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Abstract 
 
With high speed digital designs extending well 
into the GHz range, quasi-static and TEM 
solutions are no longer valid. Digital designers 
like to see time domain waveforms as provided 
by SPICE. However, full wave effects are often 
accounted for only  by frequency domain 
electromagnetic solvers. A simulator that 
combines FDTD and SPICE is used in this paper 
as a solution to this problem. The nonlinear 
circuit elements are simulated in SPICE and the 
structural elements in FDTD. The simulators are 
tightly integrated and talk to each other at each 
time-step. The approach is used to analyze 
difficult problems such as meanders, ground 
bounce and placement of decoupling capacitors 
in a PCB, and dispersion in microstrips. 
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At today’s high frequencies, a variety of new 
problems has cropped up in the analysis of 
structures such as PCBs, MCMs, packages, and 
ICs. This is true in both RF and high-speed 
digital applications, where frequencies are well 
over 1 GHz. For example, interconnects can no 
longer be analyzed by static models. Traces in 
PCBs are no longer simple transmission lines 
with TEM propagation. They exhibit significant 
dispersion. The loss in materials such as FR4 is 
very significant. So is the radiation from slots in 
PCBs. Skin effect is very important. Analysis of 
structures such as meanders and spirals is 
difficult even at lower frequencies, but almost 
impossible in the GHz range.  
 
The problem is accentuated by the fact that many 
of these effects are best described in the 
frequency domain. However, nonlinear circuit 
elements are best analyzed in the time domain. 
Moreover, digital designers prefer to see 
waveforms in the time domain as provided by 

SPICE or other time domain simulators. Often 
digital and analog RF components are on the 
same board and interfere with each other. These 
problems are solved here by marrying a full 
wave time domain electromagnetic solver with a 
nonlinear circuit simulator. The full wave 
electromagnetic solver is based on FDTD (Finite 
Difference Time Domain) [1] and the industry 
standard SPICE is used as the circuit simulator. 
Both are based on time stepping algorithms and 
very convenient to interface to each other. While 
SPICE can handle the nonlinear circuit elements, 
FDTD can handle the structural elements without 
any approximations other than those related to 
meshing and time stepping.  
 
At the end of the simulation both conventional 
SPICE waveforms as well 3D field distribution 
plots are available. The user can choose to view 
either depending on his background. An engineer 
more familiar with circuits can use the program 
very much as he would SPICE. At the same time, 
he is assured that the simulator takes care of all 
full wave effects.  
 
Even where static solvers are accurate enough, 
FDTD is often superior to static or quasi-static 
solvers. Static solvers are usually either 
inductance or capacitance solvers and both need 
to be run to get a combined model. Both these 
solvers can take along time to run because they 
involve the solution of large matrices. Moreover, 
they produce frequency domain models, which 
need to be converted.  FDTD automatically 
considers a distributed combined inductance-
capacitance model valid in the time domain. As 
it uses and explicit solution method, there is no 
need to solve large matrices. 
 
The combined program called FDTD_SPICE has 
been applied to a variety of problems. 
Application to a dispersive microstrip, a ground 
bounce and decoupling cap problem, a meander, 
and a crosstalk analysis problem are described 
here.  
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Overview

• Need for full wave solutions with nonlinear circuit
elements

• How FDTD_SPICE gives full wave time domain solutions
• SPICE and FDTD Interface details
• Implementation details
• Example of Microstrip Dispersion
• Example of Meander and field plots
• Example of Planar Structure with different nonlinear loads

and drivers
• Conclusions
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This approach has a number of advantages apart 
from being able to handle nonlinear elements 
and provide full wave time domain solutions. 
Standalone electromagnetic solvers, whether 
time or frequency domain, produce an n-port 
model for use in connection with a circuit 
simulator. A separate analysis has to be done for 
each port, considerably increasing simulation 
time when there are a number of ports. In 
addition, frequency domain solvers have to do a 
solution at a number of different frequencies to 
get an n-port model valid over a reasonable 
frequency range. As the FDTD_SPICE approach 
needs to do just one solution, irrespective of the 
number of number of ports or frequency range, 
simulation time is often more than an order of 
magnitude faster. 
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The basic idea behind the implementation is that 
FDTD and SPICE run simultaneously 
exchanging data at each time step. The circuit 
elements in the total problem are described in 
SPICE syntax and handled by SPICE while the 

