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Bridging EMF with Circuit Simulation

• Electromagnetic Field = EMF

• Kirchhoff’s Law

• S-element in netlist
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Problem Statement & Goal

• S-parameter models are widely used in Signal Integrity (SI) & Power Integrity (PI) analysis. The confusion is often 
arisen on how to correctly connect S-parameter models in SPICE netlists, typically due to the insufficient 
understanding of electromagnetic field (EMF) principles or port setups during S-parameter models extraction.

o Can a port be set up with the reference point on the Moon, for a transmission line (TL) with GND reference plane on the Earth? 
What is the difference than the reference point on GND plane in adjacent layer(s) in the same PCB stackup on the Earth?

o If so, how to make the connection with a lumped component, such as a capacitor with the S-parameter model of a TL with the 
reference point on the Moon?

• The goal of this presentation is to 

o Bridge EMF with Circuit from 1st principle. 

o Principles of EMF and Circuit

o S-parameter port setup and implications

o TL vs. Waveguide

o Global reference vs. Local reference

o Case study

o Takeaway
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Port setup with Different Reference Points for TL

GND Plane (big enough in PCB on Earth)

Transmission Line (TL)

EarthP1P1’P2P2’

❖ What is the difference between 

• <local reference>.s2p and

• <remote reference>.s2p ?

❖ How does the different reference impact the 
connection in SPICE netlist?

▪ P1 and P2 setup => <local reference>.s2p 
▪ P1’ and P2’ setup => <remote reference>.s2p 

local 
reference

remote 
reference

*.s2pV2

I2

V1

I1

*.s2pV2

I2

V1

I1

V02 V01
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Moon

S-element .snp has connections of 2N, or N+1 terminals, possible N terminals, never of 2N+1 terminals.
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❖ What have been transmitted?  Should Va*Ia = Vb*Ib ?

❖ Have you ever seen such case described in S-parameter model?

❖ If so, does the DC shift of Ve and/or Vm impact *.s2p respectively?

❖ Does anything in-between two antenna matter, one on the Earth, 
the other on the Moon? 

Port setup with Different Reference Points for Antenna

GND Plane (big enough in PCB on Earth)

Transmission Line (TL)

Earth

Moon

P1P2

Courtesy to the author of the background picture available online.

local 
reference

remote 
reference

Pa

Pb

Ve / RF Tx/Rx

Vm /RF Tx/Rx

*.s2pVa

Ia

Vb

Ib

RF 
Tx/Rx

Ge

RF 
Rx/Tx

Gm
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*.s1p Vb

Ib

Gm

*.s1pVa

Ia

Ge

S-element .snp has connections of 2N or N+1 terminals, possible N terminals, never of 2N+1 terminals.
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The Big Misconception About Electricity

• Electromagnetic waves, Poynting vector

• https://youtu.be/bHIhgxav9LY

1.5e5 km
1.5e5 km

C=3.0e8 (m/s)

Resistance is assumed ~0.

PaPb

If Pa set up as “Open”,

What is measured at Pb? “Open” as well?

Differential TL
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S-element Syntax: Brief of 3 Connections
• Note that "GND", "0", and "ground" are reserved words in HSPICE, and refer to the 

universal or ideal node which is required in any HSPICE netlist.

• IBIS-ISS copies this language, so we need to be able to support all three options in any 
structures in IBIS, including IBIS-ISS, EMD, and IBIS Interconnect.  

• The problem is that IBIS Interconnect and EMD keywords support having only one 
reference node per circuit, so at least one of these S-element connections is illegal in 
IBIS today.  --- Michael Mirmak

HSPICE® Signal Integrity
User Guide
Version A-2007.12, December 2007

nd1+
nd1-
…
ndi+
ndi-

ndj+
ndj-
…
ndN-
ndN-

<3>
.snp

nd1
…
ndi

ndj
…
ndN

<2>
.snp

ndRef  

nd1
…
ndi

ndj
…
ndN

<1>
.snp
GND(0)

nd1+

nd1-

nd2+

nd2-

<fixed>

.s2p

nd1 nd2
<fixed>

.s2p

ndRef  

<fixed>

.s2p
nd1 nd2

GND    (0)

Simplified with 
only 2 ports 

*Original <fixed>.s2p is the same in 3 
different netlist connections.

