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Abstract and Speaker Bio

As power integrity (Pl) analysis evolves to address microohm-level impedance challenges, the gap between simulation and
measurement accuracy has widened due to complex 3D interactions and the absence of standardized reference platforms. This
paper presents an open-source PCB that can be used as a reference board, designed to bridge communication barriers between
end users, CAD software developers and instrumentation manufacturers. The board’s simplicity, reproducibility, and
confidentiality-free design enable consistent benchmarking and correlation studies across tools and organizations. The proposed
platform incorporates a variety of via structures and connectivity options, facilitating detailed investigations into solver accuracy,
probe coupling, and port definition effects. Full-wave 3D simulations and empirical measurements demonstrate the impact of
probe orientation and de-embedding on microohm impedance characterization. By providing a shared, open hardware
foundation, this initiative fosters collaborative development, enhances model validation, and supports the advancement of Pl

validation methodologies.
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Background, motivation

» Paradigm Shift #1: late 1990s Measuring a Full PDNM
o Requirements to measure milliohms TN A N A B P
o Frequency domain design and verification J!Wr:/“*-'w o _\__,/_
o Horizontal incremental impedance was relatively small e e e e 1 1808 150 160

Frequency [HZ] Frequency [Hz]

o 3D interactions in Pl measurements were small
o Solution: VNA with Two-port Shunt-through connection
o Frequency and time-domain verifications lined up

June 23, 2003 DeesignCon East 2003 HP-TF1 Istvan Novak 26

* Paradigm Shift #2: early 2020s . Oracle M8/T8 CPU module
o Requirements to measure microohms o
o 3D interactions in Pl measurements become dominant + 637 capacitors

o Horizontal incremental impedance becomes relatively high

Increasing gap between frequency and time-domain
verification results

o SOIUtion: ?7?7? From: Is Pow?r Integrity the_New Black Magic?
Cadence Design Forum, April 2021

O

From: Cadence Live Boston, September 12, 2023
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Background, motivation

* Simulating and/or measuring microohm AC impedances is very challenging
* Correlation between measured and simulated data is hard

 When questions arise about accuracy of models, simulation or measurement results,
resolution is hard because
o the lack of a readily available reference platform
o confidentiality concerns

* Simple easy-to reproduce reference platform is needed that anyone can make, measure
and simulate

 Solution: open-source PCB reference structures
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How open source PCB can help

* Open-source HW reference piece removes confidentiality barriers

o CAD companies can refine their SW and share their simulation results without revealing confidential

details

o Instrumentation manufacturers can improve their HW and suggested test procedures without

revealing confidential details

o Known HW (either the same piece or nominally identical replica) can be used for round-robin studies

* All parties involved can refer to the same structure

2025 IEEE INTERNATIONAL SYMPOSIUM ON ELECTROMAGNETIC COMPATIBILITY, SIGNAL & POWER INTEGRITY




Open source Pl board

* Goals

o Simple stackup and construction

— Allows various laminates and copper weight
o No special material
o No special technology
o Mix of plated through holes and blind vias
o Simplest possible structures to analyze
o Include via arrays

o Include reference pieces

o Any assembly is optional
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Nominal stack-up and materials

2 Elite Material Co., Ltd.

.IiIHp.' llwww.emctw.com

DFM Engi ) i
APCT STACKUP & IMPEDANCE REPORT noineet: o ecanas High Tg / Low CTE / Lead Free
EM-827 / EM-827B

