the
measurement. The same de-embedding procedures will be applied to the simulated S
parameters, so similarly the impedance of the DUT can be obtained. The imaginary part
of the impedance due to the inductance is shown in Figure 2.17.
The result comparison between measurement and simulation shows good
agreement with a difference less than 4dB in the frequency range from 10 MHz to 10

GHz. A clear 20 dB/decade increase indicates the inductance behavior.
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[S21 [S21] for Oclip
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Figure 2.16. Procedures of applying de-embedding method

The same set of measurements can be performed on the C clip,which is also
compressed to work at 2.3mm.Results compariosn of the O and C clip are shown in
Figure 2.18. The O clip has a smaller inductance than the C clip. Also the impedance
trend shows that the C clip is reaching its self-resonant frequency at around 10 GHz.
However, the resonant frequency of the O clip may be well beyond 10 GHz. The reason
is the C clip can also be roughly regarded as a short-circuit TX line, whose length is
much longer than that of O clip. It will not only provide a bigger inductance, but also a

smaller resonant frequency compared to the O clip.
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Imaginary part of the Impedance
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Figure 2.17. Imaginary part of the impedance from measurement and simulation data
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Figure 2.18. Imaginary part comparison between O and C clip

Similar test vehicles are built to measure O clip at different working height.

Because different O clip or even one specific O clip will have different working height,

different copper spacers need to be used. Each copper spacer will correspond to a test

vehicle, which compress the DUT to the height of the spacer. A typical case of real world
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application is like this: the same O clip is used, but works at different height. Figure 2.19
shows the impedance result of that; a 2.2mm O clip is compressed and measured at
2.3mm, 2.6mm. The 2.2mm O clip which works at 2.60mm has a bigger inductance than
the 2.2mm O clip which works at 2.3mm, since the 2.6mm O clip will introduce a bigger

loop area when used as the board to board connection.

magnitude_2z21
40+
304
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104
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-40-, : : ‘
0.01 0.1 1 10
Frequency (GHz)

=== QOclip_220mm_130 === Oclip_220mm_160

Q)

Magnitude (dB) (dB

Figure 2.19. Magnitude of the impedance of O clip at different working heights

Another typical case of real world application is like this: Different O clip is used
to compressed and work at the same height. Figure 2.20 shows the geometry of 3
different O clips, 2.5 mm, 2.8 mm, 2.2 mm. All of them are measured using the same test
vehicle. This test vehicle compresses all the clips to the same working height, 2.3mm.

The imaginary part of the impedance is compared for the above 3 cases, the
results are shown in Figure 2.21. For frequency up to 10 GHz, the O-clip is still in the
inductive region. And the inductance is mainly determined by the short path of the O clip.
For the per unit length inductance, wider trace will have smaller PUL inductance,

because current can flow more freely on the surface. According to Figure 2.20, 2.2 mm O
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clip has the widest path for current flowing, so it will have least inductance, thus least

impedance.
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Figure 2.20. Geometry of 3 different O clips
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Figure 2.21. Imaginary part of the impedance of different O clip at same heights

2.3.2. Measurement Results of O and C Clips up to 20 GHz. Previous
simulation and measurement results show that O clip have two advantages over C clip:
smaller self-inductance value, bigger self-resonant frequency. These two advantages
can’t be observed using a 10 GHz test vehicle. While building a 20 GHz test vehicle is

necessary, it’s hard to design. In previous 10 GHz test vehicle design, a 33$ board from
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4PCB is used, which use FR4 as substrate. The new design is layout at AP circuit, which
uses more expensive Rogers 4350b as the substrate.
In order to make De-Embedding method work good, a 2X through channel should
fulfill the following conditions:
e Insertion loss |S21| curve is relatively smooth
e Reflection loss [S11] is well below [S21].
The test vehicle is simulated in HFSS, as shown in Figure 2.22. The S parameters
of the 2X through channel are shown in Figure 2.23.
Clearly, the simulated S parameters in the figure below fulfill the two
requirements above.
The real PCB is shown in Figure 2.24; it also shows how the whole test vehicle is
assembled. Four conductive foams are added in the middle to act as the spacers, since
irregular shape of copper spacer is difficult to manufacture. Two channels will be

measured: one is 2X through; another one is 2X thru + DUT.

