
Preface 
This paper describes a novel method of assessing the 
possible factors affecting the performance of High Speed 
Digital Circuit Boards in terms of maintaining the Signal 
Integrity (SI) and Electro Magnetic Compatibility (EMC) 
levels. Starting from a short dossier on the concepts 
involved, it takes us through the simulation methods 
covering the why and how aspects of the flow along with 
apt illustrations from live cases where the method is 
deployed effectively. 

This is an area of study that calls for multidisciplinary 
understanding of the problem and involves varied skills in 
RF design simulation tools, high speed digital design 
techniques and system engineering. By making use of 
such an integrated frame work in the early phase of 
design, one can make a robust system, reducing cycle 
time, repeated test efforts and costs.  

The CoE has the requisite expertise and facilities to take 
up the task of SI and EMC problem assessment on a given 
board design and provide design recommendations to be 
incorporated into the designing phase, promoting the 
philosophy of “Correct by Construction”. 

For more information, reach us at: marketing@Lnties.com
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Introduction 
With the advancement in technologies being 
leveraged the products and systems are 
becoming highly dense because of continuous 
reduction in their physical size. At the same time, 
faster rise rates and multiple sub-systems like 
high-speed Digital, Analog Mixed-signal circuits 
on a single board or multi board systems are 
compounding the challenge of signal integrity 
and radiation levels.  In the current global market 
scenario, EMC assessment is a high priority 
requirement to produce quality products 
complying with standards across applications 
l i ke  Med i ca l, Ae rospace, Consumer, 
Communication and Industrial. This increases 
the need for higher level of attention to Signal 
Integrity and Radiation levels for electronic 
assembly and is very essential to ensure the 
performance of the device in electromagnetic 
environment.

Designing electronic systems without signal 
integrity issues and ensuring the Electro 
Magnetic Compatibility is a challenge. 
Simulation enables an engineer to understand 
exactly how a design performs in a given 
scenario. The availability of Electromagnetic 
simulation tools and proficiency on its usage 
from an RF and high speed design stand point 
today, gives accurate electromagnetic analysis 
and characterization of the signal transmission 
structures in order to achieve reliable design. It 
further enables the design engineers to predict 
the root cause of the electromagnetic issues and 
to resolve the same during the design stage or 
while up-gradation (to know the corner cases for 
the system with new technologies or for Value 
Added Value Engineering).Simulation plays an 
important role to a large extent and reduces the 
number of fabrication and assembly test 
iterations thus saving time, effort and cost 
involved. Conventional product design cycle 
does not envisage the ability of a product to 
withstand the electromagnetic interference of 
other collocated devices or vice versa. When we 
plan to design any system for new product 
introduction, the cost increases with time, 
including test efforts, re-design efforts. More 
challenging would be handling the pressure of 
releasing the product to capture the market 

window. Thus analysis and mitigation of SI & 
Radiation issues at an early stage becomes 
crucial. This problem is getting addressed in 
various forms in the industry to a sizeable extent 
by different techniques and practices viz., using 
rules of thumb, relying on post-test iterations, 
using certain tools in isolation and with some 
limitations on the frequency scale. However, we 
feel the need for an integrated framework 
comprising of accurate models, tools, analytical 
process with correlation over a wide range of 
operation and applications. 

In this paper, we will discuss the underlying 
factors and simulation techniques to assure SI 
and EMC at different stages of the product 
development life cycle (PDLC). We will mainly 
focus on SI & Radiation issues followed by a 
three level approach as shown in Figure-1 to 
analyze problems like crosstalk, jitter, SNR, 
reflection, attenuation and emission. It includes 
assigning PCB stack-up, electrical  parameters of 
schematic level with equivalent component 
models like Spice, S-parameter model, IBIS 
followed by importing Gerber and performing 
EM simulation to assess the  signal integrity, 
radiated emission and radiated susceptibility. 

Integrity of an electrical signal can be measured 
in terms of parameters like voltage level 
overshoot, undershoot, rise time, settling time, 
delay time, peak time, steady state response, 
frequency domain response and current level in 
the signal as shown in Figure-2.  Signal Integrity 
concerns must be identified to effectively fix the 
design issues which can be controlled at the 
board design stage itself i.e., early the better. If 
the PDLC is not in line with the general and 
critical design guidelines and recommendations 
it may adversely affect the integrity of the signal.  