structural elements (such as traces, reference 
planes, vias, etc.) are handled by FDTD. For 
example, a transmission line with a nonlinear 
driver at one end and a nonlinear load at the 
other may be split up between the two simulators 
as shown in this slide. 
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FDTD and SPICE exchange information at the 
ports specified. For the example in slide 4, a port 
can be defined between the nonlinear driver and 
input end of the transmission line and another 
between the output end of the transmission line 
and the nonlinear load. All the ports are two 
terminal ports, and the interface FDTD presents 
to SPICE is a current source in parallel with a 
capacitor [3]. The capacitor is constant while the 
current source is time varying. SPICE uses this 
circuit at its ports to analyze the total circuit at 
each time step. At the end of the analysis at that 
time step, SPICE passes the calculated port 
voltage to FDTD. FDTD converts this voltage 
into equivalent electric fields and “marches” the 
fields to the next time step. For the example in 
Slide 4, the circuit analyzed by SPICE at each 
time step is given. 

 
As can be seen, the various parts of the SPICE 
circuit are essentially decoupled and 
convergence problems in SPICE are 
considerably minimized. The communication 
between SPICE and FDTD at each time step is 
done through pipes. This is more flexible and 
convenient than a function call. As a next step, if 
sockets are used, FDTD and SPICE can easily be 
made to run on separate machines or separate 
processors. 
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Partitioning problem into FDTD
and SPICE parts

Nonlinear LoadNonlinear Driver Transmission Line

SPICE FDTD SPICE
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FDTD Interface seen by SPICE

Nonlinear LoadNonlinear Driver

SPICE FDTD SPICE
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Why FDTD_SPICE for high
speed digital

• Time domain solutions
• Nonlinear elements must be handled
• Full wave effects must be considered
• No overhead because of number of ports or links

to circuit elements
• No conversions from time to frequency and vice

versa
• No approximation either in the field solution or

nonlinear circuit analysis
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One aspect of the FDTD-SPICE integration not 
addressed in earlier work is the initial DC 
solution [1] [3]. Reference [2] partially addressed 
this issue. The DC solution in SPICE is 
relatively easy to do and always done prior to a 
transient solution. However, the initial DC 
solution in FDTD is difficult as FDTD is 
designed to calculate fields as they “march” in 
time. One possibility is to let the solution with 
the initial fields run for a long time until they 
stabilize. This, however, usually takes days to 
run and is not acceptable. Another possibility is 
to run a separate static solution prior to FDTD. 
This again may take a long time and needs 
another simulator. If the structure has magnetic 
materials and different dielectrics even the DC 
solution can take considerable time. The main 
advantage of FDTD is that it avoids the need to 
do expensive implicit solutions with large 
matrices. This is lost in having to do an initial 
static solution. 
 
The way out of this problem is to make FDTD 
do only the transient part of the solution. One is 
usually only interested in the time varying fields 
and not in the initial static fields. The voltage 
SPICE passes to FDTD is always the difference 
between the transient solution and the initial DC 
solution [2].  
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Another problem is that many parts of the circuit 
are linked by parts of the structure handled by 
FDTD. For example, in Slide #4, the driver and 
load in SPICE are connected through the 
transmission line in FDTD. For the initial DC 
solution in SPICE, the transmission line is just a 
short circuit or low resistance.  This is handled 
by introducing a new element in SPICE. This 
element acts as a resistor for the DC solution. 
For the transient solution, the resistor is replaced 
by a current source of constant value equal to the 
DC current through the resistor.  In order to 
apply this to a general geometry, we choose a 
reference node in each connected portion of the 
structure. From the reference node, we connect 
this new resistor element to each of the port 
terminals, which are in this connected portion. 
For example, in Slide #4, we would connect one 
new resistor element between the output of the 
driver and the input of the load.  Another would 
be connected between the ground terminal of the 
source and that of the load. 
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This slide shows how the behavior of even a 
simple microstrip cannot be predicted in the GHz 
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Problems with initial FDTD
solution

• Allowing FDTD to reach steady state conditions
takes too long

• Doing initial static solution also takes a long time
and cannot accurately match FDTD initial solution

• Answer is to do initial DC solution only in SPICE.
SPICE sends only difference between initial
solution and transient solution to FDTD
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DC connection element in SPICE

