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What we show

O Even well calibrated VNA measurements have

significant quality issues
= Passivity and reciprocity violations
= Causality problems due to noise and glitches or anomalies due

to multi-line calibration (TRL)
O Building Rational Compact Models (RCM) resolves the

key quality issues

= Passivity/causality improvements
= Good correspondence in frequency and in time domains

N oor v,
—_ ij’n ﬁan . _la)T;]
S, (@)=|d;+) |- — T €
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If you happen to...

O Build interconnect models for internal use

O Send interconnect models to customers
developing consumer products

0 Confirm models with measurements or
electromagnetic analysis

0 Use models for compliance level testing
O...
You need to have ...
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Pristine S-parameters

O Reciprocal (no non-linear or anisotropic materials)
S, =S, orS=S§
O Passive (interconnects do not generate energy)

Bn=a_*-[U—S*S}-67 >0 m) eigenvals[S*~S}Sl

O Causal — no response before the excitation or

S, (1)=0, t<T,

O Otherwise your simulation is not reliable and may be
even not possible due to stability issues

o
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Getting Started: PLRD-1 calibration and benchmarking
board from Teraspeed Consulting Group

See details in our papers
from DesignCon2009 and

at DesignCon2010
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We noticed some BAD problems with even
good data!

Report for SOLT calibrated measurements
= @ Project] S0OLT_1_INCH_STRIPLIME_sZp. Simulation 1

-3 MulkiportParameters: S(Zo=50), ¥, Z; ReciprocibyQM=98.61%; SyvmmetryQM=69, 96%:; CausalityQM=31.3%
=148 Project1 SOLT_2_INCH_STRIPLINE _s2p, Simulation

-- MulkiportParameters: S(Zo=50), ¥, Z; ReciprocityQM=95.55%, SymmetryQM=72,11%; CausalityQM=41,2%
=148 Project1, SOLT_COUPLED_DIFFERENTIAL_MICROSTRIP_s4p, Simulation1

-- MultiportPararmeters: S{(Zo=5803, ¥, Z; PassivityQM=99,9967%; ReciprocityQM=99, 35%,; SymmetryQM=73, 76%.,; CausalitvOM=6,9%
=148 Project1, SOLT_DIFFERENTIAL_WIA_TRANSITION_ s4p.Simulation

-- MulkiportParameters: S(Zo=50), ¥, Z; PassivityQM=99,9959%:; ReciprocityQM=99,35%; SymmetryQM=67 64%x;
=148 Project1 SOLT_DUAL_DIFFERENTIAL_BEMD_s4p.Simulation1

-- MulkiportParameters: S(Zo=50), ¥, Z; PassivityQM=99,9966%:; ReciprocityQM=99,35%; SymmetryQM=75.68%:;
=148 Project1, SOLT_ISOLATED_DIFFERENTIAL_VIA_s<4p.Simulation1

-- MultiportPararmeters: S{Zo=507, ¥, Z; PassivityQM=99,9962%; ReciprocityQrM=29,34%; SymmetryQiM=45,31%,; CabgalifyOM=7 4%
[—]@ Projectl, SOLT_LOW_PASS_FILTER_sZp.Simulation

-- MulkiportParameters: S(Zo=50), ¥, Z; ReciprocibyQM=99,32%, CausalityQM=352, 1%
=148 Project1, SOLT_MULTI_TRANSITION_MICROSTRIP_s2p. Simulation1 . Il reflecti
-- MultiportPararmeters: S{Zo=5803, ¥, Z; ReciprocityQM=99,24%.; SymmetryQM=70,57%; CausalitwQM=62.3% to no_ls_e in small reflection
=14 Project1, 5OLT_OFFSET_RESOMATOR _sZp. Simulation coefficients

-- MulkiportParameters: S(Zo=50), ¥, Z; ReciprocityQM=95.56%,; SymmetryQM=39,01%; CausalityQM=50.5%
[—]@ Project.50OLT_RESOMATOR sZp,Sirmulationl

CausalibyOM=11,1%

ausalityM=4, 4%

-- MulkiportParameters: S(Zo=50), ¥, Z; ReciprocibyQM=95.52%, SymmetryQM=69, 36%:; CausalityQM=40,7%
[—]@ ProjectLSOLT_SIMGLE COMTROLLED Y%IA =2p,Simulationl

-- MulkiportParameters: S(Zo=50), ¥, Z; ReciprocibyQM=98,38%,; SymmetryQM=72.0
=148 Project1, SOLT_SINGLE_DIFF_WIA_COURLED_MICROSTRIP_s4p, Simulation1

-- MulkiportParameters: S(Zo=50), ¥, Z; PassivityQM=99,9967%:; ReciprocityQM=99, 353%:
=148 Project1, SOLT_THRU_WITH_MOLOEX_LAUNCH_s2p, Simulation1

-- MulkiportParameters: S(Zo=50), ¥, Z; ReciprocityQM=95, 16%%; SymmetryQM=80,57%; CausalityQM=26,5%
=148 Project1, SOLT_TIGHTLY_COURLED_MEANDERING_LIME_s2p.Simulation

-- MulkiportParameters: S(Zo=50), ¥, Z; ReciprocityQM=99,09%%,; SymmetryQM=53, 75%; CausalityQM=54,2%
=148 Project1, SOLT_TWoO_DIFFERENTIAL_YIAS_COURLED_MICROSTRIP s4p, Simulation1

2 CausalitymM=9,5%

ek OM=66, 84%.: CausalibyOmM=13, 1%

LT MulkiportParameters: S(Zo=50), ¥, Z; PassivityQM=93.9971%; ReciprociyQM=99.4%; SymmetryQM=65,43%; CausalityQM=29,3% n
Qlrrniperidri 2/8/2010 © 2009 Teraspeed Consulting Group LLC 8 TERASPEED
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Fixable low causality measure due

Passivity and Reciprocity are

-- MulkiportParameters: S(Zo=50), ¥, Z; ReciprocityQM=95.91%,; SymmetryQM=31,21%; CausalityQM=75,8% OK
=14 Project1, 5OLT_ONE_INCH_25_OHM_LINE_sZp. Simulation1 Non-symmetry is due to non-
-- MulkiportParameters: S(Zo=50), ¥, Z; ReciprocibyQM=98.5%; SymmetryQM=57.54% CausalibyQM=54,5%: symmetry of the physical
=@ Project1.50LT_ONE_INCH_80_CHM_LINE_s2p. Simulation structures

GROUP



S-parameters for a high-reflection structure:
Resonator, SOLT calibration (crash test)

| i Port 2

=@ Project1, SOLT_RESONATOR _s2p. Simulation ]
-- MultiporkParameters: S(Zo=501, ¥, Z; ReciprocityQM=95,91%,; SymmetryQM=31.21%,; CausalityQM=75.5%