SI & EMC Terminology

Figure-1 Three Level Approach



Figure-3 Electromagnetic Interference

This condition leads to observable parameters 
like skew, crosstalk, jitter, radiated emission and 
poor radiated susceptibility. Signal integrity 
issues caused in a single electrical signal path 
can spell doom when integrated with the board 
and system having various types of signals like 
analog, digital and mixed signal blocks on the 
same high speed board or multi board system. 
This may result in electromagnetic radiation and 
interference leading to product's compatibility 
concern.

Radiation and Interference sources can be 
external or internal to a system or board. The 
most common types of internal sources are 
clocks, address & data lines carrying high-speed 
digital switching. No matter what the source – 
internal or external, three elements must be 
checked to identify EMI problem:

Ÿ Source of noise
Ÿ Coupling method
Ÿ Susceptible victim 
All three elements as shown in Figure-3 must be 
identified to effectively fix any given radiation 
problem. Optimization of these 'problem areas' 
must occur for an Ideal EMC solution. 

SI and Radiation problems in any system persist 
when proper attention is not given from the 
beginning of the system design or by not 
following the design recommendations in the 
early phase of the PDLC thus resulting in non-
compatible systems and longer cycles due to 
repetitive prototyping. Here in this paper we 
made an attempt to develop a methodology 

addressing the problem as a whole

While planning the system design we should 
have a bird's eye view of the whole process along 
with the key design considerations to be 
addressed to meet SI and EMC goals and 
expectations as described below.
• Component placement & Interfaces
• Layer Stack up Design
• Transmission line calculation 
• Simulations at different stages of electrical 

and layout design (Impedance Matching, 
Tuning and Optimization)

• Trace routing and Power decoupling 
• Power plane design & Grounding (DC, AC & 

Chassis Ground)
• Shielding of critical components and traces
• Cabling and Interfacing of multi board system
• Chassis Assembly and Enclosure's shielding

We follow a three stage process to analyze SI and 
Radiation issues.
Ÿ Pre Layout Analysis
Ÿ Post Layout – Board Level Analysis
Ÿ System Level Analysis
Our approach mainly focuses on the design 
constraints for the system introduced stage by 
stage to avoid over constraints and cost 
associated with re-engineering. This can result in 
a reliable and cost effective solution. We will now 
consider the various quantifiable parameters for 
a detailed treatment at pre-layout and post-
layout in the following sections. The 
methodology is explained below in three steps 
towards ensuring reliable operation of the board 
or the system. 

The first step is to be taken up soon after freezing 
the circuit design or schematic capture. The 
embedded hardware designer and EMC engineer 
should identify and eliminate risk right from the 
beginning of layout process by considering the 
design guideline and layout routing constraints 
throughout design cycle. After designing the 
circuit, each module's topology, layer stack-up, 
termination and placement plan should be 
verified and simulated using chip equivalent 

Proposed Methodology 

First Step Towards Reliability: Pre Layout 
Analysis

Figure-2 Signal Integrity Parameters



models (IBIS, S-parameter and SPICE etc.) on a 
competent EM tool. Pre layout analysis mainly 
deals with time domain parameters which help 
in analyzing SI issues which may even lead to 
EMC issues at later stages. This kind of analytical 
and predictive approach enables us to build 
reliable systems. Similar simulations can also be 
done at post layout level which mainly focusses 
on the verification of Layout and 2D real time 
analysis. 

Reflection is the signal reflected by the receiver 
as it occurs when the pulse of energy reaches 
either the end of transmission path or a 
discontinuity within the transmission path. It can 
be easily observed by a sharp variation in line 
impedance plot or can be inferred from the 
measurement of reflection coefficient. Reflection 
coefficient describes the fraction of reflected 
voltage back to the source. 

This parameter mainly constitutes signal-quality 
problems related to signal propagation. 
Reflections can be controlled by giving proper 
attention to impedance control of interconnect. 
In high-speed boards reflection noise increases 
time delay and produces ringing. 