In doing DC solution, SPICE needs to know about connections 
such as traces and planes existing only in FDTD. For this a new
 SPICE element is used. It is a low resistance at DC and a 
constant current source during transient analysis

FOR DC

FOR TRANSIENT

Short circuit or
low resistance
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Dispersion from simple microstrip

53.7 ohm
load

53.7 ohms

Gaussian
input src

L=12.3cm, Z0=53.7, epsr=10.2

Ideal TEM line FDTD_SPICE
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range. The microstrip is matched at both ends 
and standard TEM analysis reproduces the input 
wave shape at the output with a suitable delay. 
However, the dominant mode has considerable 
dispersion and distorts the wave shape. The 
FDTD_SPICE solution shows the true distorted 
waveform [6]. This waveform shows an 
undershoot and is considerably different from the 
TEM solution. The input source is a Gaussian 
pulse with the width at the halfway points equal 
to 50 ps. The dispersion here could distort pulse 
shapes considerably. 
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The approach here was validated against 
measurements for the structure shown here. It is 
a coupled line and the near end crosstalk from 
measurement was compared with that from 
measurement [7] 
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As this  slide shows the comparison between 
FDTD_SPICE and measurement is excellent. 
This in spite of the fact that crosstalk is a second 
order phenomenon with much lower amplitudes.  
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This slide shows another example analyzed by 
FDTD-SPICE. Here the meander alone is 
analyzed using FDTD. The transmission lines at 
the input and output ends of the meander as well 
as the driver and receiver are analyzed in SPICE. 
The driver and receiver are IBIS models of 
nonlinear circuits. The rise time here is relatively 
slow – 1ns. So the transmission lines are 
analyzed conveniently in SPICE.  
 
Full wave effects are not very important here 
because of the slower rise time. However, the 
meander is still a very difficult structure to 
analyze, even when using static models. One 
approach is to model it as a coupled transmission 
line with 10 conductors assuming shorts at the 
ends. However, this ignores bends in addition to 
the shorts. The alternative is to model it using 
lumped Ls and Cs. However, one needs to run 
inductance and capacitance solvers to find these 
Ls and Cs, which can be time consuming. 
Moreover, the distributed nature of the structure 
is lost. Above all, important effects such as the 
high field concentrations at the edges of the 
meander traces are not modeled.  
 
FDTD is able to model both the inductance and 
capacitance of the structure in a distributed sense 
properly accounting for effects such as field 
concentrations.  
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Meander microstrip example

3 in 3 in

13mils

0.4 in

5 mils

Gnd Plane

5 mils

Drv_out Meander_in
Meander_out Rcv_in
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Crosstalk measurement comparison

50 Ω 50 Ω

50 Ω 50  Ω

T r= Tf =12.5ns
PW=7.5ns

+
-

L=4.674 m     TD=15.58 ns

Z0_odd=226 Ω ; Z0_even=324 Ω
Homogenous medium - air

FDTD Simulated
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Near end crosstalk comparison
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The TEM solution is just used for comparison. In 
this solution, the meander was modeled as a 
coupled transmission line with 10 conductors. 
The end sections of 13 mils were assumed as 
shorts.  
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In the FDTD-SPICE solution, the meander alone 
is analyzed in FDTD. The other elements are 
analyzed in SPICE as in the TEM solution. 
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The TEM solution shows a reflection 
immediately from the meander, whereas the 
FDTD solution takes time to show the reflection. 
This is because the coupled transmission line is 
very short in length compared to the total length 
of meander. In addition, the impedance presented 
by the coupled line is different from that of the 
real meander.  
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At the meander input again, the amplitude of the 
TEM solution is higher as it sees the meander 
reflection much sooner.  
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Waveforms at output of driver

TEM soln

FDTD soln
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Waveforms at meander input

TEM soln

FDTD soln
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Details of TEM solution