Figure 2.22. HFSS model of the 2X through channel
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Figure 2.23. Simulated S parameters of 2X through channel by HFSS

Figure 2.24. Parts and assembling processing of the 20 GHz test vehicle
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The measured S parameters of the 2X through channel are shown in Figure 2.25.
For the measured S parameters, the insertion loss |S21| curve is relatively smooth;

reflection loss [S11| is well below |S21].
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Figure 2.25. Measured S parameters of the 2X through channel

In this study, to reduce the errors, the same 2X through channel will be used in the
2X+DUT channel. Details about how the clip is assembled in the test vehicle are shown
in Figure 2.26. VNA is used to measure the 2X+DUT channel, the S parameter results of

the 2X+DUT channel are shown in in Figure 2.27.

Figure 2.26. Assembling processing of the C clip in the test vehicle
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Figure 2.27. Measured S parameters of the 2X+DUT channel

Smart Fixture De-Embedding method is used to derive the S parameter of the 1X

from the 2X through channel. The S parameter and TDR comparisons between 1X and

2X channel are shown in Figure 2.28.
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Figure 2.28. S parameter and TDR comparisons of 1X and 2X channel
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Applying Smart Fixture De-Embedding method, S parameters of the DUT can be

further obtained, which are shown in Figure 2.29.
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Figure 2.29. S parameter of the DUT C clip

Converting the S parameters to Z parameters, the magnitude and phase of the O-
Clip impedance are obtained and shown in Figure 2.30. For C clip, self-resonant
frequency is measured to be 16.5 GHz. When the magnitude of Z21 reaches its max
value, the phase of Z21 quickly changes from 90° to -90°, and the DUT turns from

inductive behavior to capacitive behavior.



24

Magnitude of Z21 Phase of Z21
~ 80+ £200
e 1150
= 60_ £100 B
Z 404 50 6
2 0
ERL LS50 ©
N £-100 §
a E-150~
E 20 T T T T T T T T T \7-200
0 5 10 15 20 250 5 10 15 20 25
Frequency (GHz) Frequency (GHz)
— Magnitude — Phase of 721

Figure 2.30. Magnitude and phase of C clip impedance

The same measurement procedures are applied to measure the impedance of the O
clip. Both of the clips has 2.3mm as the original height, are compressed to work at 0.8mm
since the height of the spacer is 0.8mm. Impedance comparisons of the C and O clip with
same profile are shown in Figure 2.31. In addition to lower impedance due to a lower
inductance, the O clip has a self-resonant frequency higher than 25 GHz, which is higher
than the C clip. Below 25 GHz, O clip clearly shows inductive behavior, and the
magnitude of its impedance increases by 20 dB/decade.

The reasons for adding conductive foam at the 2X through channel, as shown in
Figure 2.32, is because by doing this, higher order modes of EM wave can be
suppressed. |S21| comparisons of the 2X through channel with and without the
conductive foam are shown in Figure 2.33. Using conductive foam clearly gives a better

|S21| slope, which is required for a good de-embedding result.
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Figure 2.32. PCB with and without the conductive foam
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Figure 2.33. |S21| comparison with and without the conductive foam

One difference between a TEM mode and high order mode EM wave is that only
tangential wave exists for TEM wave, normal component is zero; while normal
component exists for high order mode EM wave. The 2X channels with and without the
conductive material are modeled and simulated in HFSS.

At the cross-section of the transition CPW part, normal H field is plotted and
compared in Figure 2.34. Both plots use the same scale, clearly higher order TE mode is
observed when no conductive material is used. With conductive material, EM is still
quasi-TEM.