In order to have impedance matched 
transmission lines one needs to understand 
another aspect, i.e., Termination. This is very 
critical while dealing with high speed boards' 
circuit topology like point to point, point to multi 
point. The accurate placement and value plays a 
vital role to maintain impedance match. To 
analyze this, we need to first assign the 

Reflection

transmitter and receiver models and parameters 
as shown in Figure-4 like trace length and width, 
trace inductance and capacitance shown as 
impedance, line propagation delay , rise time  
and fall time .

Then we can get real time line impedance data 
and plot by using Time Domain Reflectometry 
(TDR) or Time Domain Transmissometry (TDT). 
Alongside we also obtain data on ringing, 
overshoot, undershoot, tuned, optimized and 
impedance matched electrical topology of the 
circuit. This kind of simulation can be used to 
observe the integrity of the signal and 
impedance in a transmission path as shown in 
Figure-5 causing losses due to reflection or 
radiation. 

Next important thing is to decide on the layer 
stack-up which includes substrate, number of 
layers, assignment of the signal, power and 
ground planes, layer thickness and estimating 
the impedance of various layers. Using pre layout 
tools for symmetrical placement of the critical 
components may help in maintaining the signal 
integrity by proper placement of the circuitry, 
decoupling capacitors and other components. 
Alongside one needs to protect the signal paths 
from ESD and high transient signals commonly 
seen from voltage regulator, reset circuitry kind 
of blocks by right use and placement of transient 
suppressors to avoid pick up issues at high 
frequencies. 

So far the attention required while placing mixed 
signal and high speed circuitry is described 
above which could be verified through 
simulations. After freezing all these pre-layout 
design constraints the board layout will be done 
and Gerber could be used for the next stage of 
analysis as given below. 

(TD) (tr)

(tf)

Figure-4 Electrical Topology and 
Impedance Mismatch Effects

Figure-5 TDR Analysis



interruptions in the signal path; Eye width gives 
information on timing synchronization & jitter 
effects; Eye closure gives information on inter-
symbol interference as well as additive noise. 

Crosstalk arises due to interaction between two 
different electrical traces caused by coupling of 
energy from one of the traces; the affected trace 
becomes unstable by the electromagnetic (EM) 
coupling which might cause false logic 
switching, jitter or may even start radiating. 

Reducing the crosstalk effect would be possible 
if we know the nature by which the traces are 
coupled, say, Electric field or Magnetic field 
induction. In any case by varying the spacing 
between traces the amount of crosstalk could be 
varied. 

Crosstalk

The signal coupled towards the load is mainly 
affected by far-end crosstalk and towards the 
source by near-end crosstalk as shown in Figure-
7. Figure-8 (a&b) shows near end and far end 
crosstalk results on victim trace for XAUI 
interface. Here V  is about 35mV and V  is next p-p fext

25mV  corresponding to relative levels of p-p

-38.7dB and -41.6dB respectively when a 3V at p-p 

100MHz is traveling on the aggressor trace. 

Second Step Towards Reliability: Post 
Layout – Board Level Analysis

Eye diagram

This analysis starts with a manual review to 
identify the possible EMC issue and its root cause 
by checking the schematic and layout with the 
high speed PCB design guidelines drawn from 
the earlier step. It mainly requires the Gerber 
files, stack up details, schematic and component 
equivalent models. This simple approach consists 
of rule checker manual and also works in 
conjunction with board simulation using 
standard Electronic Design Automation (EDA). 
Rule checkers are designed to automate the 
thumb rules that have been used to design EMC 
compliance into products. The limitation of rule 
checkers is that they do not take the board 
geometry or the EMC source into consideration. 
Board level simulations mainly predict SI issues 
and approach to analyze the product taking 
board design trace and geometry into 
consideration. It utilizes electromagnetic 
simulation numerical techniques like MOM, 
FDTD to simulate at board level. This approach 
works directly with the design information 
produced by the layout constraints and tools by 
using: IBIS, S-Parameter model, SPICE models etc. 
These models can produce real time signals to 
the system to analyze time domain response, E-
Field distribution, stability, Eye diagram and S-
parameter simulations.