• Meander assumed as coupled transmission line
with 10 coupled lines

• The sections 13 mil long assumed to be short
• The 3 in.  lines at either end modeled as single

transmission lines
• IBIS models for receiver and driver

Applied Simulation Technology

Details of FDTD solution

• Meander done in FDTD
• The 3 in.  lines at either end modeled as single

transmission lines
• IBIS models for receiver and driver
• Series Termination done in SPICE
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The waveforms at the meander output and 
receiver input agree better. Minor differences are 
due to different impedances of the coupled line 
and the real meander. 
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These field plots from FDTD (electric field in 
vertical direction) show how the fields progress 
along the meander. It also gives an indication of 
what fraction of the fields are directly going 
across the output instead of propagating through 
the meander. 
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The electric field plot at 2 ns is shown magnified 
here. It shows the fields at the bends to be very 
high. It also shows the fields at the edges of the 
traces to be higher than at the center – something 
that is expected. This field distribution gives a 
lot of qualitative information. For example, it is 
clear that the high fields at the corners will lead 
to significant radiation. These fields are for a 
relatively slow rise time of 1 ns.  
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Fields along meander at different
times

1.2ns 1.4ns 1.6ns 1.8ns 2.0ns
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Fields along meander at 2ns
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Stripline with branches

50Ω

1kΩ

MOS
INV

Decoupling
cap
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Waveforms at meander output

TEM soln

FDTD soln
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Waveforms at receiver input

TEM soln

FDTD soln
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We use the example above to illustrate ground 
bounce and the use of a decoupling cap. In this 
geometry, the “ideal” power supply is located at 
one corner of the stripline. The driver sees a 
different supply voltage between the planes. We 
show that this voltage can bounce a lot and affect 
the switching characteristics of the driver. The 
driver is a simple CMOS inverter. This problem 
again is not easily solved even if full wave 
effects are not considered. The inductance of 
planes is hard to compute [4] [5], especially if 
they have holes, cutouts, etc. An integrated 
inductance-capacitance distributed model is very 
hard to obtain. Even if one obtains such a model, 
solving it in SPICE in the time domain is 
virtually impossible. The use of FDTD with 
SPICE takes care of all these effects 
automatically. 
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The waveform across driver supply terminals 
clearly shows a lot of ground bounce which goes 
away when a decoupling cap is introduced across 
the driver supply terminals. The driver output 
shows the effect of reflections from the stubs and 
takes a long time to rise to its final value. The 
waveform with the decoupling cap rises faster. 
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The waveforms with and without the driver-
decoupling cap are shown at the loads connected 
to the two stubs or branches. As expected, the 
waveforms with the decoupling cap rise faster. 
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The waveform at the load end of the direct trace 
also shows the effect of various reflections and 
the influence of the decoupling cap. 
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Field plots at different times
(with decoupling cap)

1.0ns 1.2ns 1.4ns 1.6ns 2.0ns
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Waveforms across driver supply
terminals and at driver output

With cap

Without cap
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Waveforms at two branches

With cap

Without cap

With cap

Without cap
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Waveform at load

With cap

Without cap
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The field plots (electric field in the vertical 
direction) show how the waves progress along 
the trace and stubs as a function of time. Branch 
2 and the direct trace have high impedance loads 
and the corresponding reflections are higher. 
These field plots complement the SPICE 
waveforms very well. 
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The field plot at 1.6 ns is compared with values 
of the various waveforms at 1.6 ns.  The 
correspondence is easy to see with the voltage at 
the load of branch 2 having the largest value.  
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The various examples here bring out the power 
of FDTD-SPICE. SPICE can handle the 
nonlinear circuit elements and FDTD can handle 
the structure. Together they provide time domain 
waveforms and field plots without any 
approximations other than the normal ones 
related to meshing and time stepping. FDTD 
provides full wave solutions, which are needed 
in the GHz range where today’s digital and RF 
circuits operate. Even where full wave solutions 
are not necessary, FDTD is considerably 

superior to using static solvers. Static solvers 
find inductance and capacitance and are often 
very slow because they have to use implicit 
techniques and need to solve large matrices. For 
example, when ground planes are present, 
inductance solvers have to finely mesh the 
ground plane and this makes the solution slow.  
More over, the distributed nature of the structure 
is lost in making inductance-capacitance models.  
 
Problems such as meanders and ground bounce 
from power planes are solved relatively fast 
using FDTD-SPICE and almost impossible to 
solve in the time domain using any other 
technique.  
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Conclusions

• FDTD-SPICE shown as an effective way to
get time domain waveforms

• Both full wave effects in the structure and
the nonlinear circuit elements are taken care
of

• At lower frequencies provides distributed
inductance-capacitance model. This model
is difficult to obtain with static solvers.
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Comparing field and waveforms at 1.6ns
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brn2

brn1

load


