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Abstract
This report is the result of a Master Thesis work that has been performed between October
2003 and March 2004. The purpose of the work was to evaluate a part of the signal chain in a
product of Micronic Laser Systems AB. The evaluation was performed to obtain the
characterisation for the signal chain, such as impedances and crosstalk.

The work started with a literature study in order to refresh and increase the knowledge that
was needed before the practical work. Then measurements, computer aided simulations and
comparisons between these were performed.

Measurements were performed using TDR (Time Domain Reflectometry). The results
showed the impedance levels along the signal chain. This was interesting since it showed how
well the different parts in the system are matched. Unmatched parts result in reflections that
disturb the transmitted signal and contribute to crosstalk, which also was measured.

Simulations were done using ADS (Advance Design System), a tool from Agilent
Technologies Inc. A substantial part of the simulation work was to build models of the real
system. These models have been used for simulation. The simulation results were then
compared to the measurement results.

The results show that the system can be better matched concerning the channel impedance.
There are large variations in impedance levels along the signal chain, resulting in signal
reflections. Another effect studied is crosstalk between channels. Measurements and
simulations showed the presence of crosstalk but it seems to be a minor problem in the current
machine.



Sammanfattning
Den här rapporten är resultatet av det examensarbete som har utförts under oktober 2003 till
mars 2004. Målet med arbetet var att utföra en utvärdering av en del av signalkedjan i en
produkt från Micronic Laser System AB. Denna utvärdering skulle utföras för att ge en bild
av hur karakteristiken för signalkedjan ser ut, exempelvis impedanser längs med kedjan och
överhörning mellan olika kanaler.

Arbetet har varit upplagt så att till en början genomfördes en litteraturstudie för att öka och
fräscha upp kunskaper inom området inför det praktiska arbetet. Mätningar, datorsimuleringar
och jämförelser mellan dessa utfördes sedan och därefter skrevs denna rapport.

Mätningarna har utförts med TDR (Time Domain Reflectometry) och dessa har gett en bild av
hur det verkliga systemet ser ut. Resultaten visar var impedansnivåerna ligger utmed hela
kedjan som en specifik mätning utförs på. Detta är mycket intressant då det berättar om hur
väl de olika delarna i systemet är matchade till varandra. Är delarna omatchade skapar detta
signalreflektioner som stör den överförda signalen och bidrar till överhörning, som också
mättes.

Simuleringarna utfördes med hjälp av ADS (Advanced Design System) som är ett verktyg
från Agilent Technologies Inc. En stor del av simuleringsarbetet har varit att bygga modeller
av det befintliga systemet. Modellerna har simulerats och olika resultat har tagits fram för att
sedan jämföra dessa resultat med resultaten från mätningarna.

De resultat som har tagits fram visar att systemet inte är matchat när det gäller
impedansnivåer. Det finns stora impedansskillnader mellan delar i systemet och dessa
skillnader skapar signalreflektioner. En annan effekt i systemet som studerats är
överhörningen mellan olika kanaler, närliggande kanal och en kanal två ledare bort.
Mätningar och simuleringar visar att det finns en viss överhörning, men det verkar inte vara
något större problem i den nuvarande produktversionen.
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Terminology
Below are some abbreviations that are used in the report:

ADS Advanced Design System, computer simulation tool from Agilent Technologies
Inc.

AOUT1-32 Analog data channels from DACs on the SAD board to the SLM chip.
CAD Computer Aided Design.
CTFE Far End Crosstalk.
CTNE Near End Crosstalk.
DAC Digital to Analog Converter.
DUT Devise Under Test.
DUV Deep Ultraviolet light.
FRU1 Field Replaceable Unit for SLM1.
FRU2 Field Replaceable Unit for SLM2B.
LVDS Low Voltage Differential Signalling.
MSO Mixed Signal Oscilloscope.
SAD SDU Analog Drive board.
SCSI Small Computer Systems Interface.
SDU SLM Drive Unit.
SGI SDU General Interface board.
SLM Spatial Light Modulator (mirror chip).
SLMA1 SLM Adapter board 1 for SLM1.
SLMA2 SLM Adapter board 2 for SLM2B.
SLMC1 SLM Carrier board 1 for SLM1.
SLMC2 SLM Carrier board 2 for SLM2B.
SLM-FRU1 SLM-Field Replaceable Unit 1: consists of SLMA1, SLMC1, cables, SLM1 and