So does the setup for S-parameter 
extraction from physical structure. 

Only N, N+1 and 2N terminals are 
legal for .snp in HSPICE netlist.
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Kirchhoff’s Laws

• KCL
• The sum of all the current entering and existing a node must equal to zero.
• Derivation of Kirchhoff’s current law  
• Kirchhoff's Current law from Maxwell's equation (youtube)

• KVL
• The sum of all the voltages around a loop is equal to zero.
• Derivation of Kirchhoff's voltage law

i2 + i3 = i1 + i4

v1 + v2 + v3 + v4 = 0
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• Limitations

• Started for Lumped-element models

• In a TL, the net charge in different parts of 
the conductor changes with time. In the 
direct physical sense, this violates KCL.

• The induced electric field, produced by an 
inductor with time-varying magnetic fields, 
neither confined nor negligible, violates KVL.

https://www.youtube.com/watch?v=daclatKzlM8
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S-element Syntax: KCL Analysis

nd1 nd2
<fixed>

.s2p

ndRef  

nd1+

nd1-

nd2+

nd2-
<fixed>

.s2p

<fixed>

.s2p
nd1 nd2

GND  (0)

Circuit
1

Circuit
2

Circuit
1

Circuit
2

Circuit
1

Circuit
2

I1 I2

I1 I2

I1+ I2+

I1- I2-

I1+I2=0 ?

I1+I2+I0=0 ?

I0

I1++I2++ I1-+I2-=0 ?

I1+ =-I1- ?

I2+=-I2- ?

<fixed>.s2p is a PDN with Decoupling capacitors stuffed.

• I2 is a loading, keeps unchanged. So does V2.
• I1 in Case_1 varies from that in Case_2/3.
• V1 in Case_1 varies from that in Case_2/3.
• Case_2 and Case3 are identical, with I0=I1-+I2-.

Synopsys, PrimeSim HSPICE W-2024.09-sp2

Does KCL                holds in 3 various connections?

1. I1+I2=0 ?  (No) --- Shall this connection not be recommended?

2. I1+I2+I0=0 ? (Yes)

3. I1++I2++ I1-+I2-=0 ?;   I1+ =-I1- ?;  I2+=-I2- ? (Yes)
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Maxwell Equations, and EMF in Particular Structures

Even mode

Odd mode

Current I is integrated from M field.

Voltage V is integrated from E field.

TEM mode

Current I and V is arbitrary, 
without separated conductors 

EMF is fundamental for power propagation!

V and I are derived/integrated from EMF!

Given ZC1=ZC2=Z0 

Vi1= ½ [V1+I1(Z0)]

Vr1= ½ [V1-I1(Z0)]

Ii1= ½ [V1+I1(Z0)]/Z0

Ir1= ½ [V1-I1(Z0)]/Z0

I1= - I2=I (Not always true)

Vi2= ½ [V2+I2(Z0)]

Vr2= ½ [V2-I2(Z0)]

Ii2= ½ [V2+I2(Z0)]/Z0

Ir2= ½ [V2-I2(Z0)]/Z0
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S-parameter vs. V and I, https://www.youtube.com/watch?v=EXdNOORhWco 

• a

a) Capacitor in PDN

b) Capacitor in PDN

c) Capacitor in SI channel PCIe

AC coupling capacitorIC1 IC2

P1
1) √ KCL@M

2) √ KCL@M

M

T1                T2

   T0

1) x KCL@ s2p

2) √ KCL@ s2p

All Cap model-a/b/c applicable

Only Cap model-c applicable

an= ½ [Vn/ 𝑍0+In 𝑍0]

bn= ½ [Vn/ 𝑍0-In 𝑍0]

For *.s1p, only V1 and I1 KVL/KCL variables are defined,  different concepts from Vinc/Vref & Iinc/Iref, or from bn and bn. 

