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SUMMARY

With the increasing speed and density of digital integrated circuits (ICs), it has
been found that digital devices generate electromagnetic fields that
unintentionally can interference with the normal operation of other devices or
their own operations. Therefore, some electromagnetic compatibility (EMC)
standards are developed to regulate the electromagnetic emission of digital
devices. For achieving good device performance and satisfying these EMC
standards, the modeling of electromagnetic radiated emission from
interconnects is necessary in the design cycle of digital circuits. This thesis
focuses on the modeling and measurement of electromagnetic radiated
emission from interconnects in digital circuits. Since the radiated emission is
investigated in far field, only the unintended emission interfered with the

normal operation of other devices is addressed.

The modeling of the electromagnetic radiated emission starts with the
investigation of the radiation characteristics of a single transmission line under
different loading conditions and with different geometry parameters. After that,
an analytical modeling method for the radiated emission of interconnects is
explained in detail. This method is based on a closed-form dyadic Green’s
function with the use of a circuit simulator. For the interconnects specified in
digital circuits, Input/Output Buffer Information Specification (IBIS) models
are applied in conjunction with the analytical method to model the dynamic

property of digital devices.

This method is further adopted to investigate the impact of passive signal

integrity (SI) improvement techniques on the radiated emission from different

vil



interconnects between digital devices. The radiated emission modeling results
can help designers to select the appropriate SI improvement technique taking
into account EMC requirements. This application is very meaningful for
design engineers as the radiated emission can be rapidly estimated with the SI
analysis results, i.e., the EMC analysis and SI analysis can be integrated
effectively in the design stage. Lastly, the measurement for the radiated
emissions from the interconnects under different conditions is performed.
Good agreement is observed by comparing the measurement results with the

modeling results.
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Chapter 1
Introduction

1.1 Background

In the past years the emphasis in the design of digital electronics has been to
increase the operational speed of circuits, resulting in logic devices becoming
faster. Transmission lines are implemented to interconnect high speed circuits.
In order to reduce signal reflections and waveform distortion, the
interconnects with controlled impedance are required. However, the increases
of speed and driver levels lead to the increase of electromagnetic radiated
emission from these interconnects. The electromagnetic interference (EMI)
from the digital circuits not only influences the functionalities of other circuits
but also the radiated -circuits themselves. As a result, the Federal
Communications Commission (FCC) [1], International Special Committee
on Radio Interference (CISPR) [2] and other similar agencies build
regulations limiting the levels of electromagnetic radiated emissions for digital
devices sold in the respective areas.

The introduction of these regulations requires the design engineers to
be concerned not only with device functionality, reliability and product cost,
but also with the electromagnetic compatibility (EMC) requirements. However,
in order to capture a commercial market, short design cycles are needed. This
leads to the elimination of various sub-system tests and re-design stages.
Hence, a weak EMC design may not be discovered until final compliance

testing begins. At that time the improvement methods are limited unless re-
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design takes place. Unfortunately this may seriously affect the product’s

success in a fast-paced market.

1.2 EMC overview

1.2.1 History of EMC

Electromagnetic compatibility has the definition as [3]: "the ability of an
equipment or system to function satisfactorily in its electromagnetic
environment without introducing intolerable electromagnetic disturbances to
anything in that environment."

The concern of electromagnetic interference problem started from late
1800s with the first spark-gap experiment of Marconi [4]. However, it is
around 1920 that a number of electrical and electronic journals published
papers on radio interference. In 1930, the radio interference from public
electronic equipment appeared to be a major problem.

In World War II, radar, electronic devices, navigation devices and
primarily radios are widely used. EMI between different devices began to
increase. Since at that time, the applications of the electronics were not as
much as they are today, the EMI problems could still be solved easily.
However, with the inventions of the bipolar junction transistor (BJT), the
integrated circuit (IC) and the microprocessor in 1950s-1970s, EMI became
significant because of the higher density and faster transmission speeds.

Towards the end of 1970s, the transition from analog signal process to
digital signal processing is speeded up. People tend to implement all the

electronic functions digitally for the benefits of high speed and high density of
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ICs. As a result, the noise sources are widely spread and significantly all over
the world, which makes the EMI problems become serious and cannot be

solved easily.

1.2.2 EMC standards

The FCC [1] and CISPR standards [2] are the most widely adopted regulations
for commercial digital products around the world. The FCC regulations
focuses on the electromagnetic emissions of digital devices sold for the market
in the United States [1], while the CISPR standard regulates the
electromagnetic emissions of digital devices sold in other countries of the
world except the United States.

FCC classifies the digital device products into Class A and Class B [5].
The digital devices applied in a business, industrial or commercial
environment are belong to Class A, while the digital devices applied in a
residential environment are belong to Class B. The limitation standards for
devices in Class A and Class B are different. Generally speaking, the Class B
limits are stricter than the Class A limits. There are mainly two reasons. The
first reason is that in residential environment, the interference devices are
closer to the susceptible devices, so the interference is more significant and
hard to be reduced. The second reason is that the owners and users of Class B
devices do not have the ability to protect their devices from electromagnetic
interference.

The electromagnetic emissions are subdivided into conducted
emissions and radiated emissions. By definition [4], “conducted emissions are

those currents that are passed out through the unit’s alternating current (AC)
3



power cord and placed on the common power net, where they may radiate
more efficiently because of the much larger expanse of this ‘antenna’ and thus
cause interference with other devices”. In contrast, radiated emissions are the
electric field, magnetic field and electromagnetic field radiated by circuit
conducts, which can inference the operations of other devices. The FCC
standards define the range for conducted emissions from 150 kHz to 30 MHz,
while for radiated emissions, it typically covers from 30 MHz to 1 GHz, with
extensions to 5-40 GHz. The FCC, the CISPR and other regulatory agencies
all require the radiated electric field to be measured in dBuV/m, as in terms of
field strength. The value can be converted from 20log;o(E x 10°), in which E
in V/m. Table 1.1 [4] lists radiated emission limits for Class A digital devices
in the FCC standards, while Table 1.2 [4] lists the limits for Class B digital
devices. It is noted that the measurement distances for the two classes are

different.

Table 1.1: Radiated emission limits for Class A digital device in the FCC
standards [4].

Measured at 10 m
Frequency (MHz)
(LV/m) (dBuV/m)

30-88 90 39

88-216 150 43.5
216-960 210 46.4

>960 300 49.5

>1000 300 (AV); 3000 (PK) 49.5 (AV); 69.5(PK)




Table 1.2: Radiated emission limits for Class B digital device in the FCC
standards [4].

Measured at 3 m
Frequency (MHz)
(LV/m) (dBpuV/m)

30-88 100 40
88-216 150 43.5
216-960 200 46

>960 500 54

>1000 500 (AV); 5000 (PK) 54 (AV); 74(PK)

The other widely adopted regulations for digital devices are published
by the CISPR, which is a committee of the International Electro technical
Commission (IEC). Most countries outside US choose the CISPR regulations.
Among a number of CISPR recommendations, CISPR 22 [2] is the most
widely used. The electromagnetic emission limits of Information Technology
Equipment (ITE) are set in CISPR 22, including conducted emissions and
radiated emissions. In CISPR 22, the digital devices are also classified to Class
A and Class B, which have the same definitions as in the FCC. By analogy
with FCC, its conducted emission range also covers from 150 kHz to 30 MHz,
while the radiated emission range covers from 30 MHz to 1 GHz. The
European Economic Area (EEA) widely adopts CISPR22. All the countries of
the European Union are the members of EEA. Table 1.3 [4] lists the radiated
emission limits for Class AITE equipment in CISPR 22, and Table 1.4 [4] lists

the radiated emission limits for Class B ITE equipment in CISPR 22.




Table 1.3: Radiated emission limits for Class A ITE equipment at a distance of
10 m in CISPR 22 [4].

Frequency (MHz) (LV/m) (dBuV/m)
30-230 100 40
230-1000 224 47

Table 1.4: Radiated emission limits for Class B ITE equipment at a distance of
10 m in CISPR 22 [4].

Frequency (MHz) (LV/m) (dBuV/m)
30-230 31.6 30
230-1000 70.8 37

The electromagnetic emission limits in CISPR22 are always set at10 m,
no matter for Class A or Class B digital devices. However, in the FCC
regulations, the limits for Class A digital devices are set at 10 m while the
limits for Class B digital devices are set at 3 m. Hence, the comparison
between the two regulations for Class A digital devices is quite straight
forward, while the comparison for Class B digital devices is not. By applying
the inverse distance rule, people scale the FCC limits for Class B digital

devices at -10.45 dB for comparison with the CISPR22 limits.

1.3 The modeling methods for electromagnetic radiated
emission from interconnects

1.3.1 Full wave numerical methods

From the electromagnetic radiated emission point of view, interconnects in
digital circuits can be treated as antennas having unexpected electromagnetic

emissions. Many approaches have been proposed to model the radiated
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emissions from those interconnects. Conventionally, full wave numerical

methods are a common approach [6]-[20]. The most popular full wave

numerical techniques are:

¢ Finite difference time domain methods (FDTD) [21]

¢ Finite element methods (FEM) [22]

e The method of moments (MoM) [23]

e The partial element equivalent circuit (PEEC) method [24]

The full wave numerical techniques used for the evaluation can be

classified according to which formulation of Maxwell’s equations are solved

numerically. (1.1)-(1.4) are Maxwell’s equation in differential form and (1.5)-

(1.8) are Maxwell’s equation in integral form. (1.9)-(1.11) are three medium-

dependent equations.

oD
VXH_]+E
oB
VXE__E
V-D=p,
V-B=20

aD
$, H-dl=[, J+5)-dS

§ E-dl=—[ 22-ds

s ot

¢ D-dS=[ pydv

gﬁs B-dS=0
D =¢E
B =uH
J =0oE

(1.1)

(1.2)

(1.3)

(1.4)

(1.5)

(1.6)

(1.7)

(1.8)
(1.9)
(1.10)

(1.11)



The main differences between the two kinds of full wave numerical

techniques are [25]:

1.

The variation of the discretization methodology. For the techniques
based on the differential form of Maxwell’s equation, the whole space,
which includes the complete structure and the surrounding air, needs to
be discretized. For the techniques based on the integral form of
Maxwell’s equation, the discretization region is the structure only, not
including the air. Hence, for the previous one, more discretized cells
are needed, which leads to more computation storage and time.

The variation of the solution variables. For the techniques based on the
differential form of Maxwell’s equation, the predominant solutions are
E and H, which are field variables. In contrast, for the techniques
based on the integral form of Maxwell’s equation, the predominant
solutions are current and voltage, which are circuit variables. It implies
that the previous one can be used to solve electromagnetic field excited
structures, antenna near field radiation patterns and scattering problems.
The later one is applicable for PCB and EMI analysis. Anyway, the
field variables and the circuit variables can be transformed to each

other through post-processing.



Table 1.5: Main features of the most common numerical techniques [25]

Method FDTD FEM MoM PEEC

Formulation Differential Differential Integral Integral
Solution

) Field Field Circuit Circuit
variables
Solution

) TD or FD TD or FD TD or FD TD and FD

domain

These full wave numerical methods are widely adopted in commercial
microwave software. Ansoft HFSS, the first commercial 3D EM simulation
software in the world, adopts the FEM method. It can be used to simulate the
S parameters and the EM fields for any arbitrary passive structures. Other
softwares such as ADS, Sonnet and Microware Office adopt the MoM method,
while EMPIRE and XFDTD adopt the FDTD method.

For better explaining these full wave numerical techniques, detailed

descriptions for each full wave numerical technique are followed.

A. Finite difference time domain method, FDTD

The discretion of FDTD method should take consider of the complete
structure and the interested frequency range. The dimension of the discretized
cells should be applied to the whole structure including the thinnest section
and should not exceed to one tenth of the shortest wavelength in the frequency
range.

The discretized cell, which is defined as Yee cell [26], is illustrated in Fig. 1.1.
The electromagnetic field components, Hx, Hy, Hz, Ex, Ey, Ez, are defined as

below.




1\Ez Hx
- 4

Az Hy'!
B

AX

Fig. 1.1: FDTD cell with electromagnetic field components [26].

(1.12) and (1.13) are the Yee cell expressions in a rectangular

coordinate system [21].

aHz_aHY EaEX
dy 0z at Ix
aHx_aHZ = EaEy + ]Y (1.12)
0z ax at Iz
dHy dHy ¢2Fz
dx 0y at
/aEz_aEy _ 6HX
dy 0z u at
dEx 0Egz uaHy (1.13)
0z ax at
aEy aEX #aHZ
dx at

The basic FDTD equations can be derived by substituting time and
spatial partial derivatives with finite difference expressions [21].

The equations are then solved by:

1. Computing the electric field components throughout the whole
structure.
2. Reduce the time step by At/2, in which At refers to the electromagnetic

wave propagation time between the nodes.
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3. According to the electric field components obtained in 1, compute the
magnetic field components throughout the whole structure.

4. Advance time by At/2 and repeat the procedure from 1.

B. Finite element method, FEM
To explain the FEM method, a partial differential equation (PDE) described by
the function u is considered first as (1.14) [22]:

Lu=f (1.14)
where L is a PDE operator and f is the excitation function. In order to
formulate the function, the investigated structure should be dicretized into
finite elements. Each finite element can be expressed as a sum of known basis
functions u,.;, with unknown coefficients «;. Hence, the function F, for each
FEM element can be written as (1.15):

Fp = Yvi aiue (1.15)
where the value of 7 is decided by the type of finite elements, as shown in Fig.

1.2 [27]. For example, for the two-dimensional rectangular elements, i = 4.
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(a)

AVANER VA
s

Fig. 1.2: The type of finite elements used in discretization: (a) One-
dimensional, (b) two-dimensional, and (c) three-dimensional [27].

Therefore, the total function F in FEM method can be expressed as the
sum of the function F, for each FEM element as in (1.16)
F=YyF (1.16)
where e is the number of finite elements in the discretized structure.
At last, the function has to be minimized for the entire region and
solved for the unknown value o; .
Compared with FDTD method, FEM method can be used to handle

more complex geometries and more complex loading conditions.
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C. Method of moments, MoM
The theoretical derivation [23] of MoM method should be initiated by the
proper Green’s function G applied to an unknown function / with a linear
operator L as shown in (1.17):
LI=f (1.17)

where f'is the known excitation function for the system.

In the next step, the function / can be expanded as a series of functions
u; with unknown parameters /;, as in (1.18):

I'=%i T (1.18)
where u; are known functions, called basis functions. Since the values of /; are
unknown, we need to combine (1.17) and (1.18) to derive n equations [27].
This will lead the final expression for the problem to be in matrix form as
(1.19)

2111 = [V] (1.19)
where [ V] refers to voltage matrix, [Z] refers to generalized impedance matrix

and [/] refers to current matrix.

D. Partial element equivalent circuit method, PEEC

In order to derive the theoretical expression for PEEC method, the total

electric field E at observation point r is firstly expressed as in (1.20) [25]
E(r,w) = —jwA(r,w) — Vo (r, w) (1.20)

where @ refers to the scalar electric potential and A refers to the vector

magnetic potential which can be expressed by (1.21)[28]

Ar,w) =puf, Gr, )], w)dv (1.21)
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where v’ is the volume of the conductor, G is the free-space Green’s function
and J is the volume current density at a source point I’.

The expression of @ can be derived by (1.22) [28]

d(r, w) = é [, 6@ rq’, w)dv' (1.22)
where ¢ is the charge density at the conductor.
The full expression for the total electric field E at observation point I can be

obtained by substituting the expressions of A and @ into (1.20), as shown

below
E(r,w) = —jou fv, G(r, )], w)dv' _wa G(r,r')q(', w)dv' (1.23)

For solving (1.23), a group of pulse basis functions with unknown
parameters can be used to substitute the unknown variables J and ¢ [25].
Weighting functions are applied in those pulse functions as the method
introduced in [27]. The geometry is discretized as shown in Fig. 1.3 [25].

According to this discretization strategy, every item in (1.23) can be
equivalent to circuit elements [25]. The first item in the right hand side is the
sum of the voltage drop over the self-partial inductance between the nodes and
the mutual partial inductance between the volume cells. The second item in
the right hand side is the sum of the potential difference over the self-partial
capacitance between the nodes and the mutual partial capacitance between the
surface cells. And the item in the left hand side is the voltage drop over a

volume cell.
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/ ® / Conductor

— Y \_o /Y| Static PEEC model

Fig. 1.3: Quasi-static PEEC model for simple conductor geometry [25].

