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Signal Integrity (SI) R&D Engineer, Samtec
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Leon Wu has 21 years of industry experience as an Sl engineer having worked
at FCI, Flextronics and Samtec. He received his Ph.D. from the National Taipei
University of Technology in 2013. Leon works in the Sl lab at Samtec Taipei and
Dongguan facility which focus on connector measurements. He also performs
full wave simulations which support research efforts. He has 6 patents related to
connector/footprint design.
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Background/ Introduction » Accurate extraction of dielectric properties (Dk, Df)

" Challenges of traditional NRW/NIST techniques o Asymmetric airline, Time domain gating requirement
o Method o DOE design on dielectric
o Practical issues » Experimental validation

- Propagation Constant o Sanity check in time and frequency domains

o Dependencies o Correlation with the results from Swissto12 MCK

» Conductivity and plating

« Geometric

Proposed correction method

o Correct method( Remove dependencies)

How does it work?
o Time-Domain Gating
o in NRW

o in the Improved Method

WHERE THE CHIP MEETS THE BOARD
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112Gbps, 224Gbps,..., heavily relied on simulation
and correlation.

» inaccurate Input may cause design fails. (data
sheets, experience, products- correlations.)

= Correlate all parameters ( size, manufacturing
tolerance, process, material,..., etc.) in one design
are mostly impossible.

= Simplify the correlation- method to separate the
parameters.
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Material Characterization

; . Chamfers for
» Measurement techniques: Xy e i
female side
. . 15mm Sample 35
T/ R line (coax and waveguide) [ NRW/ NIST] e ( mm Sample
. ‘\‘ -
Open-ended coaxial probe

\

Free space

Resonant Method
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- Shield

\ Mated area
Rotating the ref. plane w= == -,

<+ =~ == Rotating the ref. plane

\
>/ e~ Yal

1+T
» Require precise reference-plane alignment. | 1 Ur =
5 | Al 1L
= Sensitive to MUT length and manufacturing | 7o 7d 70 | 22
tolerances.
* |Include metal loss and geometric factors _ l_% 1 + 1
Reference plane €r = 27 A2
HUR | Ac

» Resonance issue at multiple one-half

wavelengths( limited MUT length).
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Plane Shift

» Resonance issue at multiple one-half wavelength. » el
» Adding an air-section before the MUT. By: g Dl il

0.005mm-0.015mm.

» The extracted Dk and Df are divergent from the
input( good conductor assumption).

N
®
5
S
\

Relative Permittivi
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» Dependences are contained in transmission - - -
COfoIClent o 5 10 15 20 25 30 35 40

Frequency(GHz)

N
o

0.2

» The extracted Dk and Df dependent on the | gvr,m |
physical length.( Dk o 1/L) = oo | 1

* D.S. model- DK=3, DF=0.02 @1GHz go)
:.Z: L l M

Frequency(GHz)
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Challenges of Nicolson-Ross-Weir (NRW)Solutions

» The TEM assumption is no longer valid.

» The fields are distributed non-uniformly

» Rotating the face by 0.034° further
increases the maximum length
difference to 0.00087 mm.

E Field [V/m]

Max: 2739.808

H Field
[A/m]

2739.808
. 2507.627
2275.447

2043.266
1811.085
1578.904
1346.723
1114.542
882.362
650.181

418.000

Max: 10.231

Min: 418.005

10.30
945
860
7.75
6.90
6.05
520
435
3.50
265
1.80

Min: 1.836

0.00087mm




= The propagation constant depends on the Original Coax Equivalent Coax
conductivity and permeability of the center conductor ="
and shield, as well as the dimensions (a, b),

regardless of whether the medium is air or dielectric. ﬂating |
?X =fX([i1, 01, HU2x,€2x, U3, 03,4, b) A i”l
= |f PEC is used, the propagation constant is r=b
independent of the dimensions, only depends on the
medium.
Vxpec =X(U2x, €2x)
1 jug , 1 [u
G f : G755
k; +]k2 1+ =qa -}—]ﬁ

272, i) 272 i)
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Attenuation constant has more impacts than phase constant( 10mm).