FPaszzivity Meazure, [] R eciprocity Measure, []

1..$‘\ Causality is also OK
10.015
100% Passive (good)
0751 *’%\* 100125
05l 1001
10,0075
0251
10,005
N Practically nothing to
g oo improve, but what
about extrapolation
0251 - ; . .
1° and consistent time-
| | | | | | | | domain analysis
0 25 g 75 10 125 15 175
24 Sep 2009, 134536, Simberian Ihc. Frequency, [GHz]
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Resonator (SOLT):

RCM for S-parameters Sy =[5.,]-exe o)

RCM model RMS Error is 0.003 (very good)

Passive from DC to infinity, causal and reciprocal
—#—— Project]. SOLT_RESONATOR_s2p. Simulationd, 5[1.1]

—#— Project]. SOLT_RESOMATOR_:2p. Simulationd, 5[1.2] VNA
—#—— Project] SO0LT_RESOMATOR_:2p Simulationd, 5[2.1]
—#—— Project]. S0LT_RESOMATOR_s2p. Simulation, 5[2.2]

Group Delay, [hs)]

—=—— Project]. SOLT_RESOMATOR_s2p_resampled. Simulation, 5[1,1]
—=— Projectl SOLT_RESOMATOR _:2p_resampled. SimulationT, 5[1.2] 151
— % Projectl SOLT_RESOMATOR _:2p_resampled. SimulationT, 5[2.1] RC M
——=—— Project]. SOLT_RESOMATOR_s2p_resampled. Simulation, 5[2.2]
M agnitude(S ], [4B] LI v e g
0.5
.‘I |:| 1
20+ , 0t
301E 05
ol A Group Delay
op. .
50 18 — _p_’ 2
2 57T A
0w
i
4 -2 T
0T : : : : : : :
|j 2;5 5 ?..5 '|.|:| 1 EI.E '|I5 1 ? ] 2?5 é ?f 5 -|:|:| 1 2:_5 1:5 1 ?I 5
24 Sep 2003.14:23:55, Simberian Ine. Frequency. [GHz] 24 Sep 2009, 14:33:42, Simberian Inc. Frequency, [GHz]
Touchstone model with DC and reduced number of frequency points
or BB SPICE model can be produced from RCM z
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Resonator (SOL

Original S[2,2] and RCM

).

i,j

Re(Sl.’j)+iIm(Sl.,j)

VNA Measurement: 3201 points

starting from 300 KHz

Project]. SOLT_RESOMATOR_s2p.Simulation, 5[2.2], Cw 76.3%

Re-sampled RCM: 485 points distributed
adaptively starting from 0 Hz CAUSAL!

Project1. SOLT_RESONATOR_s2p.Simulationd, 5[2.2], Cw 76.3% \L

Imaginar5]. [] ; )
075 F = Project] SOLT_RESOMATOR_s2p_rezampled. Simulation?, S[2.2]. Cw 99.99%
Imaginam3]. []
0757
,{‘2% 812,21
// / /’— %\\\‘\ 05l |
095 4 / ’ A/ﬁ : N \
& W\ ) et -
S =)
0257 \k \ y 7
\\\( __.ﬁ’ﬁ / 0251~
051 N ~= ~ V
&
e 05T
0751 o ﬁ/ i
0.75 -EI!.E -IZI.!25 IEI IZI.iEE IZI?E IZI.!?E
22 Dec 2009, 114:14, Simberian Inc. Reals.1 7077 ! ! . ! ! !
H : 0.75 0.5 025 0 0.25 05 075
Some noise at hlgher 22 Dec 2009, 11:28:12, Simberian [hc. Real(5). (]
frequencies (minor issue) Red line - original VNA data
Green line with circles - RCM n
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Resonator (SOLT):
Original S[2,2] and RCM s =Re(S, ) +im(s,))

—#%—— Project] SOLT_RESONATOR_:2p Simulationd, 5[1.1]
—%—— Projectl] SOLT_RESOMATOR _=2p_resampled. Simulation, 5[1.1]

Reall5). []
Re(S22) |

9]
Il

051

Stars - VNA data
| | Circles - RCM model
IEI 2.:5 ?fE 1:IZI 12:.5 1:5 1.7:'.5 2:IZI RCM: RMS Error 0.003’

05+

23 Dec 2009, 15:25:40, Simberian Inc. Frequency, [GHz]
—#—— Project].SOLT_RESOMATOR_z2p. SimulationT, 5[1.1]
—=—— Project]. SOLT_RESOMATOR _s2p_resampled. Simulation, 5[1,1] 64 pOIeS
Imaginars]. ]
051 e & 2 Im(SZD) RCM is practically
Y A AN indistinguishable and
L b #3553 06 20158 4% B e )|  works in frequency as
I wF ok G @ ¥ 4L, 4 :u ' !Er.'l . . . R
% 3l ‘{ 4 well as in time domain!
5 £ 3 P % ;.: ..I. a B

05T ‘ ‘ &

6 2.55 5 ?fE 1=EI 1 25 155 1 ?5 2=EI
23 Dec 2009, 15:25:56, Simberian [ne. Frequency, [GHz] n
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Resonator TDR from RCM (SOLT)

- Simberian

Electromagnetic Solutions

Projectl SOLT_RESOMATOR_:2p. Simulation, Z[1.1]
Projectl. SOLT_RESOMATOR_:2p. Simulation, £[2.2]

VNA->TDR

> 21, SQM=31%

Z. [Qhm] Zl
ool . . =
151 V/;N- ﬂ‘ — 1
////P Z2
a0 T
.|_launches Visible non-symmetry in the
impedance profile:
o1 S[1,11 1= 5[2,2]
28T =4
207 /
resonator

0 0.25 05 075 1 125 15

22 Dec 2009, 10:46:04, Simberian Ihc.

175

2 2,25
Time, [hz]

Effect of non-symmetry on TRL calibration is also the

subject of our research

2/8/2010
© 2009 Simberian Inc.

© 2009 Teraspeed Consulting Group LLC 13

TERASPEED
CONSULTING
GROUP



S-parameters for a medium-reflection structure:
Single controlled via, SOLT calibration

2ERIES 0402 COMPOMENT

PO rt 1 l‘ -. '.-, : SINGLE CON ;:‘!I.II D VIA FPI Port 2

- @ Project1, 50LT_SINGLE_CONTROLLED_YIA_s2p. Simulation 1
-- MultiportParameters: S{Zo=50), ¥, Z; ReciprocityQM=98,38%; SymmetryJM=72.05%; CausalitvwM=2,5%

Fazzivity Measure, ] Reciprocity Meazure, []

'I..