Technical Data

Passion Commitment | Trust

Job Name: 53929 Customer Required Finished Thickness: 63.000 (+ 6.300) mils ® Low Z-axis CTE < 3.0% (50~2607)
Customer: SAMTEC INC Estimated Finished Thickness: 62.656 mils (Over mask on plated copper) ~ ® Excellent thermal stability for lead-free processing
Part Name: PCB-112938-SIG-XX Estimated Over Lam Thickness: 58.456 mils ® For general application
Rev: 00 ) ]
Basic Laminate Property
s Yemls' ) Bowe Propert It IPC-TM-650 Test Conditi Unit | Typical val
"CM 0700 miis roperty em - - est Londiion I'I_I ypical Value
T Oak Mitsui (£ 2000 mils SIG Base Cu 0500z 0600mils HIE 10% || ] 2425 psc < 175
EMC | 3.064mils Dk 3.80 EM-827 1080 (650%) || h J ‘ T 2424 ™A =C 160
& 1 200 mils P/G BaseCu 1000z RTF 97% il 11 3 -
c EMC 3.000 mils Dk 3.83 EM-827 (1-1080) 1] \ 24.244 DMA c 185
L3 1200 mils I PC BascCu 1000z RIF 97% i 4 CTE, X/Y-axis 54745 <Tg, TMA pom/T 12/15
EMC 6164 mils Dk 3.80 EM-827 1080 (65.0%) —~ =
EMC & Dk 3.80 EM-B827 1080 (65.0%) Thermal CTE, 7-axis 2424 <Tg, TMA ppm/"C 43
EMC 28.000mils Dk 440 EM-827 (4-7628) FILLER CORE > Tg, TMA ppm/C 225
EMC 6.164mils Dk 3.80 EM-827 1080 (65.0%) Z-axis Expansion 2424 50~260°C % 26
EMC Dk 3.80 EM-827 1080 (65.0%) Td 52788 TGA (5% WL - 250
YL4 1.200 mils PI/G BaseCu: 1000z RTFE 97% = 2220 : = - -
EMC 3000mils Dk 383 EM-827 (1-1080) | T288 24281 Clad Min. 20
L [ 1200mils I P/C BaseCu 1000z RIF 97% 11 ]! - e Etched Min. »30
EMC [ 3064 mils Dk 380 EM-827 1080 (650%) || ok T ) a5
L6 Qak Mitsui | 2000 mils SIG Base Cu: 0500z 0600mils HTE 10% 2559 C-24/23/50 -
YSM 0.700 mils (R/C:50%) | 1GHz - a3z
Electrical of L Mz 2559 C-24/23/50 - 0018
ectrica £.5.5.9 - Pt
DRILL TABLE (R/c:50%) | 16Hz 1230 - 0.019
Start | End Drill Type Plate Type Via Fill Stacked Min Drill |Drill Depth | Pad Size Hole |Do Not Hit Related Process Volume Resistivity 25171 €-96/35/90 MQ-cm =100
Layer | Layer Via Size (mils)| (mils) (mils) Qnty Layer Surface Resistivity 55171 €-96/35/30 MO -10°
1 6 Mechanical PTH 0.000 58.5 0.000 0 Final Assembly - 1/6 Water Absorption 2621 E-1/105+D-24/23 % 0.12
1 2 Laser Micro Via Copper Fill No 6.000 3.7 0.000 0 — Final Assembly - 1/6 pesl 05 oz 248 As Received Ib/in 85
6 5 Laser Micro Via Copper Fill No 6.000 3.7 0.000 0 - Final Assembly - 1/6 Strength After Thermal Stress |b_,l’.ll1 55
- - - - - Physical (HTE) 1002 sag As Received Ibfin 8.5
1 3 Laser Micro Via Copper Fill No 10.000 7.9 0.000 0 — Final Assembly - 1/6 v ( . 2.4, After Thermal Stress | 1b/m 5o
6 4 Laser Micro Via Copper Fill No 10.000 7.9 0.000 0 — Final Assembly - 1/6 Flexural Warp As Received MPa 4607500
244
Plating T P TS Graimn Direchi Strength Fill - As Received MPa 390~430
rlating Type anel cize rain birection Flame Resistance UL-24 A B E-24/125 - V-0
Final Assembly - 1/6 Pattern Plate 18 x 24 18
=

Rev: 2017 Aug.



Layout blocks

Overall board outline: 10” x 7.5”

Sections 1&2: PTH arrays, 1mm pitch

Section 3: blind via arrays, 1.27mm
pitch

Section 4: blind via arrays, 1mm pitch

Section 5: blind via arrays, 0.8mm
pitch

Section 6: reference pieces for
Sections1-5
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Reference block, column 5

o
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J88: both vias (straight) land on L3

184: all four vias land on L2

J83: both vias (diagonal) land on L2

J82: both vias (straight) land on L2

J89: both vias (diagonal) land on L3

J90: all four vias land on L3

J94: straight pair landing on L2 and L3

J95: diagonal pair landing on L2 and L3

J96: checker-board quad landing on L2 and L3

ROMAGNETIC COMPATIBILITY, SIGNAL & POWER INTEGRITY



Reference block, 84

* Four plated through holes

* Building block of larger arrays

 1mm square pitch

* Checker-board pattern (though it does not matter)
* All four vias connect to L2

* Multitude of connection options

Through
‘L_ Via

b 3
‘-

—_—




Visualizing low impedances

e Full FEM 3D simulations show the complexities involved in measuring a simple plane
short impedance
* Practical restrictions mean measurements must often be taken on one side
e Current spreads to neighboring vias
* Via barrels add magnetic coupling