?d =fX(‘u1, 01, U24,€24,HU3,03,Q, b)
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0.14 35
——cyq
3.4
012 "O' @85
o s W 2.92 0.635
a e DSmodel
Z o01r 332
i = 1.85 0.4
E 0.08 - é 3.1
[ o=
8 5 3 1 0.22
§ 006 E 55
Q x ¢ r
2 0.04
7
... NRW( Ideal condition)
0 i ‘ : ‘ ‘ ‘ ‘ 25 . : : : : : .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Frequency(GHz) Frequency(GHz)

?d =fx(u1, 01, U24, €24, U3, 03,04, b)

Different form factors, % = round(2.92/1.27)
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An additional measurement to obtain the dependences of a, and

Po-

~ 1 . 1 ¢ P —ta £(tané)
Pa £ =\Er (a0t + 5 tandfof) + V& (Bot — 5 tandaot) T

Cagt ao{,’+%ﬁo{’(tan8) ’

2(Bot—Rap?)

Reference plane Reference plane tano = aol+RPot
e_yd€ e—Yof \/g__ ad{’
—I —I r a0£’+%,80€(tan5)

| - l Since the length can be eliminated
C | | | from each term, Dk and Df are

70 Zd 7.0 | Zo 2,0 Zo | independent of the length.
| |

NRW setup Additlonal measurement
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0.0205

Relative Dielectric Constant

=] =2.92mm
—6—1.85mm
=@ = 1mm i 0.02
DSmodel

Loss Tangent
o
2
©

0 5 10 15 20 25
Frequency(GHz)

30 35 40

?d =fX(/,£1, 01, U24,€24,HU3,03,0Q, b)

Dk/Df =xX(Vq = IX(prre1, tog, €2 1t37637655))
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0.0185 |-

0.018 |

=] =2.92mm
—O— 1.85mm
=@ = 1mm
DSmodel

0.0175
0

5

10

15 20 25
Frequency(GHz)

30 35

#DesignCon

40

2.92 0.635
1.85 0.4
1 0.22

From the proposed
method, the extracted Dk
and Df are independent
of different sizes a, b
and the conductor
property.
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Fixture A Fixture B * The Time-Domain Gating method( IEEE
- P370) is used to de-embed the S-

N | °0mm parameters and accurately move the
reference plane to the faces of the MUT.

Fixture A’ Fixture B’
|

i (o 60mm

De-embedding the air sections.

MUT | » Two different airline lengths( uses 50mm to
de-embed 60mm)

* |deal positioning case- the MUT in the
center.

* a, b have manufacturing tolerances.
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The 60 mm airline with a ~10 mm dielectric is positioned 2X Thru(a + Aa, b + Ab)
accurately at the center. ~MUT (a + Aa, b + Ab)

The impact of manufacturing tolerances on dimensions a and

b does not significantly affect the S-parameters of the 60 mm
airline.

55

~1.'4oh'm!' '

1

T T
Fix-DUT-Fix 60mm Airline

N
o
T

Impedance( ohm)
S
o

Fix-DUT-Fix Insertion Loss

Return/ Insertion Loss( dB)

w
o
T

35t Fix-DUT-Fix Return Loss : .
: =

40 | " 1

30}
45 |
-50 1 1 1 1 1 1 25 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Frequency(GHz) Time(ns)
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MUT( de-embeded) |

50

IS
a

~ 2.2 ohm

Impedance( ohm)
N
o

w
(&)}

35t De-embedded Insertion Loss | |
De-embedded Return Loss

[ b ~1or
45 | B O m
-50 : : : : 25 . . . ‘ :

0 5 10 15 20 25 30 35 40 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Frequency(GHz) Time(ns)

Return/ Insertion Loss( dB)

» The deviation after de-embedding is about 1 ohm in the MUT section and 2.2
ohm for the residue while they are 0.8 and 1.4 ohm before de-embedding.
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3.6 0.3
Extracted Dielectric Constant( NRW) Extracted Loss Tangent( NRW)
— — -D.S. Model 0251 — = -D.S. Model )
34
02
§ao l
w 015 |
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3 = '
c .
S s § O i
k3] S i
3 S 005 )
828t 8 %
' g of \
2 4 \
T 26 -0.05 i
VA 1
01 !
24 r 1
-0.15
22 1 1 1 1 1 1 _02 1 | 1 | | 1 |
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Frequency(GHz) Frequency(GHz)

« The Dk and Df have significant errors due to the tolerances.
» Perfect positioning from NRW setting.