The direct results of the PEEC method are circuit variables. For field

variables, post-processing work is needed.

1.3.2 Analytical methods

Analytical methods are another approach for the modeling of radiated
emission from interconnects. The basic mechanism to calculate the radiated
emission from interconnects can be expressed as (1.24) [5]:

E(f) =T(HI() (1.24)
where E(f) is the electric field, Tg(f) is the electric transfer function and I(f) is
the spectrum of the current at a generic point of the interconnect. Hence,
finding proper way to compute the current I(f) and express Tg(f)is the main

work.
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Since most radiating interconnects can be easily modeled by
transmission lines or wire antennas, calculating the interconnect current by
transmission line theory and deriving the closed-form transfer function by the
small dipole theory are adopted in many papers [29]-[32]. The main concept is
to segment an interconnect into many short Hertzian dipoles. The
electromagnetic field radiated by this line is then the combination of all
electromagnetic field from each constituent dipole.

The detailed procedure is:

1. Divide the investigated interconnect into a number of electrically short
segments with length dl sufficiently shorter than the wavelength of the

interest frequency.

2. Calculate the distributed current along the interconnect by transmission
line theory.
3. Derive the electric field for each segment by treating it as a small

dipole, which indicates that the transfer function is derived based on

dyadic Green’s function.

4. Compute the total electric field by summing the electric field
contributions for all segments including the contribution of the image
current.

By adopting this analytical method, closed form expressions can be
derived not only for the radiated emission from the interconnects, but also for
the radiated emission from the cables attached to printed circuit boards (PCBs)
and the small apertures [29]. The method is further used for the validation of

some EMI design guidelines for interconnects [29], [33]. In addition, a closed
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form expression for the total radiated power of a microstrip transmission line
can be derived based on this method [30].

It is noted that the transmission line theory can only be used to
calculate the distributed current in straight interconnects. In reality, other
interconnect structures are common. Different methods are proposed in [34]-
[37] to calculate the distributed current in L-shaped interconnects based on the
small dipole theory. [34] obtains the distributed current by MoM technique,
while [35], [36] obtains the distributed current by another numerical method
called travelling wave method (TWM). And [37] obtains the distributed
current through the lumped circuit equivalent model using programs based on
equivalent circuit methods and full wave EM techniques. Although these
methods can provide accurate results, the implementation of numerical
methods leads to the time consuming problem.

For the interconnects in digital circuits, the load might be a non-linear
dynamic digital device. In this condition, the distributed current cannot be
simply derived by transmission line theory. In [38] and [39], it is suggested to
derive the distributed current in a circuit simulator with the use of proper
capacitors to model digital receivers. Hence, the radiated emissions from the
interconnects connecting to operating digital devices can be easily modeled.

In EMC problems, the maximum radiated emission is the most critical
value. Hence, the early papers [29]-[39] focus the investigation of radiated
emission on the maximum radiated emission direction only. In order to reduce
the calculate complexity, they purposely choose the case which has the
maximum radiated emission along the propagation direction. In this condition,

the general dyadic Green’s function can be deduced to a simplified expression.
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Later papers [40]-[45] consider more general cases, i.e., the radiated emissions
of the investigated PCBs in 3-D direction. The closed form of dyadic Green’s
function is derived in far field by saddle-point method [46]-[48] or by
reciprocity application [49]. Based on the closed form dyadic Green’s function,
in [43] [44] another method is presented to treat the L-shaped interconnect, by
using a lumped model to model the bent corner in the circuit simulation
process. Compared with [34]-[37], this method is much easier and faster, so it
is also adopted in the thesis for L-shaped interconnects. Although almost all
the papers adopting this method declare that the agreements between the
measurement results and the evaluation results are good, the real comparison
plots do not show that in the case of the interconnects in digital circuits. The
“agreement” between the measurement results and the evaluation results for
the radiated emission from interconnects in digital circuits is only in envelope
level with difference varied from 5-20 dB along the maximum radiated
emission direction.

It is noted that the analytical method only works in quasi-TEM mode,
in which the cross-sectional dimensions of the interconnects are much smaller
than the wavelength of interest frequency. The valid frequency range for the

quasi-TEM propagation can be calculated as [40]

f ~ 21.3[GHZ]
g:stat ™=y [mm]+2h[mmVe, +1

(1.25)

In which w represents the trace width, 4 represents the dielectric thickness and
e, represents the relative permittivity. In addition, this method is based on the
assumption of infinite ground so for the interconnects with very small ground

plane, the accuracy of the prediction results will be influenced.
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1.3.3 Near-field-far-field (NF-FF) transformation methods

Recently, a popular strategy for modeling the radiated emission from a device
under test (DUT) is to perform a transformation from near field scanning
results for the field [40]-[62]. The main concept is to reconstruct an equivalent
source from the near field scanning firstly, and then derive the far field
radiated emission from the reconstructed source by numerical methods. There
are many articles introducing the source reconstruction method (SRM) [55],
[56], [62]-[65]. The calculated equivalent sources are either electric/magnetic
dipoles [50]-[56] or electric/magnetic current sources [57]-[65].

The main advantage of the method is the simplicity and efficiency
compared with the traditional full wave numerical methods, as this method
does not need to mesh the real PCB with complicated circuit structure.

However, the inverse process tends to produce various solutions,
which makes it difficult to find a reliable equivalent model. And it is difficult
to balance the resolution of dipoles or current sources with the computation
time. The most serious drawback is that for a dynamic signal circuit, which is
the case for digital circuits, there is still no way to reconstruct the equivalent
source model. Hence, this method is not suitable for the investigation of the

interconnect in digital circuits.

1.3.4 Conclusions

Three major kinds of approaches for the modeling of radiated emission from
interconnects are introduced. The full wave numerical method is accurate and

can be applied for the high frequency range. However, it has the drawback of
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significant storage and time computing requirements. The analytical method is
the fastest and most convenient method, and good at storage saving. However,
the frequency limitation because of the quasi-TEM mode requirement and the
infinite ground assumption need to be noted in application. The near-field-far-
field (NF-FF) transformation method is faster and easier than the full wave
numerical method but slower and more complex than the analytical method.
And its drawback for digital circuits makes it not suitable for the
investigations in this thesis.

Therefore, the modeling of electromagnetic radiated emission from
interconnects is accomplished in this thesis by adopting the improved
analytical method with the use of digital behavior models, which are popular
in the industry nowadays. Compared with the past work, this thesis not only
considers dynamic load conditions, but also the dynamic driver condition for

the interconnects.

1.4 Motivation, Scope and Thesis Organization

With the increasing of clock frequencies in digital devices, the
electromagnetic emission from interconnects in digital circuits also increases.
When the electromagnetic emission reaches a certain level, it may lead to
complex EMI problems among digital circuits, which severely influence the
performance of digital circuits. Therefore, a stable and reliable digital device
with limited electromagnetic emission should be designed. Two regulations

restrict the electromagnetic emissions from digital products. One is published
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by the FCC in the United States, and the other is published by CISPR. The
second one is more adopted in Europe.

Usually, design engineers of digital products tend to separate the SI
analysis and EMC analysis, as the SI analysis involves the circuit simulation
and the EMC analysis involves full wave electromagnetic simulations. Thus,
the design cycle is quite long because of the significant computing time and
memory requirements in EMC analysis. To address these problems, this thesis
focuses on the modeling of far field radiated emission from the interconnects
in digital circuits based on circuit simulation results, which is a practical
solution to shorten the design cycle. The research in this thesis focuses on far
field effects only and does not include near field effects. Therefore, this thesis
does not address possible near field interconnections within a device.

The main contributions of the thesis include:

1. Adopt IBIS models to improve the accuracy of the analytical modeling
method for the far field radiated emission from interconnects in digital
circuits. Traditionally, IBIS models are only applied in signal integrity
analysis and are nowadays widely used in the industry because they
provide significant reductions in simulation time and propriety
information protection. Compared with past investigations using macro
models or lumped models to model digital devices, the largest
difference between the measurement results and modeling results can
be reduced from 20dB to 10dB. In addition, this modeling method
enables the designers to determine the radiated emission from

interconnects directly during the SI analysis.
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2. Accurately model the far field radiated emission from the interconnects
placed between two non-linear dynamic digital devices, i.e., a dynamic
source and a dynamic load. The past investigations mainly focus on the
interconnects with dynamic load so ignore the influence of the
dynamic source on the radiated emission.

3. Investigate the impact of different passive signal integrity
improvement techniques on the electromagnetic radiated emission
from interconnects in digital devices. This is very useful work for
digital circuit design. According to the demonstration, digital designers
can quickly estimate the change in the radiated emission when doing

SI improvements in the design phase.

The thesis is divided into five chapters. The first chapter gives an
overview of the EMC problems and to provide a literature review for the
existing modeling methods for the radiated emission from interconnects.

The second chapter starts with the radiation characteristic introduction
for a single straight transmission line. The influence of the different
transmission line parameters and load impedances on radiated power can be
observed from the corresponding comparison plots. The radiated emission
modeling method used in the thesis is introduced in the following section in
detail. In order to validate the method, it is used to model the radiated
emission from different interconnects with different loading conditions,
different substrate permittivity, different substrate thickness, different lengths
and different geometries. The full wave simulation results obtained by

ANSYS HFSS are used as benchmark to validate those modeling results.
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In the third chapter, the modeling of radiated emission from the
interconnects in digital circuits is investigated. The investigation starts from
the introduction of Input/Output Buffer Information Specification (IBIS)
models, which are widely used behavioral models for digital devices. The
advantages and disadvantages of IBIS models are discussed in the section by
comparing with traditional SPICE models. After that, we use IBIS models to
model radiated emission from the interconnects in digital circuits with the use
of a circuit simulator. In the following section, we extend the application of
the method to the digital circuits with different passive SI improvement
techniques. This is a meaningful work as the designers can use the
demonstrated method to estimate the impact of different SI improvement
techniques on the radiated emission.

In the fourth chapter, the radiated emission measurement work is
presented. Firstly, the measurement setup is introduced. Then the
measurement results for the different interconnects in simple RF circuits are
plotted. The measurement results are compared with the radiated emission
modeling results which are derived from circuit simulation results by the
analytical method. After that, the measurement results for the radiated
emission from different interconnects in digital circuits are plotted and
compared with the corresponding modeling results. The radiated emission
from the interconnects in digital circuits with different passive SI
improvement techniques are also measured and compared with the modeling
results.

In the last chapter, conclusions are given and future work and

recommendations are discussed subsequently.
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Chapter 2

Modeling of the radiated emission

from a single transmission line

2.1 Introduction

In this chapter the radiation characteristic of a single transmission line is
investigated. Then an analytical method for the evaluation of radiated
emission is introduced. This method is applied for a number of different
transmission lines. The modeling results by the analytical method are
compared with full wave 3D simulation results which are used as benchmarks
here and obtained by commercial software ANSYS HFSS based on the FEM

method.

2.2 The radiation characteristics of a single straight
transmission line

2.2.1 The impact of transmission line parameters on radiation

In order to investigate the impact of various transmission line parameters
(characteristic impedance Z), frequency f, substrate permittivity &, and
substrate thickness /) on the radiation, a group of lossless single straight
transmission lines with different parameters are simulated with ANSYS HFSS,
a commercial full wave simulator mentioned in chapter 1 as shown in Fig. 2.1.

The investigated radiation parameter is the radiated power P, Since the
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circuit is set for a totally matched condition, the incident power P;, is set as
IW with the source impedance Zs equal to Zj and the load impedance Z; is
also set equal to Z). Zy is equal to 50 Q. The length of all the transmission lines
is kept equal to a quarter wavelength at 8 GHz, no matter how the other

transmission line parameters change.

— M4, Zo =50 Q

Pn=1W Zv="2Zo
ZSZZ()

v

Fig. 2.1: The circuit structure for the evaluation of radiation from a single
straight transmission line.

The radiated power can be obtained by simulation directly. For the
lossless transmission lines in such condition, it is equal to the value calculated
by

Prog = Pin(1 - |S11|2 - |521|2) (2.1)

It should be noted that in real PCBs, conductor loss and dielectric loss also
exist. Both of them are related to the PCB material used and they increase with
frequency. For a typical 50 Ohm transmission line fabricated on FR4 with 60
mil substrate thickness with a loss tangent of 0.018 and 0.50 oz/ft* copper foil,
the conductor loss can reach -0.0002 dB/mm at 1 GHz and -0.00067 dB/mm at
10 GHz. Dielectric loss for such typical transmission line can reach -0.003

dB/mm at 1 GHz and up to -0.029 dB/mm at 10 GHz.
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In the thesis, in order to focus the investigation on the radiation property, the
conductor loss and dielectric loss are purposely eliminated in the experiment
by setting the TL conductor material as perfect conductor and the dielectric
material with tanD=0. Hence, only in such condition is Equation (2.1) valid.

In the investigation, we keep the substrate thickness same for all the
transmission lines as 2 = 0.635 mm, but vary the substrate permittivity ¢,. The
corresponding transmission line dimension data, i.e. width (/) and length (L),
are derived as shown in Table 2.1. The variances of width and length are used
to ensure the same Z; (50 Q) and electrical length (A/4) for the TLs with
different substrate permittivity as indicated in Fig.2.1. Hence, no matter how
the substrate permittivity changes, the characteristic impedance and electrical
length are kept the same by adjusting the TL width and length. The frequency

range for the simulation is 4-6 GHz.

Table 2.1: The transmission line geometry parameters

=22 &=06.15 e=10.2
Width Length Width Length Width Length
(mm) (mm) (mm) (mm) (mm) (mm)
1.91 6.82 0.90 4.45 0.57 3.59

The radiated power for the single straight transmission line with
different ¢,and f are plotted in Fig. 2.2, by keeping 4 = 0.635 mm. According
to these results, it is observed that:

1. For the same substrate, the radiated power increases when f increases.
2. For the same frequency and substrate thickness, the radiated power

increases with decreasing &,.
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Fig. 2.2: The radiated power for the single straight transmission lines with
different ¢, and f when 4 = 0.635 mm.

In order to explain the second observation, a microstrip transmission
line can be considered as a patch antenna. When % keeps constant, decreasing
¢ makes the fringing fields at the edges of the patch antenna become more
bowed, i.e., the fringing fields can extend further away, so the radiation is
strengthened [66].

In addition, the radiation of a microstrip line is also inversely
proportional to W/h ratio when the trace current keeps constant and other
geometry values are unchanged. It is because the width of the current spread in
the return path is inversely proportional to W/h ratio. And the wider the current
spread, the lower the inductance of the return path is, which further leads to
the lower noise voltage and hence the lower radiation levels. Since the
radiation from the return path is opposite to the radiation from the trace, the

total radiation of the microtrip line is increased with the decrease of the
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radiation from the return path. Hence, the radiation of the microstrip line is
increased with the decrease of W/h ratio.
In conclusion, radiation increases with decreasing substrate

permittivity &,, increasing frequency fand decreasing W/h ratio.

2.2.2 The impact of single straight transmission line

discontinuity on radiation

The impact of lossless single straight transmission line discontinuity on the
radiated power is investigated in this section. The transmission line is defined
as W=19 mm, L =6.8 mm, ¢ =2.2, and & = 0.635 mm. The circuit setup is
shown in Fig. 2.3. The input power is set as 1 W with 50 Q source impedance.
The discontinuity is modeled by different load impedance Z; which is in the

range of [0, 1000] + j*[-1000, 1000] Q.

— W, L, h, &
Pil’l = 1 W}
Zs =50 Q 7y

v

Fig. 2.3: The circuit structure for the evaluation of radiation from a single
straight transmission line.

Fig. 2.4 presents the radiated power of the single straight transmission
line under different loading conditions at 4 GHz and 8 GHz. The radiated
power is directly obtained by ANYS HFSS simulation. It can be observed that

the radiated power varies a lot with the load impedance change. It is because
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the current along the transmission lines varies with the different load
impedance. At 4 GHz, the electrical length of the transmission line is around
one eighth of the wavelength, so the peak of the radiated power happens at Z;
= 0 because of the maximum current at this load condition. At 8 GHz, the
electrical length of the transmission line is around one quarter of the
wavelength, so the valley of the radiated power occurs at around Z; = 0
because of the minimum current at this load condition. Furthermore, it is
found that the radiated power at higher frequency (8 GHz) is always much
higher than the radiated power at lower frequency (4 GHz), which is

consistent with the conclusion in the previous section.