mechanics.
SLM-FRU2 SLM-Field Replaceable Unit 2: consists of SLMA2, SLMC2, cables, SLM2B

and mechanics.
SMA Sub-Miniature A, a connector standard.
TDR Time Domain Reflectometry.
TDT Time Domain Transmission.
TTL Transistor-Transistor Logic, 0V as 0-bit and 5V as 1-bit.
TFT Thin Film Transistor, common method to produce thin displays.
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1 Introduction
This chapter gives an introduction to the report. It contains background, purpose, conditions
and the method used in the work. It also gives a short presentation of Micronic Laser Systems
AB.

1.1 Background
The background of this Master Thesis work was a MEDEA+ project in which both Micronic
Laser Systems AB and Linköpings University were involved. A part of this project was to
characterise a data transmission link that transfer digital data as multilevel analog signals.

High-speed data transmission is a problem for many electronic producers. In Micronic’s case
there is a great amount of digital data that must be transferred via channels (signal lines) to
their SLM (Spatial Light Modulator) chip, see chapter 5. The best way is to transfer data
digitally, but that would need large bandwidth of the system and specially designed DACs
(Digital Analog Converters) near the SLM chip. In the current version of Micronic’s machine
digital data is converted to analog signals using DACs, and transmission lines are used for
signal transmission to the SLM chip. This method causes some problems too. One of the
problems with analog data, in contrast to digital data, is its sensitivity to voltage changes.
These changes can origin from reflections in unmatched systems or from crosstalk. This
Master Thesis work analysed these analog channels by looking at impedance levels and
crosstalk.

1.2 Purpose
The purpose of this work was to characterise a data link from Micronic. Measurements and
simulations of the analog channels in their present product were done. A comparison between
measured and simulated results was also done to increase knowledge of the data link and what
can be improved in the future.

1.3 Conditions
The measurements and simulations were limited to the data link between DACs and the SLM
chip holder (see chapter 5). The part before the DACs and the SLM chip itself was not
included in this work.

This work has been concentrated on measurements of transmission lines when none or one
adjacent channel was active because of the practical problem with many synchronised
sources. However, measurements with more than one active channel can be made.

Micronic uses differential data transmission for certain signals. As these signals are less
sensitive for disturbance than single-ended channels, our work was limited to analyse single-
ended channels only.
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1.4 Method
The work was divided into several parts: literature study, measurements, simulations,
comparison of results and writing of the report. The work started with a literature study that
was relevant to the work. Then measurements were performed using TDR (Time Domain
Reflectometry) and an oscilloscope, see chapter 3.2 about TDR. After that simulations using
the tool ADS were performed. Results from measurements and simulations were compared
and similarities and differences were analysed.

1.4.1 Literature study
The purpose of the literature study was to build a theoretical ground to the practical work and
to give possibility to connect the measurement results to the theory. The study was performed
through reading of selected chapters in books and some articles from Internet.

1.4.2 Measurements
Which measurements should be done was decided in agreement with Micronic. This resulted
in a list of measurements that characterise the data link, for example comparison of TDR
responses of different channels and crosstalk.

1.4.3 Simulations
The plan, from the beginning, was to perform measurements and then simulations, but
purchased instruments arrived later, and this forced the simulation work to start earlier than
the measurement work.

The simulations were made using the tool ADS (Advanced Design System) from Agilent.
This tool contains good model templates for physical parameters such as width of conductors
and heights of substrates. To make it possible to build realistic models, CAD (Computer
Aided Design) files containing information about the circuit boards were studied. These files
contain information such as width and length of conductors and the number of layers in the
boards. The models were later simulated using the same arrangement as in the measurements,
see chapter 6.