Causality problem,
(good) {oos but it can be
restored with RCM

0757
T0.0125
057 T0.01
T 0.0075

0.257

rocal (go

r 0.005

0t ; we N L | L W 0.0025
0 T W T 1n
0257 N
0 25 5 75 10 125 15 175
25 Sep 2009, 16:07:27, Simberian he. Frequency, [GHz]
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Single controlled via (SOLT):
Improving S-parameters with RCM

—#— Project]. SOLT_SINGLE_CONTROLLED_Wld_s2p. SimulationT, S[1,1]
—#— Project]. SOLT_SINGLE_CONTROLLED_Wl4_s2p. Simulation1  5[1.2]
" Praet] 0LT_SINGLE_CONTRALLED iA—szp Simutationt. 5211 [~ V NA (Sta rs)
——+— Project]. SOLT_SINGLE_CONTROLLED_Wld_s2p. Simulation1 5[2.2]

—%—— Projectl SOLT_SINGLE_COMTROLLED _Wl&_=2p_rezampled. Sirulation, 5[1.1] .
—e— Project] SOLT_SINGLE_CONTRALLED Via_s2r_resameled Smulaiont 511.21- RCM (Circles)

— = Project] SOLT_SIMNGLE_COMTROLLED _VIA_:2p_resampled. SimulationT, S[2.2
M agnitude(5 ], [dB]

AN

i e T g

RCM model has RMS Error is
0.0034 (very good), is passive
from DC to infinity and 100%
causal and reciprocal

0+

201

a4 _ : : :
_ED.. mﬂ\erfinr b g o %
0 2?5 é ._-"fE 1:|:I 12:.5 1:5 1._-'5.5 2:|:I
20 Sep 2009, 16:16:08, Simberian Inc. Frequency, [GHz]
Touchstone model with DC and reduced number of frequency
points or BB SPICE model can be produced from RCM
- Simberian 2/8/2010 © 2009 Teraspeed Consulting Group LLC 15 E
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Single controlled via (SOLT):
Original S[1,1] and RCM

VNA Measurement: 3201 points Re-sampled RCM: 769 points distributed
starting from 300 KHz adaptively starting from 0 Hz  CcAUSAL!
- Project]. SOLT_SINGLE_COMTROLLED_VlA_s2p.Simulationl, S[1.1]. Cw' 9.5% Project].50LT_SINGLE_COMTROLLED WlA_s2p Simulation?, S[1.1], O 9.5% \l
Imaginary(3], (] — Project! SOLT_SINGLE_CONTROLLED W1&_s2p_resampled Simulation?, S[1,1], Cw/ 99.9%
rnadginia5 ], []

— L _S[1,1 |
>§ \\ 0151

°1 01t —

( Wl / |

" SN K\

S

o1l 1 \\\ 005t
014 -
#
0zt — | | | | | | |15 . _’,5'4
02z / 015 01 005 0 0os 01 015 02 ==

22 Dec 2009/11:21:35, Simbenan Ine. ReallS]. ] } } } } } } ] }

.. ) 0z 015 0.1 0.05 0 0.05 0.1 015
Visible noise and large segments 22 Dec 2009, 11:23:21, Simberian Inc. Real3] []
with counter-clockwise rotation Red line - original VNA

Green line with circles - RCM n
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Single controlled via (SOLT):
Original S[1,1] and RCM

—#—— Project]. SOLT_SIMGLE_COMTROLLED_V1A_s2p SirmulationT, 5[1.1]
—&— Projectl SOLT_SIMGLE_COMTROLLED WlA_:2p_resampled. Simulation, 5[1.1]

FeallS]. (1
Re(S 11

017

0 @& G "".,'

01t

20

25 5
23 Dec 2009, 16:04:50, Simberian Inc.

—#—— Project] SOLT_SIMNGLE_COMTROLLED 1&_s2p Simulation?, 5[1.1]
—=—— Project]. SOLT_SINGLE_COMTROLLED _MIA_=2p_resampled. SimulationT, 5[1.1]

Imaginars]. []
Im(S11)

01t &% hx 4 4

a1+

25 5 75 10 125 15 175 20
Frequency, [GHz]

23 Dec 2009, 16:05:09, Simberian Ihc.

Simberian 2/8/2010 © 2009 Teraspeed Consulting Group LLC
© 2009 Simberian Inc.

Electromagnetic Solutions

Stars — VNA data
Circles — RCM (corrected)

75 10 125 15 -5
Frequency, [GHz] RCM: 46 p0|eS,
RMS Error 0.0034

Practically
indistinguishable!
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Single controlled via TDR from RCM (SOLT)

Project] SOLT_SINGLE_COMTROLLED_VIA_s2p Simulation?, Z[1.1]
Z ( t) Project] SOLT_SINGLE_COMTROLLED_YIA_s2p Simulation?, £[2.2]
Z. [Ohn]

From measured S[1,1]
5251 A 20 ps-risetime
Launches | Moot W
ia) \[ 7
| Z1 U 72 Minor non-symmetry in the
Viai/_/ impedance profile: SQM=72%

0 0125 029 0375 05 O0A% 075 0875 1 1125 125 1375
009, 11:34: 31, Simberian Inc. Time, [nz]

Z(t) = Measu red&TDR

Y -—--H-"-th.w-fm—--n—-r

Good correspondence!

20

Port 1§ |

10

ort 2

0

) ] 0 2610 4610 6610 8E-10 1609 12608 14E-09 16609 18E-02 n

- Simberian 2/8/2010 © 2009 Teraspeed Consulting Group LLC 18 TERASPEED
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S-parameters from VNA:
TRL-calibration data quality report

rojeckl TRL_1 IMCH

=@ _STRIPLINE_s2p.Simulationl
=@ Project1. TRL_2_INCH_STRIFLINE_sZp.Simulation

[—]@ Projectl TRL_COUPLED DIFFERENTIAL MICROSTRIP s4p.Simulationl

[—]@ Projectl, TRL_DIFFEREMTIAL_YIA_TRAMSITION s4p. Simulationl

[—]@ Projectl, TRL_DUAL_DIFFEREMTIAL_BEMD_s4p.Simulationl

[—]@ Projectl TRL_ISOLATED DIFFEREMTIAL_WIA_s4p,Simulationl

[—]@ Projectl TRL_LOW _P&sS_FILTER _sZp.Simulationl

[—]@ Projectl TRL_MULTI_TRAMSITION_MICROSTRIP_s2p, Simulationl

= Project1, TRL_OFFSET_RESOMATOR_sZp, Simulation

[_]@ Projectl, TRL_RESOMATOR _s2p. Simulationl

[—]@ Projectl TRL_OME_IMCH_25_OHM_LIME_szp.Simulationl

[—]@ Projectl TRL_OME_IMCH_80_OHM_LIME_sz2p. Simulationl

=@ Project1 . TRL_SINGLE_CONTROLLED_¥IA_sZp,Simulation

- # rulkiportParameters: S{Zo=50), ¥, Z; PassivitwQM=99,9524%; Reciprocity Q=
=@ Project1. TRL_SINGLE_DIFF_¥1A_COUPLED_MICROSTRIP_s4p.Simulation]