Radiated power at different frequency vs load impedance

0 -1000

ReZ (ohm) ImZ (ohm)

Fig. 2.4: The radiated power for a single straight transmission line under
different loading conditions.

The radiated power can also be predicted by using ADS circuit

simulation. The first step is to simulate the lossless transmission line in HFSS
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to obtain its S parameters by full wave simulation. In ADS, we can directly
connect the S parameter dataset block with different loads and use the circuit
simulator to obtain the voltages and currents at the input and output ports,
which makes the input and output power available. Then the radiated power
can be derived as the difference between the input power and the output power.
The results agree well with the HFSS results. The main advantage of the
method is the reduction in computation time by comparing with the full wave

simulation when loads are varied.

2.3 The modeling method for the radiated emission

2.3.1 The radiated emission for the Hertzian dipole

Since the analytical method adopted in the thesis is based on the dipole theory,
a good understanding for the radiation characteristic for the Hertzian dipole is
necessary.

The Hertzian dipole is defined as an infinitesimal current segment with
a phasor current / kept the same along the segment length [67]. Assume the

dipole is placed along the y-axis with length d/ as shown in Fig. 2.5.
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Fig. 2.5: A Hertzian dipole in free space.

For the far field region, the total electric field expression is

= . x ] 1dleFor A
Eg = —jwAg = —jn,B, cosOsinge, (2.2)
Fr = —iwda = —in g Lae -
¢ = —JwAp = —jn,B, p— cosp ey (2.3)
in which we have
2
Bo = ﬁ = W,/ lo€p and Ny = /Uy /€ (2.4)

If the dipole is place above an infinite perfect ground as shown in Fig.

2.6, the total electric field can derive by using the image theory.
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Fig. 2.6: A Hertizian dipole above infinite ground plane.

Since for far-field observations, 8; = 6 = 0,, then

T =r—hcosf

for phase variations: {Tz ~ 7+ hcosB

for amplitude variations: r; =1, = 7.

Hence, we can derive that

= d . Idl e=JBo(r=hcos6) AP
Ey = —jnobo cosBsing éy
4mr
= d , 1dl e JBo(r—hcos8) N
Ey = —jnoBo o cos ¢ &,
=T . 1dl e~JBo(r+hcos®) . A
Eg = jnobo cos @ sin @ ég

4ntr

I dl e~ JBo(r+hcos®)

Eqbr = jnoBo cos ¢ éqb

4ntr

(2.5)

(2.6)

2.7)

(2.8)

By Euler’s formula, we can easily deduce the total electric field of the dipole

as
— —d . =7 o Ial
Eg =E¢ +Eg =—jopo,—

Ey, = E¢d +Ey = —ja),u()%e‘jﬁor cos ¢ [2] sin(Byh cos 0)]8,
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2.3.2 The modeling method for the radiated emission from a

single transmission line

Nowadays, the widely used modeling methods for the radiated emission from
transmission lines include the full wave numerical methods [6]-[20], the
analytical method [29]-[43] and the near-field-far field transformation method
[50]-[62]. As discussed in section 1.3, the numerical method has the advantage
of high accuracy and wide frequency range, but the disadvantage of storage
and time consumption. The analytical method is storage and time saving, and
can be applied conveniently, but the main trade off is the frequency range limit
and the influence of the infinite ground assumption made in the method. The
near-field-far field transformation method cannot be applied for time variant
circuit, so it is not considered here for the interconnects in digital circuits.

The modeling method adopted here is based on the analytical method.
The main concept of the method is to treat the current in the transmission lines
as the sum of a number of infinitesimal current segments. The current of each
segment, which is the distributed current along the transmission line, can be
obtained by transmission line theory and the radiated emission of each
segment can be obtained by Green’s function. The total radiated emission is
the superposition of each segment. Many papers using the analytical method
are based on the simplified dyadic Green’s function [29]-[34]. The
applications are ranged from straight interconnects to bend interconnects, from
single layered circuit structure to multi-layered circuit structure. However,
compared with the improved analytical method based on full dyadic Green’s
function [40]-[43], those results are only for the radiation perpendicular to the

PCB plane. Therefore, in this thesis, the improved analytical method based on
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full dyadic Green’s function is adopted for modeling the radiated emission of
straight and bend interconnects. Different from [34]-[37], which make use of
numerical method for the bend corner modeling, a simple lumped model is
used for modeling the bend corner in the thesis, as suggested in [43].

The detailed description of the adopted method is divided into two
parts: the distributed current calculation and the field modeling by dyadic

Green’s function based on the current.

A. The distributed current
When the dimension of a microstrip transmission line cross section is
significantly smaller than the signal wavelength, a quasi-TEM mode can be
used to describe the wave propagation along the line. In the quasi-TEM mode,
signal can be transmitted with small distortion. When the frequency is over the
quasi-TEM mode frequency range, the inhomogeneous air/dielectric medium
arises the longitudinal filed components and degrades the signal integrity (SI)
significantly because of the onset of multimodal signal-propagation, intensive
radiation, excitation of surface waves, etc. [37]

The frequency range of the quasi-TEM mode can be calculated by
(1.13). In this frequency range, the distributed current along the trace can be
calculated by transmission-line theory [63]. By assuming the trace along the x-

axis, it can be written as

I(x) = 25 ! (e /Bx — p e IB?Leibx) (2.11)

Zs+Zo 1-pspre~1F2
where ps and pp represent the source and load reflection coefficients
respectively. In addition, the characteristic impedance Z, and the phase

constant  are real values, which indicate that the material losses and radiation
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losses are neglected. This is a reasonable approximation, as those losses are
relatively small for the considered traces.

The distributed current can also be obtained with the cooperation of a
circuit simulator, which can be widely applied for more complicated circuit
structures and interconnect shapes. In the first step, we build a digital circuit in
the circuit simulator. The source and load are modeled by the corresponding
elements and the interconnects are modeled by the transmission line models.
Then the voltage and current at the two-port of the investigated interconnects
are simulated. The distributed current along the transmission lines can be
derived from the two-port voltages and currents, which are Fourier
transformed from the time domain. Fig. 2.7 represents the geometries of a
straight transmission line, whose trace direction is assumed along x-axis. The
distributed current /(x) for the straight transmission line at any position x
along the trace can be calculated by transmission line theory and ABCD

parameters [39] as:

[(x) = %[Sin (BD) X (Ipyee 7B% + L TBx=D — | eIBPx — | IB-D) 4
jeos(Bl) X (% e/BU=x) | e iPx _ |  eIPx _ %e—jﬁ(l—x))]
0 0

(2.12)

where | = x, — x;.
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Fig. 2.7: Geometry and equivalent two-port network of the straight
transmission line.

For the transmission line in bend structure, such as L-shaped structure,
the second method which is worked with a circuit simulator is applied. A
lumped model is used to model the corner effect for simplicity, as shown in
Fig. 2.8. The two-port currents and voltages (Vin, Iin, V2, o) and (V3, I3, Vo,
L,;) can be easily extracted by circuit simulation. By replacing (Vin, L, Vous
Low, I) with (Viy, Lin, V2, I, 1) ot (V3, I3, Vous, Lous [2) in the straight interconnect
case, we can obtain the distributed current /(x) and /,(y) in the L-shaped

transmission line.
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Fig. 2.8: Geometry and equivalent two-port network of the L-shaped
transmission line.

The capacitance used to model the corner effect can be calculated by
the formula as [69]:

for W/h<1

(14er+12.5)W
CBend _ TT—(1.835T—2.25)

w W/h

pF/m (2.13)

for W/h>1
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Cgend __ (9.5&,+1.25)W
w h

+5.2¢,+7.0 pF/m

B. Dyadic Green’s function

(2.14)

The radiated emission can be directly computed from the distributed current

with the dyadic Green’s function. For the straight microstrip transmission line,

the radiated emission can be contributed by the x-directed current /(x) along

the trace in x-direction and the z-directed current /,(x; y;) and I(x,, y.) through

the via holes at the source and load points respectively, so the total radiated

emission E, () can be expressed as [39]

By (F) = [ L(x")Gy (F,7)el*o™ erdx’ + [ L(x;, v,)G, (F,77)el*or erdz’ —

where

J L(xe, ¥.)G, (f,TT’)ekaF'érer

r' - &, = x'sinfcos¢p + y'sinbsing + z'cosh

Gy = ";’“(’(”")Axw $)
G, =12 4,9, ¢)

G, =2 4,6, )

41
A,(0,¢) = (R, — 1)cosBcos - ég + (R, + 1)sing - &,
A,(0,¢9) = (R, — 1)cosBsing - ég — (R, + 1)cose - é4

(Ry+1)sinf ,

AZ(H’ ¢) = grcos (kgvh) o
_](E coSG)tan (kovh)
YT LG gpsgtan (kovh)

1+ '(Covse)cot(kovh)
T 1-j(—2)cot(kovh)

h
cose
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(2.16)

2.17)

(2.18)

(2.19)

(2.20)

2.21)

(2.22)

(2.23)

(2.24)



v = ,/& — sin?0 (2.25)
For the L-shaped microstrip transmission line, the total radiated
emission is the superposition of the radiated emission from the trace part in x
direction and the radiated emission from the trace part in y direction. The
radiated emission of the trace part in x direction E, (7) is composed of the x-
directed current /,(x) along the trace in x-direction and the z-directed current
L(x;, y;) through the via hole at the source end. The radiated emission of the
trace part in y direction Ey(f) is composed of the y-directed current [(y)
along the trace in y-direction and the z-directed current /, (x4, y4) through the
via hole at the load end. The expressions are shown as below:
E () = [ L(x")Gy (7, 7)elkom rdx’ + [ 1, (xy, y1)G, (7, 77)eTkoT " erd 7’
(2.20)
E,(7) = [ 1,(x")G,, (F,7)elkom erdy’ — [ I,(x4,y4)G, (7, 77)el ko7 érdz’

(2.27)

2.4 The application of the modeling method for various
transmission lines

2.4.1 The application of the modeling method for the
transmission lines under different loading conditions

The analytical method based on dyadic Green’s function is adopted to model
the radiated emission from a microstrip transmission line in different loading

conditions. The modeling results are compared with the results obtained by the

HFSS simulations, while the later one is used as a benchmark.
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The straight microstrip line is designed as in Fig. 2.9 for the
implementation of the method. The substrate has ¢,= 2.2, tand = 0.001, 1 = 1.6
mm = 62 mil. The trace dimension is L = 150 mm, W = 4.9 mm (Z;,= 50 Q).

The input excitation is set as 1 volt with 50Q source impedance.

y
@ g W = 4.9 mml—> x pp
ZSZSO ZL
L =150 mm

Fig. 2.9: The circuit connection of the straight line.

When the load impedance of the transmission line is set as 50 Q for the
matched load condition, the 3D radiation patterns can be obtained by the
analytical method based on dyadic Green’s function as described in the
previous section. Two 3D radiation patterns for the transmission line at 1 GHz
are shown in Fig. 2.10, in which (a) represents the HFSS result and (b)
represents the modeling result based on Dyadic Green’s function. The

observation point is 3 meters from the center of the trace in the range of 0 <

6 <~,0 < ¢ < 27, as defined in Fig. 2.11.
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Fig. 2.10: The 3D radiation pattern for the straight microstrip line with 50 Q
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Fig. 2.11: The observation point for 3D radiation pattern plot

The 3D radiated pattern is in the unit of V/m. And since the infinite
ground condition is assumed for the method, the results are only shown in
upper hemisphere.

It can be easily found that the radiation pattern based on the modeling
results by dyadic Green’s function is very similar to the radiation pattern by
HFSS simulation. The difference between the 3D modeling results by dyadic
Green’s function and the 3D results by HFSS full wave simulation is further
calculated in dB unit and plotted in Fig. 2.12. It can be found that for most of
the location points, the two results are agreed well with around 0-0.2 dB
differences. At few locations, the differences are large and sometimes close to
10 dB. Those locations are corresponding to the places where the radiated
emissions are extremely small and close to 0 dBuV/m, which can be read
correspondingly from Fig. 2.10, so the results are very sensitive. The
difference for those locations is actually at the same level as the difference in
other locations in magnitude. The situation is like two groups of data: (a) 10 vs
9.95 (b) 0.1 vs 0.05. Although the absolute difference for both case is the same

(0.05), in dB, the difference for case (a) is 0.044 dB and for case (b) is 6.02dB.
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And since the radiation values are already in the unit of dBuV/m, those
extremely small values are typically lower than the sensitivity of the radiated
emission measurement system. Those small radiated emission values are not
the main concern when people consider EM problems. Therefore, it can be
concluded that the 3D radiation pattern based on the modeling results by

dyadic Green’s function agrees well with the HFSS 3D radiation pattern.

30~

|
|
|
|
|
20 |- L
|
|
10 - |
|

Difference (dB)

0 Theta (degree)

Phi (degree)

Fig. 2.12: The 3D radiation pattern comparison for the straight microstrip line
with matched load condition.

Same investigations are implemented for the straight transmission line
with more difference loading conditions. Fig. 2.13 shows the 3D radiation
pattern comparisons between the analytical method results and HFSS
simulation results for the straight micrsotrip line when the load impedance is
set as (a) 50 TQ for the open end condition, (b) 0 Q for the short end condition,

(c) 50 pF for the negative reactance end condition and (d) 50 nH for the
44



positive reactance end condition. Excellent agreement is presented between
the modeling results by dyadic Green’s function and the simulation results by
HESS. For a few locations, the difference reaches 3 dB. It is because at those
locations the magnitude of the radiated emission is very small. Therefore, in
magnitude, the modeling results by dyadic Green’s function are still close to

the simulation results by HFSS at those locations.
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Fig. 2.13: The 3D radiation pattern comparison for the straight microstrip line

with different load conditions.
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We also simulated the radiated emission for this microstrip line with
frequency variance. Fig.2.14 presents the radiated emission from the microtrip
line with five different loading conditions at the location of 3 meter from the
center of the trace and 8 = 0° . The frequency is varied from 30 MHz to 1
GHz. In Fig. 2.14, (a) is the radiated emission for the matched load condition
by setting load impedance equals to 50 Q, (b) is the radiated emission for the
open end condition by setting load impedance equals to 50 TQ, (c) is the
radiated emission for the short end condition by setting load impedance equals
to 0 Q, (d) is the radiated emission for the negative reactance end condition by
setting load impedance equals to 50 pF and (e) is the radiated emission for the
positive reactance end condition by setting load impedance equals to 50 nH.
The HFSS simulation result and the modeling result based on dyadic Green’s
function are shown together and compared. By taking the HFSS result as a
benchmark, it can be observed that the results based on analytical modeling
method agree very well with the HFSS result through the whole frequency

range with the difference less than 1 dB for straight transmission lines.
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(c) The radiated emission for the short end condition
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(d) The radiated emission for the negative reactance load condition
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Fig. 2.14: The radiated emissions from the straight microstrip line with
different loading conditions.
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The radiated emissions from the straight microstrip line in different
loading conditions are further compared in Fig. 2.15. It can be found that at
high frequency range, i.e., 0.5-1 GHz, the radiated emission of the positive
reactance end condition is getting close to the radiation of the open end
condition, while the radiated emission of the negative reactance end condition
is getting close to the radiation of the short end condition. This is can be easily
explained as the higher the frequency, the larger the impedance of the negative
reactance end which is represented by an inductor connection and the smaller
the impedance of the negative reactance end which is represented by a

capacitor connection.
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Fig. 2.15: The radiated emission comparison for the straight microstrip line
with different loading conditions.
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2.4.2 The application of the modeling method for the

transmission lines with different materials

In order to further validate the accuracy of the analytical method based on
dyadic Green’s function, the investigation is extended to the microstrip
transmission lines with different materials. Those results are compared with
the results obtained by the HFSS full wave simulations, while the later one is
used as a benchmark.

In this section, two groups of straight transmission lines are designed.
The first group is designed by keeping the same substrate thickness (H = 62
mil = 1.6 mm) but varying the substrate permittivity. The geometry and the
circuit connection of these microstrip lines are same as Fig. 2.9 by setting the
load impedance Z; = 50 Q. The trace dimensions are varied with the substrate
permittivity to keep the characteristic impedance equal to 50 Q and the

electrical length equal to A/2, as listed in Table 2.2.