1.5 Outline
The next chapter, chapter 2, contains a presentation of Micronic. It can be interesting to know
what the company does in order to understand the work that has been conducted by us.

Chapter 3 summaries the studied literature needed for understanding the results of the
practical part. The literature study includes transmission line theory, crosstalk and TDR.

In chapter 4 the equipment used in measurements and simulations is described. This includes
oscilloscope, TDR instrument and ADS.

Chapter 5 describes the DUT (Device Under Test) and its main components.

The next chapter, chapter 6, describes the practical work and includes how the measurements
and simulations were chosen and how they were performed. This chapter works as an
introduction to the measurements and simulations.
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Chapter 7 presents the measurements that were performed. It describes the result of the
measurements. The chapter begins with some general measurements and then the results from
the TDR and crosstalk measurements.

The simulations performed are presented in chapter 8. As in the previous chapter it begins
with some general simulations and then TDR and crosstalk simulations. The sub-headlines in
the simulation chapter are the same as in the measurement chapter, in order to simplify the
reading.

In chapter 9, the measured and the simulated results are compared with each other. It is
divided into delays, TDR and crosstalk.

Chapter 10 includes some simulations of suggestion of improvements that can be done to
reduce crosstalk. This also gives an increased understanding of what crosstalk is dependent
on.

In chapter 11 the results are summarised and conclusions are made.
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2 Micronic Laser Systems AB
Micronic Laser Systems AB is a world-leading producer of advanced laser pattern generators
for manufacturing of photo masks in the semiconductor and display industry. Their principal
markets are Japan, USA and Asia. Micronic’s customers include end producers of electronic
components that have their own production of photo masks as well as independent photo
mask producers. The designer makes a design of a circuit and from this design a photo mask
is produced with Micronic’s advanced laser pattern generator. The photo mask can then be
used in production of microchips and TFT (Thin Film Transistor) displays, see figure 2.1.
[Micronic web, 2003]

Figure 2.1: Micronic’s laser pattern generator in a production line. [Micronic web, 2003]

Micronic has several products for different applications and some of these use a mirror chip
called SLM. This chip contains a large amount of small optical mirrors. These mirrors can be
controlled individually to reflect incoming laser beams in a specific direction, see figure 2.2.
By controlling the mirrors in the SLM chip, the wanted pattern can be made on a blank photo
mask. To make large patterns a stepper is used, which works just like a puzzle where the
pattern is generated piece by piece, see figure 2.2. [Micronic web, 2003]
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Figure 2.2: To the left: the function of the SLM chip. To the right: the stepper technique. [Micronic web, 2003]

Because of the high-resolution requirement of microchips the system is very sensitive to
optical, electrical as well as mechanical disturbances. Also a very large amount of data for
controlling the chip must be handled. This work is focused on the analog data link that
transfer data to the SLM chip (the box at the top in figure 2.2).
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3 Theory
The literature study includes transmission line, crosstalk and TDR theories. To carry out the
given task correctly and to understand results from the work it was necessary to have
theoretical knowledge in this area. Some theoretical knowledge existed from our earlier
courses, but more up-to-date knowledge was needed. This was done by studying literature and
publications from Internet.

3.1 Transmission lines
Usually a conductor is seen as a piece of copper without delay or anything else that affects the
signal, transmitted from transmitter to receiver. Unfortunately this only works for signals
close to DC, when the conductor is much shorter than the wavelength of the signal. An
example of this is a simple electric circuit consisting of a load resistor RL and a sinusoidal
source VG with internal resistance RG connected to the load by a 1.5-cm-long copper wire.
This circuit can be seen in figure 3.1. In the transmission line theory wavelength is important
to consider and it can be derived from equation 2.1 through the constant phase velocity vp.

f
vcfv p

rr
p =⇒==== λ

µεεµ
λ

β
ω 1 (3.1)

If the signal generator VG is set to 1 MHz and vp to 9.49*107 m/s the wavelength will be
mmv p 9.9410/ 6 ==λ . The wire of 1.5 cm as in this circuit, which connects the source with

load will expire a very small and insignificant variation of voltage. A frequency of 10 GHz
gives a totally different situation. The wavelength is then reduced to

cmmv p 949.010/ 10 ==λ  and this is approximately two-thirds of the 1.5-cm wire. This result
in voltage variations on the wire depending on location in the z-direction, see figure 3.1. This
can be seen by an oscilloscope measurement at the beginning and at a point somewhere along
the wire.