An eye diagram is an experimental tool for the 
evaluation of signal performance. Analysis of eye 
diagram reveals a lot on the integrity parameters 
of the signal under study. We can measure 
parameters like Amplitude, Crossing Percentage, 
SNR, Crosstalk, Jitter, Delay, Fall Time, Rise Time 
etc. As shown in Figure-6, Eye opening (height, 
peak to peak) gives information on additive 
noise in the signal, Eye overshoot/undershoots 
gives information on peak distortion due to

Figure-7 Crosstalk: Coupling Mechanism 

Figure-6 Eye Diagram

Figure-8(a) Near End Crosstalk

Figure-8(b) Far End Crosstalk



assignment was done for EM simulation and co-
simulation. Figure-9 shows the co-simulation 
interface between microcontroller and DDR-2 
with equivalent IBIS model. E-field distribution is 
used to identify the leakage in the traces which 
could cause emission. 

Figure-10 the Near E-field distribution of the 
DDR-2 module critical nets were analyzed and 
the radiated emission of the modules was 
captured by assigning Far field probes as real 
time and Radiation Emission analysis as shown 
in Figure-11. Now as shown in the figure RE 
pattern is crossing the standard limit (green 
trace) and further analysis done before making 
implementable suggestions to minimize RE.

Similar to radiation emission issue radiation 
susceptibility is also a major concen when 
talking about EMC. In line with the same concept 
radiated susceptibility analysis was performed 
for an RFID based door locking system used in 
commerical application complying to the 
standard IEC 61000-4-3. The board failed in 
radiated susceptibility during the product 
compliance testing. The objective of the work 
was to identify the root cause of the failure and 
suggest a suitable soultion. Firstly, Gerber  was 
imported into Agilent ADS environment and the 
critical nets were idenified, layer stack up 
information was updated. S-parameter 
simulation was performed and observed that the 
critical nets were resonating at certian 
frequencies which was matching with the RS 
failed frequency band. After implementing the 
EMC ferrite filters, the simulation was performed 
again with the EMC ferrite filter and observed 
that the unintentional resonance was shifted  
from resonating frequency 463.8MHz as shown 
in Figure-12(a) beyond band of interest as shown 
in Figure-12(b). After implementing the 
recommendations real time measured results 
passed in compliance testing.

Radiated susceptibility Analysis

Radiated Emission Analysis
Radiated Emission (RE) is the unwanted 
emission produced by system. Signal integrity 
issues are more or less correlated with the 
radiated emission issues. Recognizing the 
commonality of these two parameters we can 
say that a board that is well designed for SI will 
show high degree of compliance with EMC 
standards. Fast rise time also generates strong 
radiation from interconnects in PCBs and the 
reflection of signals would also cause to increase 
the radiated emission from PCBs.

Radiated emission is the main concern while 
complying with standards because the 
associated disturbance may be considered as 
noise source that can interfere with other system 
or environment. To explain this in more 
understandable way let us look at the project 
case study involving high speed processor board 
example compatible to the standards DO-160F, 
category-L (EMC standard) simulated and 
analyzed. CST Microwave studio and design 
studio package are used for the signal integrity 
and radiation emission analysis in this case. The 
processor board consists of a microcontroller, 
microprocessor, DDR-2 memory (with data rate 
333MHz and clock rate 167MHz), Ethernet, PCI 
interface, Flash memory, clock interfaces and 
lengthy traces. We approached localized flow to 
analyze the radiated emission for the system. 

This high speed dense processor board was 
designed in 18 layers PCB of thickness 2.7mm. 
Later Gerber was imported and stack up 

Figure-10 E-Field Distribution of DDR2 interconnect

Figure-9 Co-Simulation of DDR2 with IBIS model

Figure-11 Radiation Emission of Interconnect



As you can see validation or analysis at any stage 
(above case in compliance testing) is possible for 
all the parameters of Signal Integrity and EM 
Compatibility. Similar simulations at pre-layout 
levels are also available to follow. Just the pre 
layout method may not ensure minimum 
emissions at system level for mitigating the 
issues like coupling between boards, collocated 
systems and the environment there itself. 
However it will lower the chances of signal 
integrity problem and its correlation to radiation 
levels in later stages. To predict or analyze system 
level reliability we need to add another level of 
analysis depicting the real time scenario as 
explained in next section.