Table 2.2: The transmission line geometry parameters when H = 62 mil

g=22 g=3.38 =44
Width Length Width Length Width Length
mm) | (mm) | (mm) | (mm) | (mm) | (mm)
4.88 54.60 3.68 45.8 3.04 41.07

The difference between the 3D radiation pattern by dyadic Green’s
function and the 3D radiation pattern by HFSS simulation for each trace at 1

GHz is calculated in dB unit and plotted in Fig. 2.16. The observation point is

3 meters from the center of the trace in the range of 0 < 6 < %, 0<¢ <2m,

as defined in Fig. 2.11.
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(a) The 3D radiation pattern comparison for the transmission line with
RT5880 (&,=2.2).
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(b) The 3D radiation pattern comparison for the transmission line with
RO4003C (&~3.38).
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(c) The 3D radiation pattern comparison for the transmission line with FR4
(e=4.4).

Fig. 2.16: The 3D radiation pattern comparison for the transmission lines with

different substrate permittivity.
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The differences for most locations are around 0-0.2 dB. However, for
some locations, the differences are extremely large and can be close to 7 dB.
Same as we discussed before, those locations are corresponding to the places
where the radiated emissions are extremely small and close to 0 dBuV/m.
Hence, the radiated emissions at these locations are very sensitive. The
radiation patterns by the analytical modeling method are actually very similar
to the radiation patterns by the HFSS full wave simulations.

The radiated emission for these microstrip lines with frequency
variance (30 MHz to 1 GHz) is plotted in Fig.2.17 when the observation point
is 3 meters from the center of the trace at & = 0°. In Fig.2.16, (a) is the
radiated emission for the transmission line with g, = 2.2, (b) is the radiated
emission for the transmission line with .= 3.38, (c) is the radiated emission
for the transmission line with ¢, = 4.4. By observing the plot, it is found that
the differences between the modeling results and HFSS simulation results are
less than 1 dB. Hence, it can be concluded that no matter how the substrate
permittivity changes, the radiated emission calculated by the analytical
modeling method agrees well with the radiated emission simulated by HFSS

for straight transmission lines.
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(b) The radiated emission for the transmission line with RO4003C (g,=3.38).
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(c) The radiated emission for the transmission line with FR4 (g,~4.4).

Fig. 2.17: The radiated emissions from the straight microstrip line with
different substrate permittivity.
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In Fig. 2.18, the radiated emissions from the straight microstrip line
with different substrate permittivity are further compared. It can be found that
for the transmission line with same electrical length, characteristic impedance
and substrate thickness, the radiated emission is increased with the decrease of
the substrate permittivity. It is because that decreasing the substrate
permittivity makes the fringing fields at the edges of the transmission line
become more bowed, i.e., the fringing fields can extend further away, so the

radiation is strengthened.
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Fig. 2.18: The radiated emission comparison for the straight microstrip line
with different substrate permittivity.
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The second group of the transmission lines is designed by keeping the
same substrate permittivity (e,= 2.2) but varying the substrate thickness. The
geometry and the circuit connection of these microstrip transmission lines are
same as Fig. 2.9. The trace dimensions are varied with the substrate thickness
to keep the characteristic impedance equal to 50 Q and the electrical length
equal to A/2, as listed in Table 2.3.

Table 2.3: The transmission line geometry parameters when g,= 2.2

H =20 mil H =31 mil H =62 mil
Width Length Width Length Width Length

(mm) (mm) (mm) (mm) (mm) (mm)

1.54 54.77 2.40 54.70 4.88 54.60

The difference between the 3D radiation pattern by dyadic Green’s
function and the 3D radiation pattern by HFSS simulation for each trace
loaded with matched impedance at 1GHz is calculated in dB unit and plotted

in Fig. 2.19. The observation point is 3 meters from the center of the trace in

the range of 0 < 0 < g, 0 < ¢ < 2m, as defined in Fig. 2.11. In Fig.2.19, (a)

is the radiated emission for the transmission line with 20 mil substrate
thickness, (b) is the radiated emission for the transmission line with 31 mil
substrate thickness, (c) is the radiated emission for the transmission line with
62 mil substrate thickness.

By observing Fig. 2.19, it can be found that the differences are around
0-0.2 dB for most location points. Same as those previous cases, the locations
having significant difference values are corresponding to the locations having
extremely small radiations. Hence, although the difference is large in dB unit,

the difference is rather small in magnitude actually. The 3D radiation patterns
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by dyadic Green’s function is mimic to the 3D radiation patterns by HFSS

simulations no matter how the substrate thickness changes.
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(a) The 3D radiation pattern comparison for the transmission line with 20 mil
substrate thickness.
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(b) The 3D radiation pattern comparison for the transmission line with 31 mil
substrate thickness.
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(c) The 3D radiation pattern comparison for the transmission line with 62 mil
substrate thickness.

Fig. 2.19: The 3D radiation pattern comparison for the transmission lines with

different substrate thicknesses.
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The radiated emission for these microstrip lines with frequency
variance (30 MHz to 1 GHz) is plotted in Fig.2.20 when the observation point
is 3 meters from the center of the trace at 6 = 0°. In Fig.2.18, (a) is the
radiated emission for 20 mil substrate thickness, (b) is the radiated emission
for 31 mil substrate thickness, (c) is the radiated emission for 62 mil substrate
thickness. By observing the plot, it is found that the differences between the
modeling results and HFSS simulation results are less than 1 dB. Hence, it can
be concluded that the radiated emission modeled by the dyadic Green’s
function always agrees well with the radiated emission obtained by HFSS full
wave simulations for straight transmission lines, no matter the changes of the

substrate thickness.
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(c) The radiated emission for 62 mil substrate thickness.

Fig. 2.20: The radiated emissions from the straight microstrip line with
different substrate thicknesses.
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The radiated emissions from the straight microstrip transmission line
with different substrate thicknesses are further compared in Fig. 2.21. From
Fig. 2.21, it can be concluded that for the straight transmission lines with same
characteristic impedance, electrical length and substrate permittivity, the
radiated emission increases with the increase of the substrate thickness.
According to Table 2.3, it can be easily found that the W/h ratio for this group
of transmission lines is nearly the same, so the difference in radiated emission
is not caused by the return current radiation which decided by W/h ratio.
However, when the substrate thickness increases, the fringing field increases
too. In addition, for keeping the same characteristic impedance, the higher
substrate thickness corresponds to the larger width, which provides wider
radiating edge for the fringing field.

Therefore, by observing Fig. 2.18 and Fig. 2.21, we can make a
recommendation that for reducing the radiated emission, a substrate with
higher substrate permittivity and thinner substrate thickness is better. However,
in real application, we also need to consider the trade off with the conductor

loss and dielectric loss.
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Fig. 2.21: The radiated emission comparisons for the straight microstrip line
with different substrate thicknesses.

2.4.3 The application of the modeling method for the

transmission lines with different geometries

Besides the straight transmission line, we extend the investigation to L-shaped
transmission line and U-shaped transmission line in this section, in order to
investigate the influence of transmission line geometry on the accuracy of the
radiated emission modeling method.

The L-shaped microstrip line is defined as in Fig. 2.22. The substrate
has ¢,= 2.2, tand = 0.001, 2 = 1.6 mm = 62 mil. The trace dimensionis L;= L,
=75 mm, W=4.9 mm (Z,= 50 Q). The input excitation is set as 1 volt with 50

Q source impedance. The observation point is 3 meter from the center of the

trace in the range of 0 < 6 < g,O < ¢ < 2m.
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W =49 mm

L;=75 mm

Zs=50Q

Fig. 2.22: The geometry of the L-shaped microstrip line.

For the L-shaped transmission line, we make the similar 3D radiation
pattern comparison between the modeling results by dyadic Green’s function
and the HFSS simulation results as for the straight transmission line. The
result is calculated in dB unit and plotted in Fig. 2.23 for the matched load
conditions. It can be found that the difference for most locations for this case
is around 0.4-0.6 dB, which is a bit larger than the 0-0.2 dB difference of the
straight transmission line with the same material and loading condition. Some
locations show large difference around 7 dB. Same as before, these locations
are corresponding to the locations having extremely small radiated emission
values. Therefore, the difference magnitude is close to the difference at other

locations.
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Fig. 2.23: The 3D radiation pattern comparison for the L-shaped microstrip
line with matched loading condition.

The radiated emission for the L-shaped microstrip line with frequency
variance (30 MHz to 1 GHz) is plotted in Fig.2.24 when the observation point
is 3 meters from the center of the trace at 8 = 0°. The difference is less than 1

dB over the whole frequency range.
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Fig. 2.24: The radiated emissions from the L-shaped microstrip line with
matched load condition.
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Good agreement can be observed for both 3D radiation pattern
comparison and the frequency varied comparison. The comparisons are also
made to other load conditions, such as the short end condition, open end
condition, positive reactance load condition and negative reactance load
condition. Similar to the straight transmission line, the agreement for those
conditions are well and even better than the agreement for matched end
condition.

The U-shaped microstrip line is defined as in Fig. 2.25. The substrate
has ¢,= 2.2, tand = 0.001, # = 1.6 mm = 62 mil. The trace dimension is L;= L,
= L;=50 mm, W =4.9 mm (Z,= 50 Q). The input excitation is set as 1 volt

with 50 Q source impedance. The observation point is 3 meter from the center

of the trace in the range of 0 < 0 < %,O < ¢ < 2m.
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Fig. 2.25: The geometry of the L-shaped microstrip line.
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The 3D radiation pattern comparison between the modeling results by
dyadic Green’s function and the HFSS simulation results as for the U-shaped
transmission line is plotted in Fig. 2.26. It can be found that for most of the
location points, the two results are agreed well with around 1-3 dB differences.
At some locations, the differences are large and sometimes close to 10 dB.
Again, those locations are corresponding to the locations where the radiated

emission values are extremely small.
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Fig. 2.26: The 3D radiation pattern comparison for the L-shaped microstrip
line with matched loading condition.

The radiated emission for the U-shaped microstrip line with frequency
variance (30 MHz to 1 GHz) is plotted in Fig.2.24 when the observation point
is 3 meters from the center of the trace at 8 = 0°. The difference is less than 3

dB over the whole frequency range.
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Fig. 2.27: The radiated emissions from the U-shaped microstrip line with
matched load condition.

Acceptable agreement can be observed for both 3D radiation pattern

comparison and the frequency varied comparison. The comparisons are also

made to other load conditions, such as the short end condition, open end

condition, positive reactance load condition and negative reactance load

condition.

The differences between the modeling results and the HFSS simulation

results for the three different geometries can be listed as below.

Table 2.4: The differences between the modeling results and the HFSS
simulation results for the three different geometries

TL The difference from the 3D | The  difference  from  the
geometry | radiation pattern comparison (dB) | frequency varied comparison (dB)
Straight 0-0.2 0-1
L-shaped 0.4-0.6 0-1
U-shaped 1-3 0-3

70




Please note that the difference from the 3D radiation pattern comparison is
obtained by ignoring the locations where the difference value is large in dB
but the radiated emission value is extremely small in magnitude.

It can be found that the difference for the L-shaped transmission line is
worse than the difference for the straight transmission line and the worst case
difference can be up to 3 dB for the U-shaped transmission line. Hence the
modeling accuracy of the analytical method for the L-shaped transmission line
is a bit influenced by the appearance of the transmission line bends and
discontinuities. And this is more significant in the U-shaped transmission line
modeling. Therefore, it should be noted that the spurious radiation caused by
transmission line bends and discontinuities cannot be very accurately modeled
by this method. However, the accuracy is acceptable by considering its

advantage in the time and storage saving and complexity reduction.

2.5 Conclusions and recommendations

In this chapter, the radiation characteristics of a single straight
transmission line are studied by varying the transmission line parameters, the
simulation frequency and the load impedance. The radiated power is
significantly affected by the load impedance and increases with decreasing
substrate permittivity &,, increasing frequency f and decreasing W/h ratio. In
the following section, the analytical method for electromagnetic radiated
emission modeling based on dyadic Green’s function is introduced in detail.
The method is further adopted to investigate the radiated emissions from the

transmission lines with different loading conditions, different substrate
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parameters and different geometries. By comparing with the HFSS simulation
results, it is found that the accuracy of the method is not influenced by the
loading difference, substrate parameter difference and wire length difference.
However, the accuracy is limited by the geometry complexity as the spurious
radiation caused by transmission line bends and discontinuities cannot be very
accurately modeled by this method.

In addition, by comparing the radiated emissions from the
transmission lines with different substrate parameters, it is found that for lower
radiated emission, the substrate with higher substrate permittivity and thinner
substrate thickness is recommended.

In the future work, it might be interesting to expand the radiated
emission investigation to more different structures such as parallel straight line,
double band, T-junction and so on. On the other hand, since the analytical
method is based on the assumption of infinite ground, for the transmission
lines on the PCB with small ground size, the method may not be accurate
enough. It is a meaningful task to improve the method for more general
conditions which including the small ground size condition.

Until now, the investigation is only limited in the circuit with RF input
source and fixed load conditions. In the next chapter, we will further explore

the radiated emission from the interconnects in digital circuit.
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Chapter 3

Modeling electromagnetic radiated
emission from high speed

interconnects in digital circuits

3.1 Introduction

In this chapter, the IBIS model, which is a widely used digital device model, is
introduced in detail. The radiated emission from high speed interconnects in
digital circuits can be easily modeled with the use of IBIS models. Hence, the
evaluation method is presented and validated by full wave 3D electromagnetic
simulation results. Furthermore, this method can be used to investigate the
impact of passive SI improvement techniques on the radiated emission from
different interconnects in digital circuits. This work can help designers to
select the appropriate SI improvement technique taking into account the

radiated emission requirements.

3.2 Principle knowledge of IBIS models

3.2.1 The background of IBIS models

IBIS models describe the analog behavior of digital buffers in a behavioral
model form using plain ASCII text formatted data. IBIS models are widely
used to simulate the impact of interconnects on the performance of digital
circuits. Compared with traditional transistor level models, such as SPICE
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models, IBIS models have two advantages: a reduction in simulation time and
the proprietary information protection. As we know, with the increasing
density of digital integrated circuits, traditional transistor level models
consume unreasonably long computation time and large CPU storage. In
addition, transistor level models tend to reveal the proprietary information,
which is undesirable for manufacturers. Thus, the advantages of IBIS models
make them widely accepted by designers and manufacturers.

The history of the IBIS model starts from 1990s. Intel created the
model for system-level SI analysis as not all the SPICE models for the buffers
in the system are available [70]. Intel developed the model by HSPICE
originally and then improved it to a tool-independent model format as it
realized not all customers can support HSPICE. The IBIS open forum [71]
was then funded by Intel and some other electronic design automation (EDA)
tool venders who also showed interest in the model. Presently the IBIS Open
Forum is supported by over 35 members who are including the semiconductor
venders, computer venders, universities and EDA venders. IBIS 1.0, which is
the first version of IBIS specification, was released in 1993 [72]. The newer
versions of IBIS specification is kept developed until now with continuous
improvements on accuracy and more specified I/O structures. The latest
version is IBIS 6.0 [73], but for most manufacturers in industry, IBIS 3.2 [74]
or lower version is widely adopted. And the latest IBIS modeling cookbook
published on the website of the IBIS Open Forum is for IBIS 4.0 [75]. As a
drawback compatible model, all the IBIS models with old versions are

guaranteed to compatible with the new versions.
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There are usually two ways to generate IBIS models: from SPICE
simulation data or from measurement data. Most manufacturers [70], [76],
such as Texas Instruments, National Semiconductor and etc., choose to
generate IBIS models from SPICE simulation data, as it is difficult to de-
embed the package effect and to create process corner data from measurement
data. In addition, for a new chip design, the measurement is not available, so
the generation of IBIS models from SPICE models is necessary.

The generation of IBIS models from SPICE models can be either done
by the S2IBIS software [77], which can convert IBIS models from SPICE
models directly or by the different method defined by the manufactures
themselves [70], [76]. S2IBIS is written by Java programming language and
can be free downloaded from the website of the IBIS Open Forum. By editing
a command file, an IBIS model can be fast generated from the corresponding
SPICE netlist. The command file consists of a header and a component
description. The header described the temperature range and voltage range, all
the reference values and the package information. The component description
specifies the property of each pin and the model connection to each pin. The
working flow of the S2IBIS software is shown in Fig. 3.1 [72]. There are also
a number of different versions for S2IBIS. The latest version is s2ibis3, which

can generate IBIS 3.2, IBIS 2.1 and IBIS 1.0.
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Fig. 3.1: The work flow of the S2IBIS software [72].