Figure 3.1: Measurement of a 10 GHz-voltage signal at the beginning (location A) and somewhere between
location A and B. [Ludwig and Bretchko, 2000]

When the frequency is high or the conductor long, the signal must be seen as an
electromagnetic wave that is transmitted trough the conductor. A conductor that models the
signal as an electromagnetic wave is called a transmission line. [Ludwig and Bretchko, 2000
and Sjögren, 2002]
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The signal on the transmission line can not be analysed with the laws of Kirchoff. Instead
Maxwell equations must be used. However if the conductor is split into many small pieces,
∆z, where current and voltage are constant, Kirchoffs laws can be used to analyse the circuit.
By every ∆z, an LRCG model can be build, see figure 3.2. L is the inductance per meter and
measures the energy that is stored in the magnetic field. R is the resistance per meter and it
measures losses of energy from among others skin effect. C is the capacitance per meter and it
measures the energy stored in the electric field. G is the conductance and it measures the
losses in the dielectric material. [Ludwig and Bretchko, 2000 and Sjögren, 2002]

Figure 3.2: Equivalent model of a transmission line. [Ludwig and Bretchko, 2000]

Generally it cannot be expressed exactly when a wire or discrete component must be treated
as a transmission line. It depends on the wavelength compared with the average component
size. A rule of thumb is that when the average component size is larger than a tenth of the
wavelength the transmission line theory should be applied. The treatment of the 1.5-cm-long
wire in the example earlier is determined by the frequency MHzlvf p 63310/ == . [Ludwig
and Bretchko, 2000]

3.1.1 Characteristic impedance
The facts in this chapter are taken from the book RF Circuit Design (Ludwig and Bretchko,
2000). If an infinite number of ∆z models are connected and studied, an expression of the
characteristic line impedance Z0 can be derived:

)(
)()(

0 CjG
LjR

k
LjRZ

ω
ωω

+
+

=
+

= (3.2)

))(( CjGLjRjkkk ir ωω ++=+= ,

where k=kr+jki is the complex propagation factor.

The model in equation 3.2 can be reduced to the lossless model if the frequency is high or the
line resistance is small. This implies that jωL>>R and jωC>>G and thus the transmission line
can be seen to have a frequency independent impedance.

C
LZ =0 (3.3)

This so-called lossless model does not take into account losses that always are present when
realistic lines are used.
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Z0 can also be derived as a function of incoming or outgoing current and voltage waves:

−

−

+

+

−==
I
V

I
VZ 0  , (3.4)

where V + represents incoming voltage wave, I + represents incoming current wave, V -

represents outgoing voltage wave and I - represents outgoing current wave.

3.1.2 Propagation delay
Every transmission line has both inductive and capacitive properties that defines Z0 as well as
tPD (Propagation Delay per unit length), this can be described as:

00CLtPD = , (3.5)
where L0 is inductance per length and C0 is capacitance per length.

The propagation delay per unit length is constant through the transmission line. It can also be
related to transmission length by:

L
tt D

PD = , (3.6)

where tD is total delay on the transmission line and L is length of the transmission line.

Because of the constant tPD, the total delay is proportional to the line length. A doubled
transmission length results in a doubled delay.

3.1.3 Reflections and termination
Transmission lines are often terminated with impedance ZL whose value decides if a reflection
is created when a wave passes through the interface between Z0 and ZL, see figure 3.3.