« The large deviations are at the multiple one-half wavelength( 7.5GHz of
8GHz).
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» Traditional NRW/ NIST techniques

o Need rotating reference plane ideally or resonance( uncertainty occurred in
multiple one-half wave length); limited on the MUT length.

o The Dk and Df strongly dependent on metal, radii a and b of the test fixture.
o Dependent on the MUT length.
o Need to position MUT accurately

o Time domain getting method may not be applicable or need high quality test
fixture.

o Sensitive to the tolerances.
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Fixture

A

Fixture B

| () 50mm
I Fixture A’ Fixture B’
i |
: | = 60mm
; |
|
|
, MUT ,
Fixture A Fixture B
[,\ 50mm
- AN
Fixture A Fixture B’
60m

DESIGNCON EZ3
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* |t is difficult to positioning the MUT at
the center of 60mm airline.

* Fill out the airline with dielectric in
both 50 and 60mm airline to eliminate
the refection between MUT and air

section.

« The MUT would be positioning at the

center naturally.

dielectric

#DesignCon
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Return/ Insertion Loss( dB)

2X Thru Bandwidth

Insertion Loss Die
Return Loss Die
Insertion Loss Air
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« De-embedding?

* The radius of a, b contained
manufacturing tolerance, +/- 0.005.

( 9 combinations)

» |deal conditions:
* No discontinuities

* There is no air gap between
dielectric and metal.
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—_—
10 /-\
50 Insertion Loss Die
Return Loss Die
~ o2 |----- Insertion Loss Air
3 ***** Return Loss Air
£ ) . .
= 3 8 A =] A
g S LA K S B ARG
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o 2 i T o B
8 £ EE T Y.
g— I (A ; T _‘E ?’,T.
=35t 3 ! R o M
] IRET R R
B 3
~ \ g b o A
80r ii R 3
Air Section 10mm . ,'[ ol . r g .
MUT( de-embeded) 10mm B & Y (f (R ::,Eg ol SRR
80 . ‘- | {/F o Clkall A B
25 : ‘ ‘ ‘ ‘ ‘ 0 5 10 15 20 25 30 35
0.8 0.9 1 I 1.1 1.2 1.3 1.4 1.5
Time(ns) Frequency(GHz)

» From the de-embedded S-parameters (with and without dielectric), the error affects the
return loss, causing the magnitude to vary rather than remain at the same level.

« Although the residue effects after de-embedding is larger than utilized airline sections.
However, the tolerance and residual effects will be accounted for and subtracted using
the proposed method.
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327 T T T T T T T 0.0205
Extracted Dielectric Constant Extracted Loss Tangent |
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=
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» The proposed method to extract Dk and Df as shown.
« The impacts of the manufacturing tolerance is much lower than NRW method.
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* The improved method

o The extracted Dk and Df dependencies of the test fixture are removed
o Independent on the MUT length

o Naturally positioning MUT at the center of an airline

o Less sensitive to the fixture tolerance

o Additional measurements
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Time domain gating method requires: S12A=S21B

.;;»ﬁ;).::-————_.'\\\
Ilf;lel‘ 1’?@ \
b N
-.“]" \ ; .
\\\'

'n
)
3
QO
9)

An airline with identical connector genders is currently
unavailable.

f B
o /

/
g

—

What if we have a proper design on the shape of dielectric.

Male

The length 50 and 60 mm of hollow shape with 2.92/ 1.27 mm
radii are difficult to manufacture.
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Minimum( physical limitation)

1.01 0.66Gmm 1.01
1 1
0.655mm L
0.99 0.99 i
L] [ ] =
0.98 X 0.98 ® 8
. L ] v . [ ] L]
T 0.65
Ecﬂ hm|n|mum ;"mm -;Ec'g?
o %, ® * . . @ _* Hogs ¢ s
= o8 ™ . 0.645mm % 3 .
. 0.95 |
L . ® ® o . ° . L I
0.9 0.94
0.93 0.93 ¢
. ® . 0.64mm .
092 ¢ o o * . 0.92
0.91 0.91 .
1.8 1.9 2 2.1 2.2 2.3 0.64 0.845 0.65 0.655 0.66 0.865
Hole Length (mm) Hole Inner Radii{mm)

Modified Hausdorff Distance (MHD) value is used to evaluate how close of two data sets.
The male side as the reference.
DOE analysis to find out the size of radius and length of the hole for female side.