= Project1, TRL_THRU_WITH_MOLCES_LAUNCH_s2p, Simulation1

=8 Project1, TRL_TIGHTLY_COUPLED _MEANDERING_LINE_s2p,Simulation]

-1 MultlpnrtParameters. S(Zo=50}, ¥, Z; PassivibwiM=99,9953%; Reciprocity QM=
-- MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=29,2935%; Feciprocity QM=
-- MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=29,2937%; FeciprocityQM=
-- MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=29,2993%; Feciprocity QM=
-- MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=29,2971%; Feciprocity QM=
-- MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=29,2933%; Feciprocity QM=
-- MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=29,2937%; FeciprocityQM=
-- MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=29,2936%; Feciprocity QM=
-- MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=29,2926%; Feciprocity QM=
-- MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=29,2916%; Feciprocity QM=
-- MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=29,9533%; FeciprocityQM=

- MultiportParameters: S(Zo=50), ¥, Z; PassivityQM=99,9946%; ReciprocityQM=

-- MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=29,2931%; Feciprocity QM=

-- MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=0% RecproctyQM=97,14%; SymmetryQM=63, 1%

93.08%,; SymmetryQM=51,48%; CausalitwQM=15.3%

93, 29%,; SymmetryQM=57,93%; CausalityQM=20,3%

99, 8%:; SvmmetryM=64.5%/ CausalityOM=0%

Low causality measure
due to noise in small
reflection coefficients of
SOLT calibrated data

99, 76%; IymmetryQi=44,31%%; Causalibvi=0%

99.78%:; SymmetryQM=41

£2%; CausalitvOM=0%

99.74%:; SymmetryQM=7,4%;

CausalityrM=0%
93,83%,; CausalityQM=39%

93,82%,; IymmetryQM=52, 16%; CausalityQM=29,7%

Passivity and

Reciprocity are OK

Non-symmetry is due

to non-symmetry of the

97.88%; SymmetryQM=31,92%; CausalityoM=14.2% physical structures as in
SOLT data

93,5%; SvmmetryQM=7,3%:; CausalityQM=26.1%

93,51%,; SymmetryQM=0%; CausalityJM=2,4%

97, 93%,; IymmetryQM=52,86%; CausalityQM=13.2%

97, 43%,; IymmetryQM=54,05%; CausalityQM=17.7%

99,7 1% SymmekryQp

=32, 22%; CausalibyM=0%

ausalibwr=0%

-- MultiportParameters: S{Z0=50), ¥, Z; PassivityQM=29,2974%,; ReciprocityQM=93.62%; JymmetryQM=27,15%; CausalityQM=10%

=@ Project1. TRL_TWO_DIFFERENTIAL_YIAS_COUPLED_MICROSTRIP _s4p. Simulation1

-- MultiportParameters: S{Z0=50), ¥, Z; PassivityQM=29,2992%; ReciprocityQM=29,72%:; SymmetryQM=42,07%; CausalityQM=77.6%

Simberian 2/8/2010 © 2009 Teraspeed Consulting Group LLC
Electromagnetic Solutions © 2009 Simberian Inc.
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S-parameters for a high-reflection structure:
Resonator, TRL-calibration

TRL Reference Planes (750 mil from stubs)

—#—— Praoject]. TRL_RESONATOR_:2p. Sinnulation, 5[1.1] — % — \
Pazzivitg Meazure, [] R eciprocity Measure, []

1 ¥ <——— | Passivity violated at one point Causality dropped from

- PQM=99.99% (acceptable) 75.8% (SOLT) to 9.4%
(TRL), but it can still be
fixed with RCM

T0.02

08757

0751 T0.015

06251 . Lo
ol ecip
T ik | 10005
0.375 1 — . — it o 250 _
I:I-25 1 . " -. Y " | - - | 4 I:I
0 25 5 75 10 125 15 175 20
27 Sep 2009, 14:25:14. Simberian Inc. Frequency, [GHz]
Simberian 2/8/2010 © 2009 Teraspeed Consulting Group LLC 20 E
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Resonator (TRL): Causality problems

TRL Reference Planes (750 mil from stubs)

S[1,2] is OK

Proiect] TRL_RESONATOR s2p Simulation], S[1.1], Cw 10.8% o o . l/
Imaginam(S], [] Imaginarygrflﬁct1 TRL_RESOMATOR_s2p. Simulation, 5[2.2], Cw 9.4%
1 T ._.-—'-'_'__‘—'—-_.___. B
——_ | S[1,1] _—~5[2,2]
05+ / "-_“H‘HR 54 - /..-—-—"——-q.____\\x. \
e \ / / / STEIGHE Ny, ),
g 0.25 1 = = Ll
- } \ \ 7{ / ﬁ o f? 232)
0T A S / ,""’/ N, 19.0MAS (GLE5)
‘ ) P k { 1/ / (0028, -0.0991) \
“ k\“ J / 0251 \ N / /-/
0.3 3 V 051 —
xﬁ__,,.f-/ =
22 Degzuna ?’2?;35;41 D'?mber{.gﬁza . Eohs e HeaI[S] Il a7 05 025 0 025 05 075
’ ’ Dec 2009, 12:07,26, Simberian Inc., Reall5]. (]
Glitches at 4.6 GHz Noise and CCW rotation at low reflection
Simberi. lan 2/8/2010 © 2009 Teraspeed Consulting Group LLC 21 E
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Resonator (TRL):
Improving S-parameters with RCM

RCM RMS Error is 0.07 (still OK) TRL Reference Planes
Passive from DC to infinity, (750 mil from stubs)

causal and reciprocal o O

—#—— Project]. TRL_RESOMATOR_s2p.SimulationT, 5[1.1]
—#%—— Project]. TRL_RESOMATOR_s2p. Simulation, 5{1.2] T R L

—#— Project] TRL_RESOMNATOR_=2p. Simulation, 5[2.1]
—#—— Project]. TRL_RESOMATOR_s2p. Simulation, 5[2.2]

—%— Project]. TRL_RESOMATOR_s2p_resampled. Simulationt, 5[1.1] Pro ble m |S in th e reﬂect|0n