Current density distribution at 1MHz during diagonal
resistance measurement using Clarity3D ®

B , From: “Impact of Finite Interconnect Impedance Including Spatial and Domain Comparison of PDN Characterization,” DesignCon 2024
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Connections, Z definitions

» Impedance can be calculated from the S 281511 + 512521 51_2 ]
matrix Z11n ZlZn] _ 4 2
= With two power-ground via pairs, there are Zain  ZL22n 521 243522 + 512521
multiple options to approximate impedance _ - 2 4 -
o TOP-DOWN data along one via N 3D view: N Top view:
captures the DUT impedance closely ot ___* rortt rorte
o No loop coupling, no spatial - i% open rmé‘"’z . i i .
attenuation Lté % Liope SN Vi e
o DUT impedance can be approximated Lot/ | e |
from S21 i l i - J/iz
= The s-to-z transformation uses all four S » L .5 s
parameters A I N
o Reflection terms are very inaccurate for L? BAL %L PA2 Ll Reouping i
large reflections ss1d-open - L l I

o For many PDN impedances |s;| ~ 1
V2 SIB)N “Impact of Finite Interconnect Impedance Including Spatial and Domain Comparison
7NN of PDN Characterization,” DesignCon 2024
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Correlations

= Probe orientation matters

» Average of straight and flipped configuration
cancels probe-tip coupling 0.4

= Simulation to measurement

= Average of straight and flipped measured values o
correlate well 2

= Top side probing (short via)
= Resistance in good agreement to 3 mhz —
short via section is masked by probe coupling

= Measurement series inductance and coupling 1
> inductance being measured. Indications
that probe contributes around 30-35ph

= Bottom side probing (long via)

» Good agreement between simulation and
measurement. AL 35ph — probe coupling

0.2

Resistance [mOhm]
o

-0.2

-0.4

0.5

may add or subtract from measured DUT 1

Impedance

Probes are not de-embedded

Resistgnce

1
Frequency (MHz)

Bottom
Resistance [MOhm]

1
Frequency (MHz)

Inductance [pH]

Inductance [pH]

-10
-30

-0

Inductance

B

10

1 1 10
Frequency (MHz)

o

300

200 WAoo

100

Meas — Straight probe config

0 Meas — Flipped probe config

-100

Simulation

200 WAV

-300

A 1 10
Frequency (MHz)

“Impact of Finite Interconnect Impedance Including Spatial and Domain Comparison of PDN Characterization,” DesignCon 2024
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Summary, Conclusions

We have shown a versatile open-source Pl reference board

Simple, easy to reproduce

Offers multiple Pl connectivity options

Challenges to study
o Impact of solver choice on accuracy
o Port definitions
o Probe coupling (size, position, orientation of probe loops)

o Probe de-embedding, including probe-to-probe crosstalk
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Noise Floor Investigation

= 1Hz IFBW

OdBm source power 1.00E-03

Impedance magnitude [Ohm]

No averaging

SOLT calibration (including Isolation) 1.00E-04
20dB 20dBm power booster on Portl

20dB low-noise pre-amplifier on Port2

< 1uQ noise floor

\
\

1.00E-05

1.00E-06

1E+2 1E+3 1E+4 1E+5 1E+6
Frequency [Hz]

===SHORT-SHORT-THRU ===1.4u0hm ===3.7u0hm ===9.5u0hm ===16uOhm




loz vs. 20z Copper

Impedance magnitude [Ohm] Impedance magnitude [Ohm]
1.00E-02 1.00E-02

1.00E-03 1.00E-03
10z Cu / 20z Cu
1.00E-04 // 1.00E-04 //

1.00E-05 1.00E-05 ;

1E+3 1E+4 1E+5 1E+6 1E+3 1E+4 1E+5 1E+6
Frequency [Hz] Frequency [Hz]

——TOP-TOP-F ——TOP-TOP-S ——BOT-BOT-F ——TOP-TOP-F ——TOP-TOP-S ——BOT-BOT-F

——BOT-BOT-S ——TOP-BOT-S TOP-BOT-S-OFFSET ——BOT-BOT-S ——TOP-BOT-S TOP-BOT-S-OFFSET

Board with 1oz 3-mil FR4 laminate Board with 20z 8um HK04 laminate
Boards courtesy of PacketMicro Boards courtesy of DuPont
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