As soon as an IBIS model is successfully created, the first step is to do
a parser check. The IBIS Open Forum also provides the parser software [71],
which is called as “Golden Parser”, to validate the IBIS model file through
syntax checking and basic waveform properties. Simulator venders can
purchase the source code while the object code can be downloaded free of
charge from the website of the IBIS Open Forum. The latest IBIS parser
version is ibischk6. It is recommended to use the latest version of the parser
even if the IBIS model is an old version.

The application of IBIS models is mainly focused on SI analysis. It can
be adopted for SI simulation in the range from single interconnects to complex
PCB circuits [78]-[80]. However, when the absence of internal wiring
information of IBIS models protects the proprietary information, it also leads
to some limitations for IBIS models [81]-[87]. The detailed explanation about
these limitations will be given in section 3.3. The most significant influence of
these limitations on SI analysis is the overestimation of simultaneous
switching noise (SSN). This overestimation severely degrades the accuracy of

IBIS models in the SI simulations of digital circuit systems. Hence, a lot of
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papers propose the improvement method for this problem [81], [84]-[87]. The
main concept is to add some external circuits or macro-models to compensate
the missing circuit information. Good SI analysis results can be obtained by
those improvement methods. The more accurate SI simulation results can be
obtained by a co-simulation approach which combines the IBIS models with
the 3D full wave EM models of the interconnects [88]. By making some
improvements, the application of IBIS models can be further extended to the
prediction of electrostatic discharge failure at system level [89].

In this thesis, the application of IBIS models is further extended to the
modeling of electromagnetic radiated emission from interconnects in digital
circuits, by making use of the analytical method based on dyadic Green’s
function. The detailed description of the application will be given in section

3.4 and 3.5.

3.2.2 The description of IBIS models

The contents of an IBIS model include [75]:

1) Header section ([File name], [Date], [Source], [Disclaimer], etc.)

2) Component section ([Manufacturer], [Package], and [Pin])

3) Model and Model Type section

4) T/V curves

5) V/tcurves

6) Additional keywords and sub-parameters ([Test data], [External
Model], etc.)
The main function parts of an IBIS model include I/V curves, V/t

curves and some package information. The four I/V curves are used to
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describe the pull-up information, pull-down information, power clamp
information and ground clamp information, respectively. The four V/t curves
are used to describe the transient characteristics of the pull-up and pull-down
for different output loading. The package information is provided as a set of
RLC values for each pin. The basic elements in an IBIS model can be shown
as in Fig. 3.2, in which, the left half represents the input buffer while the right

half represents the output buffer.
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1
|
Clamp [
|
o] Input |
|
Package Pull up || Pull up Power
GND I \ Ramp v/l Clamp
|
Clamp Threshold |
— and | Output
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b Package

GND
Clamp

Input stage - - Output stage ——

Fig. 3.2: The basic elements in an IBIS model [72].

Each IBIS model contains the data for minimum, typical, and
maximum corner conditions [75]. Hence, each I/V and V/t curve contains
three sets of data for minimum, typical, and maximum corner conditions. The
silicon process limits and the operating environment for the process determine
the corner conditions.

Generally, the maximum IV curve represents the largest supply voltage,
while the minimum IV curve represents the smallest supply voltage. Typical
IV curves give the nominal value which describes the ideal situation. The

maximum VT curve represents the fastest process, while the minimum VT
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curve represents the slowest process. The typical VT curve is just for ideal
case.

In system simulations, we usually use the slow mode to determine the
propagation time. And the fast mode is used to estimate overshoot, undershoot
and crosstalk. The slow mode is composed of the smallest voltage supply (min.
IV data), the slowest process (min. VT data), the highest temperature and the
maximum package parasitic values. The fast mode is composed of the largest
voltage supply (max. IV data), the fastest process (max. VT data), the lowest
temperature and the minimum package parasitic values. However, this is not
always the case. Thus, it is recommended to simulate all the corners and
observe which one gives the longest propagation time and which one estimates
the overshoot, undershoot and crosstalk. In conclusion, the corner situations
are very useful in system simulation because they can be used to simulate the
worst case results for different considerations.

Generally, there are maximum four I/V curves in IBIS models, which
are called [GND_clamp], [Power_clamp], [Pullup], [Pulldown]. [GND_clamp]
describes the I-V characteristics when the output is in high impedance state
and referenced at ground. [Power clamp] describes the I-V characteristics
when the output is in high impedance state and referenced at Vg44. [Pullup]
describe the I-V characteristics when the output is in the high logic state and
referenced at Vy4. [Pulldown] describe the I-V characteristics when the output
is in the low logic state and referenced at ground. For most IBIS models (e.g.
3-state model), all the four I/V curves are needed, but for some IBIS models,
less than four I/V curves are required. For example, in the input model, there

are only [GND_clamp] and [Power clamp] I/V curves.
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There are at least two V/t curves. One for the rising edge transient
response is called [Rising Waveform]. And the other for the falling edge
transient response is called [Falling Waveform]. It is recommended to have
four V/t curves, which means two [Rising Waveform] and two [Falling
Waveform]. The two [Rising Waveform] describe the rising edge transient
response for different loading conditions. And it is the same for the two

[Falling Waveform].

3.2.3 The simulation tools of IBIS models

IBIS models can be simulated as a component of a system in Mentor Gaphics,
Signal Explorer, SpectraQuest, XTK, HSPICE, ADS, etc. The main simulators
used in the thesis are HSPICE and ADS.

In ADS, there is a group of symbols for different kinds of IBIS models,
such as input model, output model, 3-state model, open source model and so
on. Users can directly drag an IBIS model symbol into the schematic design
and import the corresponding IBIS model file to define the symbol. The usage
of IBIS models in HSPICE is similar to the usage in ADS, except the circuit is

described in netlist.

3.3 The limitation of IBIS models

3.3.1 The natural discrepancies of IBIS models

The generally used IBIS models [75] have two natural deficiencies. Firstly,
they model I/O buffers only correctly under the assumption that the power

supply rail voltage is constant. This is not a realistic assumption, because, in
80



reality, the power supply rail and ground rail are not ideal conductors but have
parasitic inductances. Hence, there are always voltage fluctuations on these
rails caused by the current driven by different circuit blocks. Besides the
signal current of the buffer modeled by IBIS models, the total power supply
rail current also includes the pre-driver current from the pre-driver circuit, the
bypass current through the on-die decoupling and parasitic capacitances, the
termination current through the on-die termination resistor network and so on.
Therefore, IBIS models cannot accurately model the real power supply rail
current [81].

The second deficiency is the absence of gate modulation effect
modeling [82], [83]. In the IBIS models, the IV data is obtained under a fixed
gate voltage V. Thus, the output current in IBIS models is only related to the

drain voltage. Yet, in real MOSFET devices, the current has a gate voltage

dependency:
w 1,9 . .
lys = .UCoxT [(I(gs — Vth)VdS — ngs] for the linear region (3.1
I3 = uC,, % Vgs — V,)? for the saturation region (3.2)

In reality, a change in V,, leads to a change in the drain current /4. This
is the gate modulation effect. Fluctuations in the power and ground voltages
do occur in reality. These, in turn, produce a change in Vg, Without the model
for the gate modulation effect, IBIS models cannot properly capture this

behavior. Note that this effect is properly modeled when using SPICE models.

81



3.3.2 Limitations of the IBIS model in SSN simulation

IBIS models are widely used in SI analysis. However, it is found that there is a
limitation of IBIS models in simulating SSN, which is defined as “a voltage
glitch induced at power/ground distribution connections within a chip due to
switching currents passing through either wire/substrate inductance or package
lead inductance associated with power or ground rails” [5].

In order to investigate the IBIS model performance in SSN simulations,
the simulation circuit is set up as [82]. Firstly, a buffer consisting of four
identical cascading inverting drivers is defined as in Fig.3.3. The example
driver used here is NXP’s 74LVCO04A.Then, the circuit for SSN simulation is
setup with four identical buffers connected in parallel to the same power

supply rail and ground rail as shown in Fig. 3.4.

IN ouT

Fig. 3.3: The buffer with four cascaded inverting drivers.
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Fig. 3.4: The circuit for SSN simulation with four parallel buffers.

Simple RL circuits are added to model the lossy parasitic inductance of
the power and ground rails. All the buffers are connected to 50 Q terminations.
Three of the four buffers are driven by a simultaneous switching input and the
fourth buffer input, called the quiet line, is directly connected to ground.

The circuit is simulated with the SPICE model provided by NXP [90]
and the IBIS model is generated from the SPICE model using S2IBIS3, which
is the software for converting IBIS models to SPICE models. Thus the SPICE
simulation results serve as the benchmark to assess the accuracy of the IBIS
model.

The output response of the quiet line buffer has significant noise as

observed in Fig.3.5. This noise is the SSN due to the other three buffers
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switching simultaneously. From Fig. 3.5, it is observed that the IBIS model
results overestimate the noise at the quiet line output response. Since the noise
represents the SSN, the SSN voltage by the IBIS model at the power supply

rail should also be larger than the voltage when using the SPICE model.

0.06

— Spice
0.04 A - IBIS
0.02

Voutl (V)

0.00

-0.02

-0.04 L '
0 10 20 30
Time (ns)

Fig. 3.5: The quiet line buffer output response V,,; using the SPICE model
(solid line) and the IBIS model (dotted line).

This is confirmed in Fig. 3.6, where the SSN on the power supply rail
is shown. Therefore, it is concluded that IBIS models tend to overestimate the
simultaneous switching noise compared with SPICE models. This conclusion

is in agreement with observations made in [82].
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Fig. 3.6: The SSN response at V.. using the SPICE model (solid line) and the
IBIS model (dotted line).

3.3.3 Explanation for the IBIS model limitations in SSN

simulation

According to the definition of SSN, the SSN at the power supply rail can be
calculated as

Vioise = L+ dl/dt (3.3)

Since the inductance is the same in both models, the overestimation of

the voltage when using the IBIS model indicates the current switching rate

dl/dt is overestimated. Therefore, the current on the supply rail is simulated

and is shown in Fig.3.7.
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Fig. 3.7: The current at the power rail /.. using the SPICE model (solid line)
and the IBIS model (dotted line).

Two important observations are made from this Fig. 3.7. The first
observation is that the current when using the IBIS model is smaller than the
current when using the SPICE model. This is due to the fact that the pre-driver
current, bypass current, termination current and so on are not accounted for
when using the IBIS model. The second observation is that the current
switching rate dl/dt when using the IBIS model is indeed larger than the
current when using the SPICE model, which is more clearly presented in

Fig.3.8. It is the same case for the current on the ground rail.
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Fig. 3.8: The power rail current switching rate dI/dt using the SPICE model
(solid line) and the IBIS model (dotted line).

In order to find the reason for the overestimation of the current
switching rate when using IBIS models, a simple output driver is analyzed at
the switching edge. We use a CMOS inverter as shown in Fig. 3.9 to represent
the output driver and take the rising edge as an example.

Lo

—0

I JE— — Vout
Vin
ll ds

Vgnd _/\/\/\H| |
L;

Fig. 3.9: The circuit diagram of the CMOS output driver.

|
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In this analysis we only consider the nMOS transistor effect as the
pMOS transistor effect is negligible [84]. At the beginning of the rising edge,
the nMOS transistor is in the cut-off region as Vg<Vy. When the input voltage
Vin gradually increases from 0 and the drain voltage gradually decreases from
1, the nMOS transistor goes into the saturation region. If V;, further increases
until the drain voltage is smaller than V, - Vy, then MOS transistor moves into
the linear region and keeps in this region even after V;, reaches its steady state.

The nMOS transistor drain current /; is also the switching current
passing through the wire/substrate inductance or package lead (represented by
L;) associated with the ground rails. If the first few ground bounces happen in

the saturation region, then
w 2 w 2
lgs = uCox 3L (Vgs - Vth) = UCoyx 3L (Vin - Vgnd_Vth) (3.3)
dlgs Is

Vona = L+ G2 = Ly "% (3:4)
According to (3.3) and (3.4), it is found that the Vs and I affect each
other through V. When the increase of I4s leads to the increase of the dl;y/dt,
Vena 18 also increased according to (3.4), so Vg is reduced and then Iy is
reduced according to (3.3), which is opposite to its initial trend. Hence, this
effect is a negative feedback effect [85]. IBIS models do not incorporate this
negative feedback effect, because it is assumed that V, is constant and equal

to the maximum drain voltage V. Hence, for the IBIS models, the current

always is

w 2 w
Igs = uCox oL (Vgs - Vth) = UCoyx oL Vaa = Ven)? (3.5)
According to (3.5), it is obvious that d/;/dt in the IBIS models is larger

than in the SPICE models.
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If the first few ground bounces happen in the linear region, the current

is given by

w 1,
Igs = 1Cox T [(Vgs - Vth)Vds - _Vds]

2
w 1
= 1Cox | (Vin = Vgna = Ven)Vas — 5 V| (3.6)
dlgs Ids
Vona = L1 'd_‘; =1L '% (3.7)

In this case, the negative feedback effect still exists but does not apply
in IBIS models for the same reason as in the saturation region. The switching

current in IBIS models is given by

w 1,
Igs = ﬂCoxT [(V:qs - Vth)Vds - EVds]

= 1Cox [ (Viaa = Ven)Vaas — 2VE,] (3.8)
which is still larger than the current in reality and causes the overestimation of
dl;y/dt in the IBIS models. Therefore, IBIS models always overestimate the
current switching rate due to the absence of a gate modulation effect model,
irrespective of the fact that the first few ground bounces happen in the
saturation region or the linear region. Similarly, the same conclusion applies to

the falling edge.

3.3.4 Improvement method for IBIS models in SSN simulation

There are mainly two kinds of improvement methods for the IBIS models in
SSN simulations. One is to add external circuits to the current IBIS models
[81], [62], [86], the other is to modify the current IBIS models themselves by
adding more SSN information [91]. The external circuits in the first kind of

improvement methods are always developed from the SSN simulation results
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of the SPICE model circuits, so this kind of methods is not practical. The
second kind of improvement methods does not have this problem. It is
suggested by the committee of IBIS open forum and leads to the updating of
the new version of IBIS models [91], but this new standard has not been
adopted by the industry yet.

The second kind of improvement methods include BIRD95 [92] and
BIRD98 [93]. BIRD 95 suggests adding the I/t tables, which describe the
current waveforms at rising and falling edge from the power reference
terminal of the buffer in IBIS models. BIRD 98 suggests adding the I/V tables,
which provide the effective current of the pullup/pulldown structures of a
buffer by a function of the voltage on the pullup/pulldown reference nodes.
From section 3.3, we know that the inaccurate SSN simulation results when
using IBIS models is caused by the absence of the gate modulation effect,
which affects the simulation results by two ways. The first one is that the
absence of gate modulation effect leads to the inaccurate modeling of the
voltage fluctuations at the power supply rail and ground rail. The second one
is that even if those fluctuation voltages are modeled accurately, the absence
of gate modulation effect makes the output current be invariant with the
change of the gate voltage. BIRD 95 focuses on the improvement on the first
one, while BIRD 98 focuses on the improvement of the second one. BIRD 98
only works on the basis of BIRD 95.

In order to validate the effectiveness of BIRD 95, we add external
current sources to the existing IBIS model circuit to mimic the effects of
BIRD 95. The power supply rail and ground rail currents are extracted from

the previous SSN simulation circuits when using SPICE models. Then two
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current sources, which represent the differences between the SPICE model and
the IBIS model for the power supply rail and ground rail, respectively, are
added to the previous SSN simulation circuits when using the present IBIS

models, as shown in Fig. 3.10.