This part utilizes three dimensional (3D) 
electromagnetic simulation tools like CST 
Microwave design studio (3D), Ansoft-HFSS. 
Complete mechanical detail with accuracy to be 
included in the model and this process enables 
simulation, analysis and optimization at the 
system level to compute and assess the shielding 
effectiveness.  It will further give us the 3D far 
field radiation patterns and distributions which 
will help to locate EMC hot spots at resonant 
frequency. This will provide a comprehensive 
approach to EMC design by taking both the 
electromagnetic sources and the shielding 
provided by the enclosure into account in 
estimating the emission from the product as a 
whole. 3D simulation also helps in identifying 
specific mechanisms for electromagnetic 

Third Step towards Reliability: 
System Level Analysis

transmissions by:

Chassis & cabling are essential parts of 
standalone system design. These can sometimes 
be used for specific mechanism for unwanted 
electromagnetic wave transmission. The need for 
chassis for improving the compatibility increases 
in two cases. Firstly when the EMI is not taken 
care at the beginning stages of the Design Cycle 
or while interfacing multi boards in the system 
like mounting of the boards, connectors, cables, 
positioning of the boards, mechanical design 
comprising of slots and apertures for heat 
dissipation. Also applicable when unavoidable 
EMI has occurred at board level. In either of the 
cases, at frequencies above the fundamental 
cavity-mode resonance, radiation from 
enclosures can dominate radiation from I/O 
cables connecting the high-speed PCB to 
peripherals. Radiation from slots and apertures 
in conducting chassis excited by interior PCB 
level sources is of great concern in meeting the 
standards mainly for radiated EMI limits. 

Shielding enclosure is of main concern especially 
when the system is highly susceptible under 
external electromagnetic environment. If PCBs 
and internal cabling are properly designed, the 
need for enclosure shielding will be minimized. 
The effectiveness of shielding enclosures is 
reduced by apertures for heat dissipation, air 
vents, with enclosure cable penetrations, and 
other openings. Any openings in an enclosure 
can provide a highly efficient coupling path at 
some frequency. As the aperture increases in 
size, it's coupling efficiency increases. The 
shielding effectiveness and need for the same is 
an important parameter when we are dealing 
with high speed systems. Shielding Effectiveness 
(SE) becomes a critical parameter when used in 
automobile application like Processor board. 

Chassis & Cable Assembly

Shielding Enclosure

Figure-12(a) S-Parameter response of 
actual board without Ferrite filter

Figure-12(b) S-Parameter response of 
actual board with Ferrite filter

Figure-13 CPU Board with shielding enclosure
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Similar simulation was done to measure radiated 
emission with shielding using CST studio suite 
(3D).The Processor board consists of a 
microcontroller, a microprocessor, DDR-2 
memory and clock interfaces. Processor Board 
simulation for the enclosure shielding 
effectiveness with equivalent IBIS model at 
transmit and receive ends were recorded with 
Radiated emissions for the critical nets with the 
enclosure as per the EMC standard by E-field 
probes were kept to measure the emitted 
radiation from the critical signal. 

Thus a well knitted tool based simulation 
assessment frame work has been developed and 
presented. We see a huge potential to further 
fine tune and broaden the scope of this 
integrated frame work by making it constraint 
driven flow. 

In this paper a concise process of simulation 
based framework is presented towards 
achieving the goals of SI and Radiation analysis 
using the 2D and 3D electromagnetic simulation 
tools along with citation of salient project cases 
executed across application domains. In simple 
words any system design group expecting to 
meet the Radiation levels and SI goals can utilize 
this framework in the form of a niche service 
provided- all that is needed is to share the 

Conclusions

Schematic, Layout (including layer stack up), 
Gerber files and system level designs (enclosure, 
shielding etc.) along with the target standard for 
compliance. 

Launching products in to the market as quickly as 
possible at budgeted cost  (by reducing high 
priced time for correction after prototyping) and 
at the same time complying with standards is 
critical to all OEM's and Tier-1's. In today's 
industrial environment we have innumerable 
high speed collocated systems acting as sources 
and receptors affecting or degrading SI and EMC. 
Implementing this kind of a simulation based 
frame work as an essential activity in design life 
cycle will help in predicting the SI & EMC 
performance well in advance and to tackle 
potential issues before a design goes through 
prototyping. This work is backed by an in-depth 
theoretical and analytical understanding with 
practical data correlation drawn from number of 
such consultancy projects executed at our CoE. 
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