Similar comparison can be shown in Figure 2.35; normal H field over tangential
H field ratio is compared for with and without conductive material cases. Without
conductive material, a significant amount of higher mode TE mode can be seen, while the

EM can still be treated as quasi-TEM mode if conductive material is added.



27

HanedExpr

1,0800892+201
9, 236%2+202
3,5729e+392

7.8533+392
7. 1457e+393
5. 4321e+390
3. 7138e+082
3, 8859e+282
4, 231424202
3,5779+202
2, 8643e+392
2,15072+202
1,437 1e+393
7. 2357481
1. 8888982

(a) (b)

Figure 2.34. Normal H field at the cross section, with (a) and without (b)
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Figure 2.35. Ratio between normal H field over tangential H field, with and
without conductive material
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3. RADIO-FREQUENCY INTERFERENCE ESTIMATION USING
EQUIVALENT DIPOLE-MOMENT MODELS

3.1. EQUIVALENT DIPOLE-MOMENT MODELS

From the multipole expansion of an electromagnetic radiation source [6] [10], an
arbitrary electrically small source can be approximately replaced by six dipoles: three
electric dipoles denoted Px , Py, and Pz , and three magnetic dipoles denoted Mx ,My ,
and Mz . These dipoles together generate approximately the same fields as the source.
For a lot of applications, the noise source is usually located closely on a large ground
plane. In those situations, the radiation from tangential electric dipoles Px,Py and vertical
magnetic dipoles Mz will almost be cancelled by their images[11]. Thus, in Cartesian
coordinates, just the vertical electric dipoles (Pz) and tangential magnetic dipoles
(Mx,My )are enough for modeling.

The tangential E and H field radiated by P,, My and My dipoles can be samely

written as in [12] [13].

£ —_j ono{(z =X ¢ oy bt X)ql(r)}

X Arx r, .

{(Z;“) ay(r) + 0 qs(rz)} M, )

1 2

(3.1)

£ - Jzzo {(z =Y o 6y G- ”m(r)}

h 3

{ D g - (Zr*h)qs(r)}klvl}

2

(3.2)
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" { (y V) o)+ U™ y)qs(r)}

2

{ . y) D)5 +g, () - L2 ql(rz”qz(r”}k(’M

2

{w%(w(ﬂ#%«»}kemy}

I’l 2

(3.3)

{ (X X)q3(l’)+( )qg(r)}

2

{( x)+(z )2ql(rlmz(rl)_(X‘X')Zri(”“)zql(r2)+q2(rz>}koM

2

{w%(m(—xg#ql@}komx}

rl 2

(3.4)

Where k, is the free space wave number, 7, is the wave impedance in vacuum; P,

is a complex number denoting the electrical dipole along z direction with unit of A-m;
M, and M, denote the magnetic current along x and y direction respectively with unit of

A-m?.

:[(X—X')Z +(y-y)’ +(Z—h)2]y2

(3.5)
=[O XY+ (y=y ) + @+ ] (3.6)
3 3
=1
a,(r) = {(k) N }g(r) @3.7)
PR
q,(r) = oty + Ja} 9(r) (3.8)

Q,(r) = ir+ J} g(r)
(3.9)
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e*jkor

r (3.10)

g(r) =

Equation (3.1) through (3.4) can be simplified to the following matrix form as

E Ten 0 Tgw,
s)
E, Te, pTe,m, O :
= Mx
H, Tu e Tiom, Thow, M
Hyl T, o T ’
y
Ly [ ey Tyom, THywy | (3.11)
T T T, T, T T,
Where T, ,, 5" 50 50T, o0 Ty e s e Mand

T - . :
Hy-My denote the transfer coefficient of field components that are caused by different
dipole types. For example, the transfer coefficient of E, generated by P, dipole and M,

dipole can be expressed below, the other transfer coefficients can be similarly derived

—j Kl [(Z ~OEXD g )+ EEX) ql(rz)}

B N : (312)
k? z—h z+h
TEX_'V'y =_JO_770{( )qs(rl)‘i'uqs(rz)}
4zl rz (3.13)
A more general representation of the problem can be expressed as
™xX=F (3.14)