—=— Projectl. TRL_RESONATOR_#2p_resampled. Simulation, 5[1.2]
— % Project]. TRL_RESOMATOR_s2p_rezampled. Simulation. 5[2.1] RCM pa ra mete rs and RCM “fixes” |t
M agnitude(S], [dB] Magnitude(S], [dE]

—=—— Project]. TRL_RESOMATOR_s2p_resampled. Simulation, 5[2.2]

251

1254

5sion and
2lay is OK

£h1

35T

107

5012

257

\

’roblematic areas due to “wavy”
eflection are “fixed” n " 12 13 1

- w |

-B2.5

-

0 2_’5 e 75 10 125 15 1 ?5 EIEI 24 Sep 2009, 14:50:55, Simberian Inc. Frequency, [GHz]

24 Sep 2009, 14:46:13. Simberian Inc. Frequency, [GHz] n
22
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Resonator (TRL):

Original S[2,2] and RCM

VNA Measurement: 3201 points

starting from 300 KHz

Project]. TRL_RESOMATOR _s2p. Sirulation?, S[2.2]. Cw 3.4%

Imaginamy(S]. []
""-ﬂ-—_—__-""'\- -
05t / =] "\\\\
0251 / '/?p-’fi : . \ A
N @ N
(0151
0251
NN L
05T — !
0751 ,//
-EI.I?E 05 -EI.=25 EI EI.=25 EI.IE IZI.:?E
22 Dec 2009, 12:14:38, Simberian Inc. Reall5). (]

Simberian

Electromagnetic Solutions

2/8/2010

Glitch and noisy behavior at
high frequencies

Re-sampled RCM: 310 points distributed
adaptively starting from 0 Hz

CAUSAL!

Project]. TRL_RESONATOR _s2p. Simulation1, 5[2,2], Cw 9.4%
= Project]. TRL_RESOMATOR_=2p_rezampled. Simulation?, S[2.2]. Cw' 97 8%

Imaginan(3]. 1
e gt

0.75 1 @_%S \

051 -~ ;‘7 %

0.25 j/

:>D__ \ N

0,251 E

051 8 = —
0751 o |

07 05 0% 0 0% 05 07

22 Dec 2009, 12:15:34, Simberian Inc.
Blue line - original TRL

Green line with circles - RCM
© 2009 Teraspeed Consulting Group LLC

© 2009 Simberian Inc.
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Resonator (TRL):
Original S[2,2] and RCM

—#— Praject]. TRL_RESOMNATOR_:2p. SimulationT, 5[1.1]
—%— Projectl. TRL_RESOMNATOR_s2p_resampled. Simulation?, 5[1.1] Sta r'S - TRL d a ta
Real(S] (]

" i Re($22) A Circles — RCM model
051 RMS Error 0.07, 50 poles
"“ Problematic non-causal area
¥ S5 ¥ f Y is fitted as close as possible
05t - b B el Reals) [

: 01 ﬁ
0 25 5 75 10 125 15 175 20 0 >
23 Dec 2009, 15:51:45, Simberian Ihc. Frequency, [GHz]

01

—#—— Praject] TRL_RESOMNATOR_:2p. Sinulationd, 5[1.1] f%

. —%— Projectl. TRL_RESOMNATOR_#2p_resampled. Simulation, 5[1.1] 0214
Imaginan(3]. [ 1B 185 13 195

I ( S 2 2 ) 23 Dec 2009, 15:54: 22, Simberian Inc.Frequ;ency, [GHz]
I I l . o Imaginary(S]. []

i A 03
%, E , A
T 3 G L %
P i

N nz

¥ 3 : 2] :
I i 3 . F g b ¥ % | e Q
I:I L‘E‘ L 1- aF, g 3 ¥ L i3 F
% %&

057

057

s 3 14 3
K. iy L © o ...
. 7 LY : el
o " 18 185 19 1958 20
23 Dec 2009, 15:55:08, Simbenan IncFrequency, [GHz]

0 25 5 75 10 125 15 175 20

23 Dec 2009, 15:49:19, Simberian Inc. Frequency, [GHz] n
Simberian 2/8/2010 © 2009 Teraspeed Consulting Group LLC 24 T ERASPEED
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Resonator VNA vs. EM model (TRL)

Tv[1,1] and Tv[2,2] from VNA -> RCM
(brovx//n and blue curves)

0.6
V(t) Good correspondence!
03 W S
0.4 //
0.3
Tv[1,1] from EM TRL Reference Planes
., .| model|(green curve) (750 mil from stubs)
0.1
0 T 1
0 1E-10 2E-10 3E-10 4E-10 S5E-10 time, secC

See more on modeling and measurements at Y. Shlepnev, A. Neves, T. Dagostino, S. McMorrow,
Measurement-Assisted Electromagnetic Extraction of Interconnect Parameters on Low-Cost FR-4 boards for

6-20 Gbps Applications, DesignCon2009 - available at n
- Simberian 2/8/2010 © 2009 Teraspeed Consulting Group LLC 25 TERASPEED
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S-parameters for a low-reflection structure:

Single controlled via, TRL-calibration

0402

TRL Reference Planes (250 mil from via)

1 SERIES
1]

COMPOMENT

aINGLE CONTROLED VIA

Pazsivity Meazire, []
S <

Lo Passivity
B, >3 it | F’(Q M =99,

violatdd at fe
95% (accept

W POir
able)

0.025

0951 4 W LB
" e § fom
031
10015
0.85 1

T0.0

ciprocal (c

iccep

naT

+ 0.005

07T

175 20
Frequency, [GHz]

0 25 5 75 10 125 15

28 Sep 2009, 03:25:44, Simberian Inc.
Simberian 2/8/2010

Electromagnetic Solutions

© 2009 Teraspeed Consulting Group LLC
© 2009 Simberian Inc.