1)N terminals vs. 2)N+1 terminals 
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Port Setup for S -parameter Extraction for SI, and PI Analysis

• Starts from one Transmission line aka single-ended, differential, SL, & ML

• Lumped(/Gap/Edge) port, Wave(/Edge) port, Coax(/Gap) port, Circuit Port, Waveguide port (Driven Modal) 

Driven terminal (Gap only), or 
Driven modal (no terminals)

Lump (Gap) port setup anywhere. 
Not suitable for SL, wave port instead.

Waveport good for both MS & SL, has 
reference planes, extent factors, at 

structure edge, not on the extents, many 
excitation terminals, backed by PEC, 
Deembedding (negative/positive).

BGA antipad with existing GND 
layer or extend to create a 

coax structure.

Circuit port set up between 
points without constraints, 

penetrate through GND plane.

Circuit Port 
Typically 
used in 
SIwave.

Driven Terminal is V I based, while Driven Modal Power based. P=V*I.

Wave
Port

Coax
Port

Lumped
Port

TEM mode

TE or TM modes
TEM not supported
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Typical Routing TL & PDN, with 2-port Setup for Separated SI/PI Models    

• PCIe SI channel, differential TL, with AC coupling capacitors

• Starts from 2-port setup for single-ended TL, for segmented blocks, being cascaded in SPICE

• Similar 2-port setup applicable for individual power delivery network (PDN)

 

X

Y

P1 (for SI channel)

Z P2 (for SI channel)

Block-1 Block-2Block-Tx Block-RxB-X

Wave (/Edge) Port

Covers ~+/-3σ (~99.7%) power. 

T1+

 T1-

T2+

    T2-

<fixed>

.s2pP1 P2

T1 T2
<fixed>

.s2p

ndRef  

P1 P2

T0

P1 (for PDN)

P2 (for SI channel)
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Typical Routing TL & PDN, with 4-port Setup for Merged SI/PI Model    
• In modern platform electrical modeling, local reference has been used in setting ports in both SI channel 

and PDN S parameter modeling, to more accurately reflect the reference variations.

• For S-element, with local reference setup, connection (b) is recommended to use in netlists, reduces to 
connection (a), if all ports are set up with same global reference, as equal potential. 

X

Y

P3 (for SI channel)

Z P4 (for SI channel)

P1 (for PDN)

P2 (for PDN)

T1 T2

<fixed>

.s4p
(a)

ndRef  

P1 P2

T0

T3 T4

P3 P4
T3+

 T3-

T4+

    T4-

T2+

    T2-

T1+

 T1-

P1 P2

P3 P4

<fixed>

.s4p
(b)

Scalable up to .snp, for SI, PI or SI+PI.

Figure 60 – Example Clusters at 

Pin Level,  in BIRD223.1

| Port_1 Terminal definition
VCC3_1      AK1
VSS_VCC3_1  AM1 AM4 AK4
| Port_2
VCC3_2      BY39 BV39 BW40
VSS_VCC3_2  CB41 BY41 BP41 BY42 BY44 BT44
|Port_3
VCC3_3      AC10 AE10 AB12
VSS_VCC3_3  AB8 AD8 AF8
|Port_4
VCC3_4      AK2
VSS_VCC3_4  AM1 AM2 AM4
|
…
| …

• Not all GND pins are used as GND 
reference in ports set up.

• Each port has local its own GND 
reference, for more accuracy.