Where T is the transfer matrix, x is unknown complex number that represents P,
My and M,. Normalization is also used to improve the matrix condition number and
obtain a more accurate solution. Consider the magnetic field radiated by P,, My and My

dipoles,
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[PZ ]nx
[Hx]mxl _ |:THx_Pz THx_Mx THx_My:| [M ]l
[Hy:lmxl THy_Pz THV_MX TH)’_M)’ I:MX j‘Xl
Y na (3.15)

First, the magnetic field data is normalized as

i zl[ . ]
[Hy:lmxl/Hmax (3.16)

In which H__ is the maximum magnitude of the tangential H fields. The

ax

equivalent dipole moments are also normalized as

[P

X, = [koMx]

nx1

koM
[ 0 V:|nx1 (3.17)
The normalized transfer matrix T, are described as

T _ THX_PZ/Hmax THx_Mx/(HmaxkO)THx_My/(HmaxkO)
) THy_Pz/Hmax THy_Mx/(Hmaxko) THy_My/(HmaxkO) (318)

Using linear least-square method [14], the normalized solution X, can be
calculated as

X

n

-1,
T TR (3.19)

I
—

3.2. NEAR FIELD MEASUREMENT

A passive board will be used to perform the RF interference study here as shown
in Figure 3.1.The board size is 220mm x 160mm.The size of the patch antenna is 28mm

x 37.2mm.A top view of the board model is shown in Figure 3.2.
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PN
2.45 GHz MICROSTRIP PATCH ANTENNA AND TRACE DESIGNED BY: G. LI, Y. ZHANG EMC LAB, MISSOURI S4T L
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2 mm GAP IN THE GND PLANE

TERHINATION
source

28 e x 37.2 mm

BOARD SIZE: 220 mm x 160 mm CATE: 09-09-13

Figure 3.1. Patch antenna board for RFI study

77.2

Figure 3.2. Top view of the board model

In real measurement, what the instruments measure is voltage. The relationship

between the measured voltage and the real H field is built by probe factor. Probe factor is
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calculated by measuring a simple 50 Ohm microstrip. The measured voltage of the 50
Ohm trace will be compared to field value in the simulation model. The measured voltage
will be compared to simulation H field at different height. The probe factor can be
calculated at the case when the pattern between measurement and simulation match the
most [15] [16]. The setup for calibrating the H field probe is shown in Figure 3.3. The

magnitude and phase of the probe factor are shown in 3.4.

d=2mm
-20mm /20
y = 0 Trace Center
Figure 3.3. Calibration setup for H field probe
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Figure 3.4. Probe factor of the H field probe
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VNA S21 function is used to measure near field of the patch antenna which is a
passive device. The measurement procedures are the same with the probe calibration. The

measured tangential H field is shown in Figure 3.5.

Hx Magnitude 2400MHz Hx Angle 2400MHz
20 ”~ M
40 0.02
a0 - 0.01
0 20 40 60 80
Hy Magnitude 2400MHz Measured Hy Magnitude 2400MHz
- 0.08 -
20 0.06 20
40 l 0.04 40 d
60 - 0.02 60 -2
0 20 40 60 80 0 20 40 60 80

Figure 3.5. Measured H field data, 2mm above the patch

3.3. EQUIVALENT DIPOLE MOMENT MODEL

With tangential H field data, the unknown dipole moment can be solved based on
the dipole sets as specified in Figure 3.6. This dipole set is predefined to be located at 8*8
locations. Pz, Mx and My will be put at those locations. The distance between each
location is 9mm. All of the dipole moments are located 1mm above the ground plane.
The way to select the dipole moment and where to place them is based on engineering

experience. More studies will be done in the future to better guide the dipole selection.
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Observation plane
70mm x 70mm (uniformly distributed)
«10? step=1mm i
5y z=45mm