AN

Causality is 17.7%, that is
even slightly better than
the original SOLT 9.5%

Passivity and
reciprocity worsened
comparing to SOLT,
but still OK

TERASPEED
CONSULTING
GROUP
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Single controlled via (TRL): Causality
problems both in transmission and reflection

TRL Reference Planes (250 mil from stubs)

Some problems both in the transmission and reflection
parameters (can be fixed):

Project]. TRL_SINGLE_CONMTROLLED “1&_s2p. Simulation], S[1,2], Cw 24.8% = Project]. TRL_SIMGLE_COMTROLLED_WIA_s2p. Sinulationd, S[2.2], Cw 46.4%

Imaginar[5]. []

Imaginam(s], []
/;f\réﬁlrzi B < ARYPIPY
/ = N bk

05t ’
Imaginary(5], []
{/’ : 19,5524 [G

\ oiy TR GHE] 1
n--[ ! —; { ; \ (f k;"’[ [.E,!nﬁs‘{]-n 0.0837)
L W & D £ oY W
\N R ——S— e
\ 20 Dec 2009, 144305, Sinbosian s Heal[é?.'?l p, Igi;:btv\-l o

N 1S

]

N

2 CCW rotation

\_\_"‘»__M -
’ ’ ; ; ’ ’ ; 02 o1 0 01 02 03
07 05 025 0 025 05 075 o
92 Dec 2009, 14:42-01, Simberian Inc. Realls), [] 22 Dec 2009, 14:56:28, Simberian Inc. Real3). []
Simberian 2/8/2010 © 2009 Teraspeed Consulting Group LLC 27 nnmpeen
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Single controlled via (TRL):
Improving S-parameters with RCM

RCM RMS Error is 0.045 (still OK)
Passive from DC to infinity,
Causal and reciprocal

—#—— Praoject] . TRL_SINGLE_COMTROLLED _VIA_s2p Sirulation, 5[1.1] } TRL
—#—— Project]. TRL_SINGLE_COMTROLLED 1A _s2p. Simulation, 5[1.2]
—#—— Project]. TRL_SIMGLE_COMTROLLED 1A _z2p. Simulationd, 5[2.2)

—=— Project]. TRL_SINGLE_COMTROLLED *IA_z2p_resampled. Simulationd, 5[1.1]

—=—— Project]. TRL_SIMNGLE_CONTROLLED l1A_s2p_resampled. Simulationd, S[2,2]
b agritude(S], [dB]

b agnitude(5 ], [dB] \

Transmission and
group delay is OK

—a— F'ru:uieu:ﬂ.THL_SINGLE_EDNTHEILLED_'\-’I.-’-‘-._SEp_resampled.Simulatiu:urﬂ,5[1,2]:|‘ RCM Problem is in the reflection

parameters and RCM “fixes” it
—— with the best possible fit

107

204

30T

matic

ATE flection are “fixed”

501

£078 g 5
} ' ' ' ' } ' ' 4 5 g
0 23 5 7.5 10 125 15 175 28 Sep 2009, 09:51:50, Simberian Inc.
28 Sep 2009, 09:45:59, Simberian Inc. Frequency, [GHz]
- Simberian 2/8/2010 © 2009 Teraspeed Consulting Group LLC
Electromagnetic Solutions © 2009 Simberian Inc.
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Frequency, [GHz]
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Single controlled via (TRL):
Original S[1,2] and RCM

VNA Measurement: 3201 points Re-sampled RCM: 633 points distributed
starting from 300 KHz adaptively starting from 0 Hz

Project! TAL_SINGLE_CONTROLLED_VI&_s2p Simulation], S[1.2], Cw/ 24.8%
Projectl TRL_SINGLE_CONTROLLED_ VI s2p_resampled Simulationt. 501.2) ow 3592 <—— CAUSAL!

Imaaginan(S], ]
T T
7 S[1,2] ™

05— N, Very noisy data is
fé{ e > corrected with RCM!
0.25 1 025 f fﬂm
o | &

e
0 %
-0.95 -0.9 0.85
22 Dec 2009, 14:52:25, Simberian |nc. Real(S1. (1

02514

057

0751

07 05 025 0 025 05 075

22 Dec 2003, 14:51:07. Simberian Inc. Real(S). [] n
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Single controlled via (TRL):
Original S[2,2] and RCM

VNA Measurement: 3201 points Re-sampled RCM: 633 points distributed
starting from 300 KHz adaptively starting from 0 Hz
— Project! TRL_SINGLE_CONTROLLED_WI4_s2p Simulation?, 5[2.2]. Cw/ 46.4%
ot TA-SINGLE _VIA_s2p.Simudationt. 5[2.2] % Does not match well but CAUSAL ©
—— Project!. TRL_SINGLE_COMTROLLED_VIA_s2p.Simulationl, 5[2.2], Cw/ 46.4%
Project]. TRL_SIMGLE_COMTROLLED_WIA_s2p_rezampled. Simulation?, S[2.2], Cw' 81.3%
1 rH._ =1 Imaginary(S], []
0z SL ;2] 3
0 19552:1[5# 027 PR
T AR GHz] e
0,254, 0.0897) Y
J [DMWH |:[ >£ 5 J@
:'* s 011} y
ol ?\.r i
TS § {f «}f“
Eﬁ. 0t
. .@ . . . 071+ '_th
02 o1 0 01 0.2 0.3 Eu
22 Dec 2009, 15:44:04, Simbenan Inc. Reall5]. ] m;
Very noisy non-causal data with 02 015 01 00 0 005 01 015 0z 0% 03

wron g rotat|0n | 22 Dec 2009, 14:55:48, Simberian Inc. FeallS]. ]

Red line - original TRL data

Green line with circles - RCM z
Simberian 2/8/2010 © 2009 Teraspeed Consulting Group LLC 30 TERASPEED
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Single controlled via (TRL):
Original S[2,2] and RCM

—#—— Project] . TRL_SINGLE_COMTROLLED _VIA_s2p Sirulation, 5[1.1]
—&— Projectl. TRL_SIMNGLE_COMTROLLED IA_z2p_resampled. Simulationd, 5[1.1]

Real3). ]
Re(S522)

025+

Stars - original TRL data
Circles — RCM model

RMS Error 0.045,

0251
2.:5 5 ??5 1=IZI 12:.5 1:5 1?5.5 2=EI 44 p0|es
23 Dec 2009, 16:19:38, Simberian Inc. Frequency, [GHz] .
| o Problematic non-causal areas
—#—— Project] TRL_SIMGLE_CONTROLLED_\14_s2p SimulationT, 5[1.1] are ﬂtted as Close as pOSSib|e

—=— Project]. TRL_SINGLE_COMNTROLLED_VIA_s2p_resampled. Simulationd, 5[1.1]

Imaginars]. []
Im(S22)
01257 Does the corrected data
ol contain information
about the via?
Q1251

25 5 75 10 125 15 17.5
23 Dec 2009, 16:13:071, Simberian Ihc. Frequency, [GHz]
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Single controlled via TDR from RCM (TRL)

Pure via in a t-line: TRL Reference Planes (250 mil from stubs)

no connector and launch
discontinuities

V(t) 0.6
a5 _—

04

Blue curve: from measured S-parameters
Brown curve: from EM model of| via

0.3

0.2

Goad correspondence - all via properties are
MJJ preserved and the modeljis actually usable in the
time and frequency domains!