Also, the dielectric is separated into two sections ( 15+35 and 15+45 mm) and adding chamfers on
the dielectric.

WHERE THE CHIP MEETS THE BOARD
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« The D.S. model( red dashed line) is used as

= = =|EEE P370 male female
3 = AFR malefemal . H
= IEEE PSYOfnaTeemale IanIt'
= 34 it R N « To reduce the discontinuity and non-uniform
s o e | | effects, the impedance correction option is
o used in AFR.
e « The male-male configuration is added as a
® reference.
E

 In the Dk, IEEE P370 in male-female config.
is slightly deviate from the input.

28 - A 4 4 —L -4 —L - -
0 5 10 15 20 25 30 35 40

Frequency(GHz)
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0.024 T T 7 ¥ ¥ T T . .

S e * In male-female configuration-
0.023F 1 ~—©— AFR male female -

i IEEE P370 male male  |[EEEP370
0 L AFR male male J . .
0:022 1 “ = = =|EEEP370 malefemale 2 sections * deVIatlon ~20%

I \ sl AFR malefemale 2 sections . . . 0
0.021 = =D.S model 1 » 2 sections, deviation ~2%
« AFR

* deviation ~1.1%
» 2 sections, deviation ~0.6%
» largest DF deviation at ~100MHz

Loss Tangent

A | | | . | | » By separating the dielectric and adding chamfer, it
0 s w0 15 20 2 30 35 4 reduces the deviations significantly.

Frequency(GHz)

* In general, all configurations and both de-
embedding methods matched the input.
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31 = Outer Radii=1.455 | | 0.023 | =©— Outer Radii=1.455
DSmodel DSmodel
% 0.022
[~
8
e 0.021
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female side 8 i
2 2
15mm Sample [a) 3
£ 35mm Sample 2 S
. ; s
[}
4
0.017 }
0.016 +
28 . ; . 0.015 1 .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Frequency(GHz) Frequency(GHz)

+ The inner radius affects the results more than outer radius of a dielectric( error « manufacturing tolerance/ radius).

» The correct method based on a capacitance model, if the input DS model as the measured data, both Dk and Df
increased after compensation.

« The impacts are shown and can be ignored with tight control of the inner radius.
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* From the impedance plot, the manufacturing tolerance is smaller than expected. Thus, the error are smaller
than the assumptions as well.

* The min. separation between insertion and return loss of 2X thru kits are about 0.5dB which is smaller a bit
than the assumption in simulations.

 In addition, the material is measured independently by Swissto12 waveguides to validate the results of the
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— E xtraction from measurement
== = DS model
* Mean Swissto
8 Web
Tolerance radi=1.453 mm
Tolerance radi=1.455 mm

Relative Permittivity( Dk)
w
(4]

w

b T ———

2 E) L 4 e i 4. 4 4. i a i -
10 20 30 40 50 60 70 80 90 100 11
Frequency(GHz)

0.2

0.18 ¢

0.16 |

Loss tan( Df)
o

Extraction from measurement
= = DS model |
Mean Swissto
B Web
Tolerance radi=1.453 mm
Tolerance radi=1.455 mm

e o
b T T —
_-— s

10 20 30 40 50 60 70 80 90 100 110

Frequency(GHz)

» The solid green line is extracted from Swissto12 MCK while the solid red line is extracted by the

proposed method with airlines.

» The black dashed line represents the DS model, which is fitted by the solid red line (up to 40 GHz) and

is extended up to 110 GHz.
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 This study introduces an improved broadband material characterization method that overcomes key
limitations( reference plane and dielectric length) of the traditional NRW/NIST techniques.

» The method leverages propagation constant relationships, making the extracted parameters largely
independent of airline size, conductor conductivity, and MUT positioning after proper de-embedding and
normalization.

» Experimental validation using 3D-printed HT200 samples and Swissto12 waveguide kit measurements
confirm accuracy up to 40 GHz, with bandwidth extension beyond 100 GHz achievable through the
Djordjevic-Sarkar model.

 Practical issues as fixture asymmetry and impedance mismatch addressed via:
» Optimized dielectric design.
» Impedance-corrected de-embedding (AFR vs IEEE P370, common tools).
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Thank you!

More Questions? Stop by Samtec Booth #939

Feng-Nan (Leon), Wu

Signal Integrity (SI) R&D Engineer, Samtec
Leon.wu@samtec.com | www.samtec.com
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