Dipole sets
PZL xNum =8, yNum =8
2 . < Mx xSpacing = ySpacing = 9mm
My z="1mm

Figure 3.6. Location and type of the dipole set

Once the equivalent dipole moment model of the patch antenna is obtained,
theoretically the field at anywhere can be calculated. Figure 3.7 shows the H field
comparison between the measurement and the Matlab fitting. The fitted field shows a

reasonable match with the measured field, although not perfect.
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Dipole moment model
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Figure 3.7. H field at z=4.5mm,
from measurement (a) and from Matlab fitting (b)
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The equivalent dipole moment model can also predict the field at z=10mm. Figure
3.8 shows the H field comparison between the measurement and the Matlab calculation at
another observation plane. Reasonable match between the predicted field and measured
field can be observed, at another observation z=10mm. The magnitude and phase of the

dipoles are also shown in Figure 3.9.
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(a) (b)

Figure 3.8. H field at another plane z=10mm, from measurement (a) and from
Matlab calculation (b)
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Figure 3.9. Magnitude and phase of the 8*8*3dipoles
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3.4. COUPLED POWER VALIDATION

3.4.1. Coupled Power from Measurement. The setup of measuring coupled
power is shown in Figure 3.10 (a) .The source patch antenna is excited by a 0dBm signal

at 2.4GHz. Figure 3.10 (b) shows the coupled power is -35.0dBm.

|
Span:100 MHz

Last

Span Span

(@) (b)

Figure 3.10. Setup of measuring coupled power (a) and coupled power value (b)

3.4.2. Coupled Power from Equivalent Dipole Model. Import the dipole models
into HFSS and draw the nearby antenna, as shown in Figure 3.11 (a).There are dipoles at
8*8 locations, while Pz ,Mx and My exist at each location, as shown in Figure 3.11 (b).
So in total, there are 192 dipoles.

A 15 mm long coaxial cable is attached to the victim antenna to make sure TEM
mode is obtained at the end of the coaxial cable. Two lines will be drawn from the inner
connector of the coaxial cable to the outer ground of the connector as shown in Figure

3.12.
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(a) (b)

Figure 3.11. Equivalent dipole moment model in HFSS (a) dipole details (b)

Since only TEM mode exists at the end of the coaxial cable, integral along two
different lines will yield the same voltage. The voltages from these two lines are 0.00427
V, 0.00434 V. The difference of these two voltages is small enough. Based on the
coupled voltage, the coupled can also be calculated as -37.39 dBm. Previous
measurement shows that the coupled power is -35 dBm. The difference between the
dipole moment estimation and the direct measurement is less than 3dB, which is good

enough for most engineering application.

Figure 3.12. E field integral to get the coupled voltage
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Figure 3.13 shows the E field at the end of the coaxial cable. Clearly tangential E

field exist, while normal E field in nearly O, which is the property of the TEM mode.

Figure 3.13 Ex (a), Ey (b), Ez (c) magnitude plot at the end of the coaxial cable

Another validation to demonstrate the correctness of the simulation is shown in
Figure 3.14. E field comparison between the Matlab calculation and HFSS simulation

also shows good match.
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Figure 3.14 Tangential E field from Matlab (a) and HFSS simulation (b)
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4. CONCLUSIONS

For the impedance measurement of the clips, considering the practical application
of the O Clip, a de-embedding method is proposed to measure the impedance
measurement of the connector in the frequency range up to 20 GHz. The de-embedding
results are verified by simulation results and also measurement results. One thing worth
to point out is that although only O and C clips are measured in this study, other small
components can also be measured using the same method, for example conductive foam,
which is also widely used in cellphone industry.

Also, the equivalent dipole moment model is studied for RFI estimation. Future
work include: reduce the errors, reduce the simulation time [17] [19]. Currently, there are
no clear guidelines for how many dipoles to choose, where to place them. A clear
guideline can be established in the future to guide users to use this method. Simulation
time is also another problem; currently each frequency point needs a separate simulation
which costs 10s of hours sometimes. More time-reducing approaches need to be applied

here [20][23].
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