0

0 1E-10 2610 3E-10 4E-10  5E-10  6E-10  7E-10  BE-10
time, sec
- Simberian 2/8/2010 © 2009 Teraspeed Consulting Group LLC 32 n
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Conclusion

O Always verify reciprocity, passivity and causality of
interconnect component models before use

= Measured models may be not acceptable for the analysis
= Electromagnetic models may have violations too

O Distinguish minor “fixable” violations with acceptable
accuracy degradation from severe violations

O Build macro-models with controllable accuracy to
“improve” tabulated models and to correct minor
violations of passivity and causality

O Verify macro-model both in frequency and time domains
for consistency of the results

Simberian 2/8/2010 © 2009 Teraspeed Consulting Group LLC 33 TERASPEED
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Please visit us

O Simberian Inc.
m Booth #915 — Simbeor software and PLRD-1 board

n
O Teraspeed Consulting Group

© 2009 Teraspeed Consulting Group LLC 34 TERASPEED
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Backup slides

0 SOLT-calibrated differential line segment
O TRL-calibrated differential line segment

© 2009 Teraspeed Consulting Group LLC 35 TERASPEED
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S-parameters from a low-reflective structure:
Coupled differential micro-strip, SOLT

Causality, can be
restored with RCM

El@ Projectl,S0OLT_COUPLED_DIFFEREMTIAL_MICROSTRIP _s<4p, Simulationl \/
-- MultiportParameters: S{Zo=50), ¥, £; PassivityQM=29,9967%; ReciprocityQM=29,35%.,; SymmetryQM=73,76%; CausalitwQmM=6,9%

Pazzivity Meazure, [] Reciprocity Measure, []

—— Passivity violated at one paoint Loo0s
PQM=99.99%|(not a problem)
-1 Both passivity and Lo
reciprocity can be easily '
051 restored
. 10.002
02571 - "
5 Y% Recipl 1)
01—t 1 0.001
i
p#
t ' t ' } t ' ! : 70
N 248 4] A 10 125 15 17.5 20
27 Sep 2009, 13:41:01, Simberian [ne. Frequency, [GHz] n
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Coupled differential micro-strip (SOLT):
Improving S-parameters with RCM

Stars - VNA
Circles - RCM with 27 to 165 poles per element, RMS Error 0.0024,
maniniders). (8] 100% causal, 100% reciprocal, 100% passive from DC to infinity

By SRR I{?-Iﬁ{dl—ﬁ-l-ﬁ'ﬁiisﬂ-miﬁmiﬁ +-x]+ % + | ‘ tra n S m I SSI O :
WRRE r . )
A0t EXT B i o S :
~
201
l 3} : SR §
: : Oy
40 1 — 8 d%)
. ¥ ! /1
#
; fis
-5 1 . :
$ ]t + Reflection
o % | and NEXT
-80 1 é ‘

0 125 25 375 & EZ5 75 87 10 1125 125 1375 15 1625 175 1875

75 Sep 2009, 14:23:20, Simberian Inc. Frequency. [GHz] n
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Coupled differential micro-strip (SOLT):
Original and improved S[1,1]

VNA Measurement: 3201 points Re-sampled RCM: 687 points distributed
starting from 300 KHZ e snonese  daPtively starting from 0 Hz - cAuSAL!
I = STTT]  Ffe S enoe sy srugimt . oo ¥

014 M Imaginary(S). (] —

s ol TR
g - ™~

A

AL

0057 Q

[[ %

R
\

| s
& Sy
R ‘;3/_..)

0051 —
011 y } —\] :h__ t J: t t el
0075 005 -0.025 \/ 0 0025 005 0075 01
22 Dec 2009, 11:50:40., Simberian [ne. Reall5). ] 0171 : i i :"’FEF: i i :

‘o : 0075 005 0025 O 0025 005 0075 01
Visible noise and counter- 22 Diec 2009, 11:53:.08, Simberian Inc. ReallS1 [
clockwise rotations Red line - original

Reflections and NEXT are worst from the causality point Green line with circles - corrected
of view due to smallness, but repairable with RCM
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Coupled differential micro-strip (SOLT):
Original and improved S[1,1]

— % Project] . SOLT_COUPLED_DIFFEREMTIAL_MICROSTRIP_s4p. Simulation1, 5[1,1] — % —
—=—— Project] SOLT_COUPLED_DIFFEREMNTIAL_MICROSTRIP_sdp_resampled. Simulation?, 5[1.1] —&— —

Reall51.[] IrmaginarS]. [
1 - ( ]
01 L IStars — VNA (nof-causal)
101
. \) ”
sl Re(S[1/1]) Circles - “lcorrectied” model
10075
0.05 ¥ X005
0025 10.025
0] o
sl # |1.0025
1005
0054
10075
00751
Im(S[1,1] | o
0 125 25 37 5 25 75 87 10 1125 125 1375 15 1625 175 1875 20
25 Sep 2009, 12:53:25, Simberan Inc. Frequency, [GHz]
RCM: 68 poles, RMS Error 0.002 TR
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S-parameters for a low-reflection structure:
Coupled differential micro-strip, TRL-calibration

El@ Projectl, TEL COUPLED DIFFEREMTIAL MICROSTRIP sd4p, Simulation1
¢ - MultiportParameters: S{Zo=50), ¥, Z; PassivityQM=99,9957%; Reciprocity QM=99,5%,; SymmetryQM=64.5%; CausalityQM=0%

Pazsivity Measure, [] Reciprocity Meazure, [] B|g pr0b|emS W|th
1.002 ¢ HH -
1 Passivity violated oat olnis causality in reflection
Nt PQM=99,99% | parameters
0a7aT ’
075
T 0,001
062571
o5l 11,0 Passivity and reciprocity
el are practically same as
0375 | in SOLT
; H ; ; ; ; ; ; LT 0
0 25 5 75 10 125 15 17.5 20
28 Sep 2009, 12:48:18, Simberan Inc. Frequency, [GHz]
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Coupled differential micro-strip (TRL):
Causality problems in reflection

Transmission
parameters are OK -
minor noise problems

Severe problems in the reflection parameters (cannot be corrected):

ERENTIAL_bICROSTRIF sdp. Simulation 1, 5[3.3]. G0

\5[3,3]

141436 [GHz]

-.__"_\
?}I AL 0051

= Project] TRL_COUPLED D
Imaginams], []

* Project! TRL_COUFLED_DIFFEREMTIAL_ICROSTRIP sdp. Simulation, §[1,1], CW7.3%
ImaginaryS]. [] 0154

S[1,1] ™ N

" } / .g_s. 768 [GFz] a

0054 ’ﬂé ) [-Dn“13a ,\0.0351] Zéh.
W

;"ﬂ.::
187 [GE\_\
N 0037 / 795 [GHz] L
-0

({009 0| 0077)
1067 [GHz 1078, - h
'|:|1 T ]

9_[G‘I:|,z,}:

23, 569

>

"'\-.____F

— \43/15 01 005 0 / 0.05 01

01 0075 005 0025 0 0 0025 005 0075 01

o
N
\"4%\iZm

| ORT s\

22 Dec 2003, 15:54:48, Simberian Inc. Real5). [ Rotates wrong way!
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Coupled differential micro-strip (TRL):
Improving S-parameters with RCM

RCM RMS Error is 0.057 (not good)
Passive from DC to infinity,
100% causal and reciprocal

VNA - stars RCM - circles

Magritude(5), [dB] Magnitude(S). [dB]
|:| T I T e = e CHohE =._ f f f i

207

lHFrancomicciona B v skl el
107 e S SSTOH |~M

. ATMM NEXT FEXT
' : iy TR N |

4010 N : : %
g ; ¥ a0
B0t 1. J
@ / ProblerL is in the reflection
ol Problematic area in NEXT|| parameters and RCM dogs nat
2 at high frequencies capture the physicg at high
0 55 5 75 1 125 15 175 7 ,I requencies— ! , ! !
28 Sep 2009, 13:47:08. Simberian Inc. Frequency, [GHz] i aF 5 75 10 125 15 175 a0
28 Sep 2009, 13:51:50, Simberian Ihc. Frequency, [GHz]
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Coupled differential micro-strip (TRL):
Original and improved S[1,1]

VNA Measurement: 3201 points Re-sampled RCM: 798 points distributed

starting from

300 KHz adaptively starting from 0 Hz

— Froject]. TRL_COUPLED _DIFFERENTIAL_MICROSTRIP sdp. Simulationt, S[1.1]. CYy7.5%
-oject] TRL_COUPLED_DIFFERENTIAL_MICROSTRIP s4p_resampled. Simulation1, S[1,1], C¥89.1:

= Project] . TRL_COUPLED_DIFFEREMTIAL_MICROSTRIP_z4p. Simulation 1, S[1.1], CW 7.3 Imaginam(S). []
Imaginary(S], [] .
13300 [LHzZ]
S 1,1] (0]07383.Q.1325) S[l,l] \
01t
014
19.7682/(GH] i
/ﬂ 0.07741, 0.074) . ;
St =
19.5302{GHz]
18.79 Ot

fall

} 0057

2057 (0,051 , e
. . . . . . 01 005 ; 005 01 015
04 005 0 005 04 045 22 Dec 2009, 16:03:04, Simberian Inc. Real(5). []
22 Dec 2009, 16:02:37, Simberian hc. Real(51.[] I m
Non-causal data! Causal, but may be C!°es
not capture the physics!
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Coupled differential micro-strip (TRL):
Re-sampled RCM vs. original S[1,1]

—#—— Prject]. TRL_COUPLED_DIFFERENTIAL_MICROSTRIP sdp Simulation], S[1,1] — %= —
——=—— Project]. TRL_COUPLED_DIFFERENTIAL_MICROSTRIP_sdp resampled Simulation], S[1.1] — e —

Reall5).[] Imaginary(5). []
0125t Iﬁ'-|:|_-|25

Acceptable at lower frequencies,
" but not good at |high frequencies T

00757 \ 1 0.075
0.057

: \ T 0.05
00251 X o 0025
01 10
0.025 1 & 10025
00571 T-005
-0.075+ ‘ ‘ % T 'DU?E
0 25 5 75 10 125 15 17.5 20
28 Sep 2009, 135349, Simberian Ihc. Frequency, [GHz]

RMS Error 0.031, 40 poles
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Coupled differential micro-strip (TRL):
Re-sampled RCM vs. original S[3,3]

—#— Project]. TRL_COUPLED_DIFFERENTIAL_MICROSTRIP_s4p.Simulationl, S[3.3] — % —
—&—— Project]. TRL_COUPLED_DIFFERENTIAL_MICROSTRIF sdp resampled Simulation], 5[3,3] —&— — Phase of measured S [ 3 , 3 ]

F‘EDE':[?_]' i megnay®. I goes wrong way starting

from about 4 GHz

£ 4 01 —#—— Project]. TRL_COUPLED_DIFFERENTIAL_MICROSTRIP_s4p. Simulation], 5[3.3]
—&—— Project]. TRL_COUPLED_DIFFERENTIAL_MICROSTRIF_s4p_resampled. Simulation, 5[3.3]

Angle(S), [dea]
| il
-50 %

# ﬁ {

0057 %

100
AT 0 L

-150

f [1-005 2oty

g |
a2l

0057

-260

T-01

%

)
|
il
/

i
f

/

AN

017

4015 —
:)d a% a ” ' = SepD 2009,14:025':?1?,5imbena5n|nc. " ! 128 *

102

0 25 5 75 10 125 15 17.5 20

28 Sep 2009, 14:05:34, Simberan Inc. Frequency, [GHz]
RMS Error 0.057, 29 poles — more poles does not help
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Coupled differential micro-strip (TRL):
TDR/TDT from RCM

= Project] SOLT_COUPLED_DIFFEREMTIAL_MICROSTRIP_:4p. Simulationd, Z[1.1]
= Projectl SOLT_COUPLED_DIFFEREMTIAL_MICROSTRIP_:4p. Simulation, Z[2.2]
Project]. SOLT_COUPLED_DIFFEREMTIAL_MICROSTRIFP_sdp. Simulation, Z[3,3]
Projectl. SOLT_COUPLED_DIFFEREMTIAL_MICROSTRIP_s4p Simulation, Z[4.4]

Z. [Ohm]
B5 1
251 —
501 SN S TRL reference planes
\__\\_ \__,...—-n--”
Impedance difference causes
4751 .
de-embedding problems
= Project]. TRL_COUPLED_DIFFEREMTIAL_MICROSTRIP_sdp Simulation, £[1,1]
' ' ' ' ' ' ' ' = Project]. TRL_COUPLED_DIFFEREMTIAL_MICROSTRIP_sdp. Simulation1, £[2,2]
— P 1. TRL_COUPLED_DIFFEREMTIAL_MICROSTRIP_=4p. Simulation1, Z[3,3
o EDDD&1&2?:2.52'55”1'38“6”[:.”5& 0.75 1 1.25 15 Tlm; T’ES] . [DEEE]:EEH TRLCOUPLED DIFFERENTIAL MICADSTRIFodo Stmiotion] 214.4]
. 55
TDR from SOLT calibrated NrC"M
data (accurate and reliable) w25 11_}_/\\\\_‘3
. ] D -
TDR from TRL calibrated :> N e
data (may be acceptable)
L:I I:IT'I D:2 EI.I3 EI.I4 D:E
22 Dec 2009, 16:26:46, Simberian Inc. Time, [nz]
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