• It may hold true for both SI channel 
and PDN S-pm modeling.
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Case Study-1: Netlist Connection of W-element, and/or S-element
T1+

 T1-

T2+

    T2-

S2

.s2pP1 P2

T1 T2
S2

.s2p

ndRef  

P1 P2

T0

T3+

 T3-

T2+

    T2-

P3 P6

T1+

 T1-

T4+

    T4-

P1 P4

T2+

 T2-

T2+

    T2-

P2 P5
S1.s6p or 

S3.s6p

T3 T7

ndRef  

P3 P7

T0

T1 T5

P1 P5

T2 T6

P2 P6
S1.s6p or 

S3.s6p

T4 T8

Subcircuits, S Parameters, and T line Models: Why and How We Set References
Vladimir Dmitriev Zdorov, DesignCon IBIS Summit, Santa Clara, California, February 02, 2018

(a) (c)

Shall S1/S2/S3 be connected differently?

1A        1B

2A  W1 2B

3A        3B

refA    refB

1A        1B

2A  W2 2B

3A        3B

refA     refB

1A S2 1B
1A        1B

2A  S1 2B

3A        3B

       ref

1A        1B

2A  S2  2B

3A        3B

       ref

1A S2 1B
1A        1B

2A  S1 2B

3A        3B

       

1A        1B

2A  S2  2B

3A        3B

       

1A S2 1B

4                               8 12                        16
(b)
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Case Study-2: *.snp, 2N and N+1 Connections
Problems with the Touchstone examples 

in the IBIS v7.2 specification 
IBIS-ATM teleconference, January 7, 2025

• Set one port for Vdd and another port for Vss is extremely rare 
case for PI (+SI) sim.

• If Vss was set up for a dedicated port, what is the reference for 
all signal ports? 

• .s14p seems for 2N connection, not for N+1 terminals, in Figure.

• Only N+1 Terminals connection is defined in IBIS File_TS. 

DQ1

DQ2

DQ3

DQS

.s12p .s12p

(N
+1

) term
in

als co
n

n
e

ctio
n

DQ1

DQ2

DQ3

DQS

.s12p .s12p

2
N

 term
in

als co
n

n
ectio

n

Pins/connector shall be a model. 
there is no physical 1:1 matching.

VSS pins usually grouped in modeling 
(for 2N terminals), if not all be used 

as reference for N+1. 

Even in 2N terminals connection, the N’ 
will be extremely rare to 1:1 exactly 

matching GND terminal of DQ buffer.

The model of pins/connector may have 
more than enough ports defined.  
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Take-aways

• 2 out of 3 HSPICE defined connections of S-element, with N+1 and 2N terminals, satisfy KCL.

• S-parameter models in SI & PI analysis, include 1+ conductors for reference, and 1+ more conductors for 
signal or power, but not waveguide (which only supports TE or TM). 

• Setup of one port for Power, and another port for GND is extremely rare case for PI (+SI) sim. Instead, 
one port setup for Power net is usually reference to GND, so is for ports setup for signal nets.

• To properly make connection of S-element, it starts from ports setup for S-parameter modeling, in terms 
of local reference vs. global reference, and driven modal vs. driven terminal.

• S-parameter modeling usually makes little difference for SI channel, global refence vs. local reference, 
between fully GND reference, and Power & GND dual reference.

• SPIM modeling definition in BIRD223.1 used local reference, in order to improve the PI analysis accuracy, 
when the separated Spkg is combined with Spcb at platform, to correlate with S(pkg+pcb).

• Both N+1 and 2N terminals connection of .snp shall be supported.
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Backup
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Typical TL Routing, and 2-port setup   

• PCIe SI channel, which in differential TL, with AC coupling capacitors

• Starts from 2-port setup for single-ended TL, for segmented blocks, being cascaded in Spice

• Similar 2-port setup applicable for individual power deliver network (PDN)

 

X

Y

P1 P3

ZP2 P4

X

Y

P1

Z P2

Block-1 Block-2Block-Tx Block-RxB-X
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Voltage & Current are not Uniquely Defined in Waveguide

• https://slideplayer.com/slide/7530735/

https://slideplayer.com/slide/7530735/
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Same *.snp will have totally different meaning, & different application
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Antenna Simulation with *s1p

22



Courtesy to the authors of the pictures available online, used in this slides set.

Thank You!
Kinger.cai@arm.com
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