ICC
LAAAN
L R
Tsupply IBIS model
— circuits
L R
WA -
end

Fig. 3.10: The diagram of the improved IBIS model circuits

The comparison of the V. difference between the SPICE model and
the improved IBIS model with the V.. difference between the SPICE model
and the original IBIS model is shown in Fig. 3.11. It can be observed that the
improved IBIS model circuit can model the V.. fluctuation much better than
the original IBIS model circuit compared to the simulation result using the
SPICE model. The comparison for the Vg, difference is also simulated and
similar to the result shown in Fig. 3.11. As the modeling of the fluctuation of
the gate voltage is improved, the quiet line buffer output response V,,; should
also be improved using the improved IBIS model. The comparison of the V.,
difference between the SPICE model and the improved IBIS model with the
Vous difference between the SPICE model and the original IBIS model is

shown in Fig.3.12. It is indeed observed that the accuracy of the quiet line
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buffer output response is improved significantly using the improved IBIS
model. Thus, by providing enough information for the current at the power

reference terminal, the modeling of SSN performance in IBIS models can be

significantly improved.
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Fig. 3.11: The V.. difference between the SPICE model and the original IBIS
model (dotted line) and the V.. difference between the SPICE model and the
improved IBIS model (solid line).
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Fig. 3.12: The V,,,; difference between the SPICE model and the original IBIS

model (dotted line) and the V,,,; difference between the SPICE model and the
improved IBIS model (solid line).
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3.4 The radiated emission from interconnects with a non-
linear dynamic load

3.4.1 The radiated emission model

In chapter 2, we have introduced the model which can be used to model the
radiated emission from interconnects by using the distributed current along the
interconnects, when voltage source and load impedance are fixed at a certain
frequency. In this section, we still focus on the radiated emission of the
straight interconnect and L-shaped interconnect but the interconnects are
loaded by digital devices, i.e., in a non-linear dynamic load condition. Hence,
we use the same model to derive the distributed current by IBIS models with
the use of a circuit simulator.

In the first step, we build a digital circuit in the circuit simulator. The
digital devices are modeled by the corresponding IBIS models and the
interconnects are modeled by transmission line models. Then the voltage and
current at the two-port of the investigated interconnects are simulated. The
distributed current along the transmission lines can be derived from the two-
port voltages and currents, which are Fourier transformed from the time
domain. After that, the radiated emission can be modeled using the dyadic
Green’s function with the distributed current along the interconnects as

introduced in chapter 2.
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3.4.2 The radiated emission from the interconnects loaded with

a digital receiver

The circuit structure is shown in Fig. 3.13. The source in all cases is a 50 Q
pulse generator at 8 MHz, 50% duty cycle with t,= ty=2 ns, Vign =5V, Vigw
=0V, as shown in Fig. 3.14. The straight line as shown in Fig. 3.13 has L =
150 mm and W = 4.9 mm. Its characteristic impedance is around 50 Q. The L-
shaped line shown in Fig. 3.13 is defined as L;= L,= 75 mm and W = 4.9 mm.
The substrate material are the same for both lines which have ¢.= 2.2, tand =
0.001 and # = 1.6 mm. The dynamic load is the Texas Instruments buffer
74LVCI125A and the corresponding IBIS model is provided by the
manufacturer. The measurement is 3 meters from the center of the

interconnects in the direction of @ = 0.

Source Interconnect Load

Fig. 3.13: The circuit diagram for dynamic load condition.

Voltage (V)

Vhigh

Vlow

tr)

Time (ns)

Fig. 3.14: The circuit diagram for dynamic load condition.
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IBIS models only work in time domain, but the two-port voltage and
current values used for deriving the distributed current along the interconnects
are in frequency domain. To solve the problem, one method is to build a
frequency dependent impedance model to represent the load. The impedance
value is obtained from Fourier transforming the voltage and current value at
the input of the receiver in transient simulation. Then the two-port voltage and
current values in frequency domain can be obtained by the AC simulation
(frequency domain simulation) in which the trace is fed by the frequency
spectrum of the original pulse and the load is represented by frequency
dependent impedance. The frequency-dependent load profile for the
investigated circuit is plotted as in Fig. 3.15. It should be noted that this
frequency dependent impedance is only corresponding to the specific input
pulse. If the input pulse is changed, the frequency dependent impedance will

also change.
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Fig. 3.15: The frequency-dependent load profile.
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The other method is to do the transient simulation to obtain all the two-
port voltage and current values for the interconnects and then to Fourier
transform all the results.

Three kinds of radiated emission results are compared for each
interconnect. The first one is the radiated emission evaluation result derived by
the first method. The second one is the radiated emission evaluation result
derived by the second method. The third result is the full wave simulation
result from ANSYS HFSS as a benchmark.

The radiated emission from the straight interconnect under dynamic
loading condition is shown in Fig. 3.16. The radiated emission evaluation
results of the two different methods are totally the same. The HFSS simulation
result is close to the two evaluation results.

50

45 |
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————— Transient Simulation
—+—HFSS

40}

35
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0 . . L .
10 10° 10

Frequency (Hz)

Fig. 3.16: The radiated emission from the straight interconnect under dynamic
loading condition.
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The radiated emission from the L-shaped interconnect under dynamic
loading condition is shown in Fig. 3.17. The radiated emission evaluation
results by the two different methods are totally the same. The HFSS

simulation result is also close to the two evaluation results.
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Fig. 3.17: The radiated emission from the L-shaped interconnect under
dynamic loading condition.

The good agreement between the two evaluation results confirms the
effectiveness of the frequency dependent impedance. The consistence between
the full wave simulation result and the two evaluation results confirms the
accuracy of the evaluation method. The method can also be applied to other
digital device models such as SPICE models. The procedure is exactly the

same.
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3.5 The influence of various SI improvement techniques
on the radiated emission

3.5.1 Motivation

With the increasing speed and density of digital integrated circuits, the
radiated emission of digital circuits also increases, which makes the SI no
longer the only important issue for desired functional performance. In addition,
EMC standards also put constraints on the radiated emission for commercial
devices. Hence, it is critical to know at the design stage the impact of SI
improvement techniques on the radiated emission of digital circuits, although
it is often ignored in conventional design flows because of the separation of SI
design and radiated emission analysis.

In the last section, we have introduced the method to model the
radiated emission from the interconnects in dynamic load conditions using
IBIS models. Here, we use the same method to extend the investigation to the
interconnects placed between two dynamic digital devices, i.e., a dynamic
source and a dynamic load. In addition, we investigate the influence of various
SI improvement techniques on the radiated emission from interconnects.
Therefore, SI designers can estimate the change in the radiated emission from
the interconnects as soon as they apply common passive SI improvements on
digital circuits and modify the improvement design by considering the
influence on the radiated emission. The interconnects investigated here include
both straight and L-shaped interconnects. The digital devices are modeled

using the corresponding IBIS models provided by the manufacturers.
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3.5.2 Sl improvement techniques

The schematic diagram for the PCB interconnects without any SI
improvement technique is shown in Fig. 3.18(a).The impact of the following
four passive SI improvement techniques [94], [95] on the radiated emission is
analyzed:

1) Series termination technique, shown in Fig. 3.18(b)

2) Parallel termination technique, shown in Fig. 3.18(c)

3) Thévenin termination technique, shown in Fig. 3.18(d)

4) AC termination technique, shown in Fig. 3.18(e)

99



in out
PCB Interconnect JQ_D
(2)
V. out
mn
PCB Interconnect
Rs
(b)

V. Vout

PCB Interconnect

(c)

) R

V. Vou

n

PCB Interconnect
(e) RAC %
CAC
WY

Fig. 3.18: The schematic diagram for the original circuit and the four SI
improvement techniques considered (a) no SI improvement technique; (b)
series termination technique; (c) parallel termination technique; (d) Thévenin
termination technique; (¢) AC termination technique.
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The series termination technique adds a resistor Rg in series with the
source while the total impedance before the interconnect equals the
characteristic impedance Z of the interconnect. Since the output impedance of
the driver varies with the change of the driver’s logic state, the value of Ry is
calculated as the difference between Zj and the average value of the driver
output impedance [96]. The steady state current for the series termination is
zero as the input impedance of the receiver is very high at the steady state.
Thus, the power dissipation in steady state is also zero. Compared with other
passive SI improvement techniques, the series termination technique has the
limitation that it can only apply to the case when the driver output impedance
is less than the characteristic impedance. And this technique reduces the
response speed [5].

The parallel termination technique [94] is the simplest and only
requires a resistor Rp= Z in parallel with the load. However, its steady state
current is nonzero when the digital signal is in the high state, thus there is
power consumption in the high state when using this technique.

The Thévenin termination technique [94] adds two resistors, R; and R»,
in parallel with the load. The parallel combination of R; and R, equals to Zj.
The two resistors serve as pull up and pull down resistors respectively.
Although it has power consumption in the steady state, it reduces driver
burden by supplying additional current to the load.

The AC termination technique [94] is to add a resistor Ryc and a
capacitor Cyc in parallel with the load. As in the parallel termination, the R4c
value is matched to Zj to eliminate reflections. Cy¢ is used to reduce the steady

state power consumption.
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3.5.3 Radiated emission of SI improvement techniques

The radiated emission of the straight and L-shaped interconnects between
digital devices with different passive SI improvement techniques is
investigated using the method introduced in section 3.4. The first step is to
derive the distributed current along the interconnects from the two-port
voltages and currents extracted from circuit simulations with a commercial
circuit simulator. Since the driver and the receiver are modeled by IBIS
models which only worked in time domain, all the two-port voltage and
current values for the interconnects are obtained by transient simulation and
then Fourier transformed to frequency domain. Then the second step is to
model the total radiated emission by dyadic Green’s function with the
distributed current values.

The straight interconnect has L = 150 mm and W = 4.9 mm and the
characteristic impedance is around 50 Q. The L-shaped interconnect has the
same width W and L; = L, = 75 mm. The substrate parameters for both
interconnects are ¢,= 2.2, tand = 0.001 and # = 1.6 mm. Two SN74LVCI125A
buffers from Texas Instruments are used as the driver and the receiver
respectively. The driver is stimulated by a pulse input of 8 MHz, 50% duty

cycle, t, =t,=2ns, Viigh=5V, Vipw=0 V.
7 g

A. Radiated Emission from Straight Interconnect

The maximum radiated emission at » = 3 m for the original circuit and the
improved SI circuits in case of the straight interconnect is shown in Fig. 3.19.
It is noted that the maximum radiated emission from this geometry is generally

around the z-axis (6=0°). From Fig.3.19, it is found that only the series
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termination circuit always has lower radiated emission than the original circuit.
The other three SI improved circuits have higher radiated emission than the
original circuit from 0.03 to 0.2 GHz. They have much lower radiated

emission in the range of 0.2-0.5 GHz and 0.8-1 GHz.
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Fig. 3.19: The maximum radiated emission from the straight interconnect

Since the radiated emission is directly related to the current in the
interconnect, the comparison result for the current at the output of the straight
interconnect (/,,) can be used to explain the radiated emission. The
comparison of the current in the original circuit and the current in the
improved SI circuits in time domain is shown in Fig. 3.20. It is found that by
comparing with the current of the original circuit, (1) the series termination
circuit has smaller current peaks and has zero DC current at the same time; (2)
the parallel termination circuit has smaller current peaks but a significant DC
current in the steady state; (3) the Thévenin termination circuit also has
smaller current peaks but significant DC current in the steady state; (4) the AC

termination circuit has zero DC current, but the current peaks are much larger.
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Hence, among the four different SI improvement termination circuits, only the
series termination circuit has smaller current peak and has zero DC current at
the same time by comparing with the original circuit. All the currents along

the straight interconnect show similar phenomena.
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Fig. 3.20: Time domain current for the straight interconnect

The Fourier transformed time domain current at the same position is
shown in Fig. 3.21. It is found that only the series termination circuit always
has a smaller current than the original circuit current. The other three
improved circuits have much larger currents than the original circuit for
frequencies below 0.2 GHz and have smaller currents only for the ranges of
0.2-0.5 GHz and 0.8-1 GHz. This can be easily explained by the former
observation made from Fig. 3.20.

By comparing Fig. 3.21with Fig. 3.19, we can conclude:

(1) For the original circuit without any SI improvement techniques, the
low current at low frequencies corresponds to low radiated emission at

low frequencies.
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(2) For the circuit with series termination technique, the low current at low
frequencies also corresponds to the low radiated emission at low
frequencies.

(3) For the circuit with parallel termination technique, the high current at
low frequencies corresponds to the high radiated emission at low
frequencies.

(4) For the circuit with Thévenin termination technique, the high current at
low frequencies corresponds to the high radiated emission at low
frequencies.

(5) For the circuit with AC termination technique, the high current at low
frequencies corresponds to the high radiated emission at low
frequencies.

Hence, the trends of the radiated emission totally follow the trends of the

current.
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Fig. 3.21: Frequency domain current for the straight interconnect
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B. Radiated Emission from L-shaped Interconnect

The maximum radiated emission at » = 3 m of the original circuit and the
improved SI circuits in case of the L-shaped interconnect is shown in Fig. 3.22.
For this geometry, the maximum radiated emission is still generally around the
z-axis (6=0"). From Fig. 3.22, it is found that although the radiated emission
envelope for the L-shaped interconnect is different from the radiated emission
envelope for the straight interconnect in the frequency above 0.7 GHz, the
series termination circuit is still the only improved circuit which has smaller
radiated emission than the original circuit over the whole frequency range.
Similarly, the other three SI improved circuits have more radiated emission
than the original circuit in the range of 0.03-0.2 GHz, although they have less

radiated emission in the ranges of 0.2-0.5 GHz and 0.8-1 GHz.
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Fig. 3.22: The maximum radiated emission from the L-shaped interconnect

The current comparisons for the L-shaped interconnect in the time
domain and frequency domain show the same phenomena as the straight

interconnect in Fig. 3.20 and Fig. 3.21. And the trends for the radiated
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emission still follow the trends of the current. The impacts of these SI
improvement techniques on radiated emission from both two kinds of
interconnect structures are consistent with their impact on the distributed
currents, respectively.

Since SI design and radiated emission analysis are usually separated in
conventional design flows, the impact of SI improvement techniques on the
radiated emission is usually ignored. The method presented here can be easily
adopted to model the radiated emission from the interconnects between
dynamic digital devices when these SI improvements or even more
complicated improvements are applied. As mentioned in section 3.4, this
method can be applied not only with IBIS models but also SPICE models. The
further validation of the method is presented by the comparisons of the results
of this method with the measurement results and the results of the method

using SPICE model in chapter 4.

3.6 Conclusions and recommendations

In this chapter, the IBIS model, which is a behavioral model for digital
devices, is introduced and investigated. By adopting the analytical method
introduced in chapter 3 with the IBIS model, the electromagnetic radiated
emission from interconnects in digital circuits can be modeled. Section 3.3
presents the modeling results for the interconnects between a non-linear
dynamic load by comparing with the HFSS simulation results, which is used

as a benchmark. The good agreement proves the accuracy of the method.
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In the following section, the method is extended to the electromagnetic
radiated emission modeling for the interconnects between a dynamic source
and a dynamic load. By implementing different passive SI improvement
techniques on the original circuit, we can evaluate the influence of various SI
improvement techniques on the radiated emission from the straight and L-
shaped interconnects by adopting the method. The discussed termination
techniques are series termination technique, parallel termination technique,
Thévenin termination technique and AC termination technique. According to
the modeling results of the radiated emission, series termination technique
performs better radiation suppression than others. However, it is just the
conclusions obtained from the two specified cases. For more general
conclusion, more different transmission line structures need to be investigated.
In addition, series termination technique has more limitations by comparing
with others, such as the long response time and the application condition that
the characteristic impedance must be larger than the source impedance. Hence,
some active SI improvements techniques need to be explored for better
solution.

In conclusion, this section demonstrates a fast method for designers to
easily predict the radiated emission level as soon as they made any SI
improvements. The measurement validation for the method implemented in

this section will be further presented in chapter 4.
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Chapter 4

Measurement of radiated emission
measurement from high speed

interconnects

4.1 Introduction

4.1.1 The test site for radiated emission measurement

According to the CISPR standards [2], [97], the measurement of
electromagnetic radiated emission should be operated at an open area test site
(OATS). In an OATS, the radiated emission from the device under test (DUT)
can spread over the open area without any reflection, i.e., no reflective objects
inside the area. A perfect infinite ground plane is also required for OATS.
However, the requirement for a standard OATS is hard to achieve.
Hence, practically, the radiated emission is measured in an anechoic chamber
in this thesis. The details of the measurement setup is given in section 4.2, and
the measurement results are given in section 4.3 and 4.4, which are compared

with the results of our radiated emission models.

4.1.2 The antenna for radiated emission measurement

The antennas used for radiated emission measurement must be
broadband antennas. The common used antennas include biconical antennas,

log periodic dipole arrays, bicon/log hybrid antennas and broadband ridged
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waveguide horn antennas. The typical frequency range for biconical antenna
is from 20 MHz to 300 MHz, while for log periodic dipole arrays and
bicon/log hybrid antenns, the frequency range can be extended to several
Gigahertzes. For frequency up to 40 GHz, broadband ridged waveguide horn
antennas are the typical choice.

Besides those common used antenna parameters such as gain, and
directivity, antenna factor (AF) is a critical term for radiated emission
measurement but seldom used in other applications. As a parameter describing
the relationship between the incident electric field and the voltage on the 50 Q
load, the expression of AF is:

AF =E/JV 4.1)
where E represents the incident electric field and V represents the voltage with
50 Q load. The unit of AF is dB m™ or 1/m.

In radiated emission measurement, antennas are used as receivers.
Thus, AF is used to determine the radiated electric field from the voltage
measured by the testing instruments such as spectrum analyzer. Higher AF [98]
value is desired as it indicates the more sensitive receiver. AFs are usually

obtained from the antenna manufacturers or some specified calibration labs.

4.2 The setup for the radiated emission measurement

The measurement setup in the chamber is shown in Fig. 4.1, in which
the DUT is placed on a 1.2 m high holder inside the chamber. The DUT is
mounted on the shielding box at the side facing the receive antenna. The

antenna is 4.5 meters from the center of the DUT in the direction of 8 = 0.
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The chamber has the dimension of 700 x 400 x 250 cm. The absorber used in
the chamber is ZXB-500. Each absorber contains 64 pyramids and each
pyramid has the dimensions of 500 x 500 mm base size and 500 mm height.
The uncertainty level of the chamber is +2 dB for 30 MHz-200 MHz and =1

dB for 200 MHz-1 GHz. The noise floor of the chamber is around -80 dBm.

DUT with
shielding

Antenna
box

0=0,r=45m

Absorber

/

Fig. 4.1: The measurement setup in the chamber.

Since the radiated emission level is low, the broadband receive antenna
is connected to the spectrum analyzer through a pre-amplifier as shown in Fig.
4.2. An Anritsu MS2651B spectrum analyzer from 9 kHz to 3 GHz is used.
The choice of the receive antenna and the pre-amplifier depends on the signal
frequency. For the signal in the range of 30 MHz-1 GHz, the Aaronia AG
BicoLOG 30100E bicon hybrid antenna and the HP 8447D pre-amplifier are
used. For the signal in the range of 1GHz-18GHz, the Rohde&Schwarz HF907

horn antenna and the HP 8449B pre-amplifier are used. The antenna factor and
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cable losses are taken into account in the measurements as shown in Table 4.1.

The antenna factor is provided by the manufacturer of the antenna.

Antenna RX in Chamber
Others outside Chamber
Spectrum
Pre-Amplifier
Analyzer

Fig. 4.2: The instrument connection for the measurement

Table 4.1: The antenna factor and cable loss

Frequency AF | Cable Loss at the receiver end | Cable Loss at the transmitter end

(dBm™) (dB) (dB)
2.00E+8 17.2 1.51 1.48
3.00E+8 20.5 1.87 1.82
4.00E+8 23.4 2.17 2.12
5.00E+8 25.5 245 2.39
6.00E+8 27.7 2.69 2.63
7.00E+8 29.8 292 2.86
8.00E+8 31.7 3.14 3.07
9.00E+8 32.8 3.34 3.26
1.00E+9 24.4 3.53 3.46
1.20E+9 24.5 3.90 3.82
1.40E+9 25.45 4.25 4.16
1.60E+9 26.48 4.57 4.48
1.80E+9 27.22 4.88 4.78
2.00E+9 28.72 5.17 5.07
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The far field radiated emission results are obtained by the following
procedure:
1. Read the power Py from the spectrum analyzer in the unit of dBm.
2. Calculate the received power P..=P¢— Gain, in which ‘Gain” is the gain of
the pre-amplifier.
3. Derive the received voltage Vi, from Pe.

4. Derive the radiated emission by E=V,..+AF+Cable Loss

4.3 Measurement of radiated emission from interconnects

in simple RF circuits

The measurement starts with the straight interconnect placed between an RF
signal source and a fixed load. The first investigated straight line is fabricated
on FR4. The substrate has ¢,= 4.4, tand = 0.018, & = 1.524 mm = 60mil.The
trace dimension is L = 82 mm, W = 3.04 mm, which makes the characteristic
impedance of the interconnect around 50 Q. The input signal power is 0 dBm
over the frequency range of 200-1400 MHz and the load is 50 Q. The lowest
frequency limit is chosen as the lowest frequency of the chamber is around
200 MHz. The highest frequency limit is chosen according to the frequency
limitation of the quasi-TEM mode, which is the pre-assumption of the
modeling method.

Two radiated emission results are shown in Fig. 4.3 for this
interconnect. The dotted line is the measurement result. The solid line is the

modeling result obtained using the analytical method. The detailed procedure
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to obtain the modeling result is the same with the procedure introduced in
section 2.3.2, which includes:
1. Build a digital circuit in the circuit simulator. (digital device = IBIS
model, interconnect—=>two-port TL model)
2. Simulate the voltages and currents at the two ports of the investigated
interconnects.
3. Derive the distributed current from the simulated two-port voltage and
current.
4. Use dyadic Green’s function to model the radiated emission by using
the distributed current derived in step 3.
From Fig. 4.3, good agreement is observed between the measurement
result and modeling result. The difference between the two results is kept less

than 4dB.
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Fig. 4.3: The radiated emission from the straight interconnect made on FR4.
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By using the same excitation and loading condition setting, another
straight line fabricated on RT5880 is also measured. The substrate has ¢, = 2.2,
tand = 0.001, 2 = 0.787 mm = 31 mil. The trace dimensions are L = 110 mm,
W = 2.4 mm, which makes the characteristic impedance of the interconnect
around 50 Q. The modeling result and the measurement result are shown in
Fig. 4.4. Good agreement can be observed between the two results. The

difference between the two results is less than 4dB.
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Fig. 4.4: The radiated emission from the straight interconnect made on
RT5880.

The measurement is also extended to L-shaped interconnects. The L-
shaped interconnects are also fabricated on FR4 and RT5880 respectively. For
the L-shaped interconnect fabricated on FR4, the dimensions are L,= L, = 41
mm, W = 3.04 mm. L, and L, represent the length of the two branches which
are along the x-axis and y-axis respectively. The radiated emissions from the
L-shaped interconnect made on FR4 is shown in Fig. 4.5. The radiated

emission contributed by the branch along the x-axis is plotted in Fig. 4.5(a),
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while the radiated emission contributed by the branch along the y-axis is
plotted in Fig. 4.5(b). Good agreement is observed between the modeling

results and the measurement results for both branches. The difference is kept

less than 5dB.
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Fig. 4.5: The radiated emission from the L-shaped interconnect made on FR4.
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For the L-shaped interconnect fabricated on RT5880, the dimensions
are Ly= L,= 55 mm, W = 2.4 mm. The radiated emissions from the L-shaped
interconnect made on RT5880 is shown in Fig. 4.6. The radiated emission
contributed by the branch along the x-axis is plotted in Fig. 4.6(a), while the
radiated emission contributed by the branch along the y-axis is plotted in Fig.
4.6(b). Good agreement is observed between the modeling results and the

measurement results for both branches. The difference is kept less than 5dB.
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Fig. 4.6: The radiated emission from the L-shaped interconnect made on
RT5880.
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By comparing the modeling results and the measurement results for
different interconnects on different materials, it is found that the envelopes of
the two results are consistent. The magnitude difference between them is less
than 5dB, which is good enough by comparing with the results in other

publications using the same method [36]-[43].

4.4 Measurement of radiated emission from interconnects
in digital circuits
4.4.1 Measurement of radiated emission from interconnects

placed between a digital signal and a fixed load

When dealing with radiated emissions from a digital circuit, the investigation
should be performed in the frequency domain, as the limits of standards are
given in this domain, although the SI analysis on circuit level is usually in
time domain. The peaks of emission for a digital circuit are due to the clock
fundamental and higher-order harmonics. In this section, the investigated
interconnects, which are the same as in the previous section, are excited by a
digital clock signal as in real digital circuit condition. This signal is generated
by a 200 MHz FXO-HC536R-200 oscillator with Vign =2.4 V, Vi=0.6 V, ¢,

=ty = 1.5 ns. The circuit diagram is shown in Fig. 4.7.
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Oscillator Interconnect Load

Fig. 4.7: The circuit diagram for the interconnects placed between a digital
pulse input and fixed load.

In order to focus on the radiation from the interconnects only, we
minimize the radiation of the oscillator by attaching it at the back side (ground
side) of the PCB interconnect and using a metal box to shield it. By taking the
straight interconnect made on FR4 as an example, the structure of the DUT is
shown in Fig. 4.7. The external structure of the DUT is shown in Fig. 4.8(a),
and the internal structure of the DUT is shown in Fig. 4.8(b). Since the peaks
of emission are due to the clock fundamental and higher-order harmonics, we
measure the radiation on the clock fundamental and harmonics from 200 MHz

to 1.4 GHz.
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(b)

Fig. 4.8: Photo of the fabricated DUT.

The radiated emission from the interconnects under this condition is

modeled using the following steps:

1.

Measure the output signal of the oscillator with an oscilloscope. The
oscilloscope used here is the Tektronix DPO 7354C, with a frequency
up to 3.5 GHz with 40 GS/s.

Build the circuit in a circuit simulator by exciting the interconnects

with the measured pulse signal.
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3. Simulate the circuit to obtain the two-port voltage and current values
for the interconnects.

4. Derive the distributed current values from those two-port voltage and
current values.

5. Calculate the radiated emission using the dyadic Green’s function with
the use of the distributed current values.

The radiated emission from the straight interconnect on FR4, which is
defined in section 4.2, is plotted in Fig. 4.9. The modeling result for the
radiated emission is represented by the triangle sign and the measurement
result is represented by the star sign. The modeling results agree well with the

measurement results. The difference between them is less than 3dB.
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Fig. 4.9: The radiated emission from the straight interconnect on FR4.

The radiated emission from the straight interconnect on RT5880,

which is defined in section 4.2, is plotted in Fig. 4.10. Good agreement
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between the modeling results and the measurement results can be observed

from the plot.
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Fig. 4.10: The radiated emission from the straight interconnect on RT5880.

After investigating the radiated emission from the straight
interconnects on different substrates, the investigation is extended to the L-
shaped interconnects on different substrates. The radiated emission from the
L-shaped interconnect on FR4, which is defined in section 4.2, is plotted in
Fig. 4.11. The radiated emission contributed by the branch along the x-axis is
plotted in Fig. 4.11(a), while the radiated emission contributed by the branch
along the y-axis is plotted in Fig. 4.11(b). It is found that the difference
between the modeling results and the measurement results is less than 2 dB, so

the modeling results consist well with the measurement results.
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Fig. 4.11: The radiated emission for the L-shaped interconnect on FR4.

The radiated emission from the L-shaped interconnect on RT5880,
which is defined in section 4.2, is plotted in Fig. 4.12. The radiated emission
contributed by the branch along the x-axis is plotted in Fig. 4.12(a), while the

radiated emission contributed by the branch along the y-axis is plotted in Fig.
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4.12(b). The agreement between the modeling results and the measurement

results is as good as in previous cases.
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Fig. 4.12: The radiated emission from the L-shaped interconnect on RT5880.

From Fig. 4.9 to Fig. 4.12, we can observe that the modeling results
always agree well with the measurement result at the fundamental and

harmonic frequencies of the clock signal, for different substrates and the two
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different interconnect shapes. Hence, the method can be used to model the
radiated emission from the interconnects which are fed by a digital clock

signal accurately.

4.4.2 Measurement of radiated emission from the interconnects

between digital devices

In this section, the interconnects are placed between two digital devices while
the driver is fed by a clock signal. The two digital devices are two identical
SN74LVCI125AD buffers by Taxes Instruments. The clock signal is generated
by the 200 MHz FXO-HC536R-200 oscillator as introduced before. The

circuit diagram is shown in Fig. 4.13.
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Fig. 4.13: The circuit diagram for the interconnects placed between two digital
devices.

In order to focus on the radiation from the interconnects only, we
minimize the radiation from the other digital devices by attaching them at the
back side (ground side) of the PCB interconnect and using a metal box to
shield them. By taking the straight interconnect made on FR4 as an example,

the structure of the DUT is shown in Fig. 4.14. The external structure of the
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DUT is shown in Fig. 4.14 (a), and the internal structure of the DUT is shown

in Fig. 4.14 (b).
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Fig. 4.14: Photo of the fabricated DUT.

The radiated emission from the straight interconnect on FR4, which is

identical with the one defined in section 4.2, is plotted in Fig. 4.15. Based on
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the modeling method described in section 4.3.1, there are two kinds of
radiated emission modeling results. The first one is obtained by using the
distributed current derived with the IBIS model, which is represented by the
circle sign. The second one is obtained by using the distributed current derived
with the SPICE model, which is represented by the rectangular sign. The
radiated emission result using SPICE models is used as a benchmark for the
radiated emission result using IBIS models. The measurement result is
represented by the star sign. The envelopes of the three results are close. It is
found that the difference between the IBIS model results and the measurement
results is kept less than 5 dB, which is the same with the difference between
the SPICE model results and the measurement results. The difference between
the IBIS model results and the SPICE model results is less than 1 dB for most
harmonics. It is noted that the IBIS model result is the same with the SPICE

model result at the fundamental frequency.
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Fig. 4.15: The radiated emission from the straight interconnect on FR4 placed
between two digital devices without any SI improvement techniques.
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The measurement is extended to the conditions of applying four
different passive SI improvement techniques on this circuit respectively. The
four SI improvement techniques are: series termination technique, parallel
termination technique, Thévenin termination technique and AC termination
technique, which all have been introduced in section 3.5.2. The radiated
emission comparison for the interconnect with series termination technique is
plotted in Fig. 4.16. The envelopes of the three results are close. The
difference between the IBIS model results and the measurement results is
around 3 dB for the fundamental frequency and most harmonics, except the
difference at 0.8 GHz is around 5 dB. The difference between the SPICE
model results and the measurement results is less than 2 dB. Hence, the
measurement results are closer to the SPICE model results in this case. The
difference between the IBIS model results and the SPICE model results is less
than 4 dB. It is noted that the IBIS model result is the same with the SPICE

model result at the fundamental frequency.
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Fig. 4.16: The radiated emission from the straight interconnect on FR4 placed
between two digital devices with series termination technique.
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The radiated emission from the interconnect with parallel termination
technique is plotted in Fig. 4.17. The envelopes of the three results are close.
The difference between the IBIS model results and the measurement results is
larger than before and can reach 9 dB. In contrast, the difference between the
SPICE model results and the measurement results is a bit smaller, which keeps
less than 8 dB. Thus, the measurement result is a bit closer to the SPICE
model results. The difference between the IBIS model results and the SPICE
model results is less than 3 dB, except for the radiated emission at 1 GHz,
where the difference reaches 8 dB. It is noted that the IBIS model result is the

same with the SPICE model result at the fundamental frequency.
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Fig. 4.17: The radiated emission from the straight interconnect on FR4 placed
between two digital devices with parallel termination technique.

The radiated emission from the interconnect with Thévenin termination
technique is plotted in Fig. 4.18. The envelopes of the three results are close.
The difference between the IBIS model results and the SPICE model results is
less than 3 dB, while the difference between the SPICE model results and the

measurement results reaches 4 dB. Hence, in this case, the measurement
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results are a bit closer to the IBIS model results. The difference between the
IBIS model results and the measurement results is less than 3 dB. And the
IBIS model result is totally the same with the SPICE model result at

fundamental frequency.

80
* Measurement
O IBIS Model
0r X O  SPICE Model iy
. =} Q
E 60} ]
s B = &
m
)
w L _
50 o @) 6
0 & %
40t 4
30 | | | | | | |

L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency (Hz) % 10°

Fig. 4.18: The radiated emission from the straight interconnect on FR4 placed
between two digital devices with Thévenin termination technique.

The radiated emission from the interconnect with AC termination
technique is plotted in Fig. 4.19. The envelopes of the three results are close.
The difference between the IBIS model results and the measurement results is
kept less than 6 dB, while the difference between the SPICE model results and
the measurement results is less than 5 dB. Hence the measurement results are a
bit closer to the SPICE model results than the IBIS model results. The
difference between the IBSI model results and the SPICE model results is less
than 5 dB. The IBIS model result is still the same with the SPICE model result

at fundamental frequency as in the previous cases.
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Fig. 4.19: The radiated emission from the straight interconnect on FR4 placed
between two digital devices with AC termination technique.

According to the observations from Fig. 4.15 to Fig. 4.19, we can

conclude that:

The IBIS model results always have the same envelope with the
measurement results, which is similar to results in other papers [38][39]
The point to point difference is around 3-5 dB difference for most
cases. The difference might be caused by the inaccuracy of those
digital device models in frequency domain, as they used to provide
accurate information in signal integrity analysis in time domain only.
In the previous section (section 4.4.1), which is about the measurement
of the radiated emission from the interconnects placed between a
digital signal and a fixed load, the agreement between the
measurement results and the modeling results is good over the whole
frequency range for both straight and L-shaped interconnects with

different substrates. Hence, the doubt about measurement set-up

131



problem can be eliminated. The only difference between the two
measurement sections is the adoption of dynamic driver and dynamic
receiver in this section. Therefore, the inaccuracy of the digital device
models in the frequency domain may lead to the inaccuracy of the
radiated emission analysis.

The IBIS model results remain close to the SPICE model results
especially at the fundamental frequency as expected.

The measurement results are a bit closer to the SPICE model results
than IBIS model results for some cases. It is because SPICE models
tend to provide more information about the device circuit so the
accuracy is obviously better. However adopting IBIS models can have
other advantages such as reductions in simulation time and complexity
reduction.

For further investigation, we measure the radiated emissions from the

straight interconnect on RT5880, which is identical with the one defined in

section 4.2, with and without different passive SI improvement techniques.

The radiated emission from the interconnect placed between two digital

devices without any SI improvement technique is plotted in Fig. 4.20. The

envelopes of the three results are close. The difference between the IBIS

model results and the measurement results is less than 6 dB, which the

difference between the SPICE model results and the measurement results is

around the same. The difference between the IBSI model results and the

SPICE model results is around 2 dB for most harmonics, while at 0.8 and 1.4

GHz, the difference can reach 6 dB. The difference at the fundamental

frequency is 0.
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Fig. 4.20: The radiated emission from the straight interconnect on RT5880
placed between two digital devices without any SI improvement techniques.

The radiated emission comparison from the interconnect with series
termination technique is plotted in Fig. 4.21. The envelopes of the three results
are close. The difference between the IBIS model results and the measurement
results is less than 7 dB. In contrast, the difference between the SPICE model
results and the measurement results is less than 5 dB. Hence, the measurement
results are closer to the SPICE model results than IBIS model results. The
difference between the IBIS model results and the SPICE model results is less

than 5 dB and the value at the fundamental frequency is about 0.
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Fig. 4.21: The radiated emission from the straight interconnect on RT5880
placed between two digital devices with series termination technique.

The radiated emission from the interconnect with parallel termination
technique is plotted in Fig. 4.22. The envelopes of the three results are close.
The difference between the IBIS model results and the measurement results is
less than 8 dB, while the difference between the SPICE model results and the
measurement results is around the same value. The difference between the
IBIS model results and the SPICE model results is less than 5 dB, and the

value at the fundamental frequency is 0.
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Fig. 4.22: The radiated emission comparison from the straight interconnect on
RT5880 placed between two digital devices with parallel termination
technique.

The radiated emission from the interconnect with Thévenin termination
technique is plotted in Fig. 4.23. The envelopes of the three results are
consistent. The difference between the IBIS model results and the
measurement results can reach 9 dB at 0.4 and 0.8 GHz, while for other
harmonic frequencies, the difference is around 1 dB. The difference between
the SPICE model results and the measurement results is kept less than 4 dB.
The difference between the IBIS model results and the SPICE model results is

around 4 dB, while the difference value at the fundamental frequency is still 0.
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Fig. 4.23: The radiated emission from the straight interconnect on RT5880
placed between two digital devices with Thévenin termination technique.

The radiated emission from the interconnects with AC termination
technique is plotted in Fig. 4.24. The envelopes of the three results agree well.
The difference between the IBIS model results and the measurement results is
less than 7 dB, which is the same with the difference between the SPICE
model results and the measurement results. The difference between the SPICE
model results and the IBIS model results is also in the same range. The IBIS
model result still the same with the SPICE model result at the fundamental

frequency.
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Fig. 4.24: The radiated emission from the straight interconnect on RT5880
placed between two digital devices with AC termination technique.

The comparisons for the straight interconnects on RT 5880 can lead to
the similar conclusions as for the straight interconnects on FR4. The IBIS
model results are still in the same envelope with the measurement results but
have 5-8 dB differences for most cases, which is higher than the term for the
interconnects on FR4. The IBIS model results always follow the SPICE model
results and are nearly identical to the SPICE model results at the fundamental
frequency. The measurement results just get a bit closer to the SPICE model
results than IBIS model results for some cases.

Since the L-shaped interconnects are also the target in our investigation,
we make the measurement for radiated emission from the L-shaped
interconnect on FR4, with or without SI improvement techniques. The L-
shaped interconnect is identical with the one defined in section 4.2. Fig. 4.25
represents the radiated emission from the L-shaped interconnect placed

between two digital devices without any SI improvement techniques. The
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radiated emission contributed by the branch along the x-axis is plotted in Fig.
4.25(a), while the radiated emission contributed by the branch along the y-axis
is plotted in Fig. 4.25(b). By observing Fig. 4.25(a), it is found that at most
harmonics, the difference between the IBIS model results and the
measurement results is around 6 dB, which is the same with the difference
between the SPICE model results and measurement results. The difference
between the IBIS model results and the SPICE model results is less than 5 dB,
while the value at the fundamental frequency is 0. The envelopes of the three

results are close. The same observations can also be made from Fig. 4.25(b).
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Fig. 4.25: The radiated emission from the L-shaped interconnect on FR4
placed between two digital devices without any SI improvement techniques.

The radiated emission from the L-shaped interconnect with series
termination technique is plotted in Fig. 4.26. By observing Fig. 4.26(a), it is
found that the envelopes of the three results are close. For most harmonics, the
difference between the IBIS model results and the measurement results is kept

less than 6 dB, except for an unexpected large difference at 1 GHz. And the
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difference between the SPICE model results and the measurement results is
around 6 dB. By comparing the IBIS model results and the SPICE model
results, it is found that the difference is less than 5 dB, while the difference at

the fundamental frequency is 0. For Fig. 4.26(b), similar observations can be

made.
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Fig. 4.26: The radiated emission from the L-shaped interconnect on FR4
placed between two digital devices with series termination technique.
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The radiated emission from the L-shaped interconnect with parallel
termination technique is plotted in Fig. 4.27. In Fig. 4.27(a), it is found that at
most harmonics, the difference between the IBIS model results and the
measurement results is less than 3 dB, except for the difference at 1 GHz. The
difference between the SPICE model results and the measurement results is
also around 3 dB at most harmonics, except a 9 dB difference at 1.4 GHz. The
difference between the IBIS model results and the SPICE model results is
around 2 dB for most harmonics. At fundamental frequency, the IBIS model
result agrees very well with the SPICE model results. In general, the envelopes
of the three results are close. In Fig. 4.27(b), the comparison results among
the IBIS modeling results, the SPICE modeling results and the measurement

results are the same as in Fig. 4.27(a)
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Fig. 4.27: The radiated emission from the L-shaped interconnect on FR4
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(b)

placed between two digital devices with parallel termination technique.

The radiated emission from the L-shaped interconnect with Thévenin
termination technique is plotted in Fig. 4.28. By observing Fig. 4.28(a), it is
found that the envelopes of the three results are consistent. The difference

between the IBIS model results and the measurement results is around 5 dB,
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except for two large differences at 1 and 1.2 GHz, which can reach 10 dB. The
difference between the SPICE model results and the measurement results is
kept less than 4 dB except for a 10 dB difference at 1.4 GHz. The difference
between the IBSI model results and the SPICE model results is kept less than
5 dB. In Fig. 4.28(b), the difference between the IBIS model results and the
measurement results is kept less than 2 dB except for a 6 dB difference at 0.4
GHz. The difference between the SPICE model results and the measurement
results is kept less than 4 dB. The IBIS model results are consistent with the
SPICE model results with the difference less than 4 dB. The excellent
agreement exists between the IBIS model results and the SPICE model results

at the fundamental frequency for both figures.
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Fig. 4.28: The radiated emission from the L-shaped interconnect on FR4

(b)

placed between two digital devices with Thévenin termination technique.

The radiated emission from the L-shaped interconnect with AC
termination technique is plotted in Fig. 4.29. In Fig. 4.29(a), the difference
between the IBIS model results and the measurement results is less than 5 dB.

The difference between the SPICE model results and the measurement results
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varies a lot. At the fundamental frequency and most harmonics, the difference
is less than 1 dB. However, at 0.4, 1.2 and 1.4 GHz, the difference can reach
11 dB. The difference between the IBIS model results and the SPICE model
results is kept less than 5 dB. In Fig. 4.29 (b), the difference between the IBIS
model results and the measurement results is less than 6 dB. The difference
between the SPICE model results and the measurement results is less than 2
dB except for a 10 dB difference at 0.8 GHz. The difference between the IBIS
model results and the SPICE model results is less than 6 dB. For both figures,
the envelopes of the three results are close and the difference between the IBIS

model results and the SPICE results at the fundamental frequency is around 0.
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Fig. 4.29: The radiated emission from the L-shaped interconnect on FR4

Frequency (Hz)

(b)

x 10°

placed between two digital devices with AC termination technique.

According to the observations above, similar conclusions can be made
for the L-shaped interconnect on FR4, which are:
1. The envelope of the IBIS model results is consistent with the envelope
of the measurement results. The difference for most frequency points is

around 3-6 dB and can reach 10 dB for the worst case. The envelope
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agreement is also achieved by other papers [38][39], but they have
worst case differences up to 20 dB in the same frequency range. As
discussed before, the point to point difference may be caused by the
inaccuracy of digital device models in frequency domain, as they are
developed to provide accurate information in signal integrity analysis
in time domain only.

2. The envelope of the IBIS model results agree well with the envelope of
the SPICE model results. For the fundamental frequency, the two
results are nearly the same.

3. The measurement results are a bit closer to the SPICE model results
than the IBIS model results. However, the accuracy improvement
obtained by using SPICE models can be a trade off with the time
saving and complexity reduction.

We also measure the radiated emission from the L-shaped interconnect
on RT5880, which is identical with the one defined in section 4.2, placed
between two digital devices without any SI improvement techniques. By
comparing the three kinds of results, similar conclusions can be made as the
ones for the L-shaped interconnect on FR4.

From Fig. 4.15 to Fig. 4.29, we compare the radiated emission
modeling results by IBIS models with the modeling results by SPICE models
and the measurement results for different substrates and different passive SI
improvement techniques. The envelope of the modeling results by IBIS

models agree well with the envelopes of the other two results.
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4.5 Conclusions and recommendations

In this chapter, the measurement results are obtained and compare with
the modeling results for the straight and L-shaped interconnects under static
and dynamic source and loading conditions. The envelope agreements
between the measurement results and the modeling results further confirm the
accuracy of the proposed analytical method. Furthermore, it is a good method
for SI designers to estimate the radiated emission from the interconnects as
soon as some SI improvement techniques are applied.

The modeling method adopted in the thesis is a combination of the
analytical method based on dyadic Green’s function and IBIS models. By
comparing with the measurement results, the point to point difference can be
up to 10 dB for worst case, although the envelops agree well. The worst case
difference has been reduced from the past papers’ records which can be up to
20 dB, but for further improvement, we may need to modify IBIS models, to

improve the accuracy of the digital device models in frequency domain.
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Chapter 5

Conclusions and recommendations

Electromagnetic radiated emission from high speed interconnects are
considered to be one of the most challenging topics in the field of EMI and
electronic system reliability. Thus, the radiated emission from high speed
interconnects should be considered in every stage of the design cycle. As we
know, several full wave commercial simulators can be used to model the
radiated emission, but the time and storage requirements increase the design
cost. In order to solve the problem, the modeling of the electromagnetic
radiated emission from high speed interconnects through a convenient and fast
method is addressed in this thesis and the modeling results are validated
through measurement.
The major contributions of the thesis are:

1. Modeling the electromagnetic radiated emission from high speed
interconnects in digital circuits by IBIS models on the basis of an
analytical method. In the past, IBIS models are only applied in SI
analysis, but this thesis introduces IBIS models to the modeling of
electromagnetic radiated emission. This modeling method enables the
designers to determine the radiated emission from interconnects
directly during the SI analysis.

2. This thesis considers the modeling of electromagnetic radiated
emission from the interconnects placed between two non-linear

dynamic digital devices, i.e., a dynamic source and a dynamic load,
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while in the past investigations only focus on the interconnects with
dynamic load so ignore the influence of the dynamic source on the
radiated emission.

3. This thesis investigates the impact of four different passive SI
improvement techniques on the electromagnetic radiated emission
from interconnects in digital devices. This is very useful work for
digital circuit design. According to the demonstration, the digital
designers can quickly estimate the change in the radiated emission

when doing SI improvements in the design phase.

5.1 Modeling the electromagnetic radiated emission from
high speed interconnects in digital circuits with IBIS

models

The modeling of the electromagnetic radiated emission from high speed
interconnects in digital circuits is based on an analytical method. In this
method, the radiated emission is derived from the distributed current along the
target interconnects with dyadic Green’s function. The distributed current is
extracted from circuit simulation results by making use of IBIS models. The
extraction process is on the basis of transmission line theory and ABCD
parameters.

As introduced in chapter 1, the analytical method is implemented on
the assumption of infinite ground plane. This assumption will limit the
application of the method, i.e., for the interconnects above small ground plane,

the method may not be used because of the ignorance of the finite ground
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plane effect. Therefore, it is meaningful to improve the method for finite
ground condition in future. The focus will be finding a simple expression to
include the radiation effect of the finite ground plane to instead of the
conventional full wave numerical method.

In chapter 4, it is found that the envelope of the IBIS model results is
consistent with the envelope of the measurement results. However, the
difference for most frequency points is around 3-6 dB and can reach 10 dB for
the worst case. The envelope agreement is also achieved by other papers
[38][39], while they have worst case differences up to 20 dB in the same
frequency range. As discussed before, the point to point difference may be
caused by the inaccuracy of digital device models in frequency domain, as
they are developed to provide accurate information in signal integrity analysis
in time domain only. Hence, it would be better if we can find a method to
improve the accuracy of the modeling method based on IBIS models. In
chapter 3, we have demonstrated how to improve the IBIS model
performances in SSN simulations. The crucial point is to find out what is the
missing information in IBIS models under such working condition. Then we
can improve the IBIS model results by compensating the missing electrical
information. For improving the accuracy of the modeling method based on
IBIS models, we can implement the same methodology and adding the
missing information through some external circuits or macro-models.

The investigated interconnects are made of different material and in
different shapes. For further studies, the interconnects with more different

shapes can be investigated. The proposed interconnects are listed in Table 5.1.
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Table 5.1: Proposed interconnects for further studies.

Number Interconnect Shape Description
1 Compensated right angle bend
2 Double bend
3 Step junction
4 T-junction
5 Coupled straight line (side couple)
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5.2 The impact of different passive SI improvement
techniques on the electromagnetic radiated emission from

high speed interconnects in digital circuits

The impact of different passive SI improvement techniques on the
electromagnetic radiated emission from high speed interconnects in digital
circuits is investigated using the modeling method proposed in the thesis. The
SI improvement techniques investigated here include series termination
technique, parallel termination technique, Thévenin termination technique and
AC termination technique. Except these four commonly used passive SI
improvement techniques, there is also a common used active SI improvement
technique, called Schottky-diode termination [94] technique. In this technique,
the termination comprises of two Schottky diodes as shown in Fig. 5.1. Any
reflection at the end of the interconnect, which causes the voltage at the input
of the receiver to rise above Vg, plus the forward-bias voltage of the diode,
forward-biases the diode that connects to Vcc. The diode turns on and clamps
the overshoot to V¢ plus the threshold voltage. Similarly, the diode connected
to ground limits undershoots to its forward-bias voltage. However, the diodes
absorb no energy and merely divert it to either the power or ground plane. As
a result, multiple reflections occur on the interconnect. The reflections
gradually subside, principally because of the loss of energy via the diodes to
Ve or ground and the resistive losses of the interconnect. These losses limit

the amplitude of the reflections to maintain signal integrity.
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PCB Interconnect

D, A
v

Fig 5.1: The schematic diagram for the circuit with Schottky-diode
termination technique.

The impact of Schottky-diode termination technique on the
electromagnetic radiated emission from high speed interconnects in digital

circuits is proposed for further studies.
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