Figure 3.3: Terminated transmission line.
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The distance from the load is described by d. If Z0=ZL no energy from the wave reflects and if
ZL=0 or ZL=∞ all of the energy in the wave reflects. If there is a voltage wave sent through a
conductor the voltage reflection coefficient is described by Γ0 as in equation 3.7: [Ludwig and
Bretchko, 2000]

0

0
0

0

0
0 1

1
Γ−
Γ+

=⇒
+
−

=Γ ZZ
ZZ
ZZ

L
L

L (3.7)

The input impedance Zin can be described as a function of d and β (wave number):

)(1
)(1)( 0 d
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0
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β
+
+

=⇒ (3.8)
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fπβ 2

=

If the termination ZL is unknown it can be derived by the equation 3.7 if Z0 and Γ0 are known.
Practically this is performed by sending voltage waves trough the conductor and then derive
Γ0 from the measured reflection. See more about this in chapter 3.2 about TDR.

Matching
If ZL=Z0 equation 3.9 results in Zin=Z0:

0
00

00
0 )tan(

)tan(
)( Z

djZZ
djZZ

ZdZin =
+
+

=
β
β

Then Zin is not dependent on d or frequency and the system is matched. A transmission line
that is perfectly matched has no reflection.

If a more detailed documentation about transmission lines and the theory about them is
wanted, the chapter 2 in the book RF Circuit Design [Ludwig and Bretchko, 2000] is a good
example.

3.1.4 Example of transmission lines
There are many different types of transmission lines and they are used in different
applications. In this work transmission lines of the parallel two wire lines, coaxial cables and
microstrip lines are used. Therefor they are described further in this chapter.

Two-Wire Lines
A conductor with two wires paired together can transport high frequent electric energy from
one point to another. However this is a coarse transmission line because of the fact that
electric and magnetic fields are open and creating large disturbances in the conductors. The
conductors have high losses from radiation. A two-wire line can be seen in figure 3.4.
[Ludwig and Bretchko, 2000]
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Figure 3.4: Transmission lines with two wires. [Ludwig and Bretchko, 2000]

The impedance Z0 for parallel wires with the same size can be derived from the equation:
[Wadell, 1991]
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where π
ε
µ

η 120
0

0
0 =≡  (Ω) (characteristic impedance of free space)

D is the distance between the wires, a is the radius of the wires and εr is the relative dielectric
constant of the surrounding material. µ0 is the permeability of free space and ε0 is the
permittivity of free space. Equation 3.9 is valid for 2a / D << 1.

The losses in a two-wire line can be derived from the equations: [Wadell, 1991]
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αc describes the losses in the conductor, ε is the dielectric constant and σ is the conductivity.
Equation 3.10 is valid for high frequencies.

A two-wire line can be applied as a twisted pair cable where the two wires are twisted around
each other to decrease the affect of fields that for example creates crosstalk. The impedance
for a twisted pair can be calculated as: [Wadell, 1991]
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T and D have the same length units in meter and θ is the pitch angle of the twist, the angle
between the twisted pair’s centerline and the twist, see figure 3.5. An optimised value for θ is
between 20° and 45°.
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Figure 3.5: Twist angle.

Coaxial cables
A more common form of transmission lines is the coaxial cable, see figure 3.6. It is used
widely in RF systems or instruments for measurements at frequencies of up to 10 GHz.
Usually it contains an inner cylinder with radius a, and an outer conductor with radius b and a
dielectric material between. The other cylinder is usually connected to ground and this
decreases the radiation losses and the field interference. [Ludwig and Bretchko, 2000]

Figure 3.6: Coaxial cable. [Ludwig and Bretchko, 2000]

The impedance Z0 for a coaxial cable can be calculated by the equation: [Wadell, 1991]
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Losses in the coaxial cable can be calculated by the equations: [Wadell, 1991]
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δεα tan091207.0 rd f= (dB/m), (3.14)

where αc describes the losses in the conductor and αd the dielectric loss. They can be reduced
by increasing a and b, and keeping their ratio constant. However an increase in the wire
thickness gives other effects that are not wanted.

Microstrip lines
Microstrip lines are used on printed circuit boards, see figure 3.7. It has a ground plane under
the signal conductors, which reduces radiation losses. A one-layer board can cause rather
large radiation losses and a board of this type can also cause large crosstalk between
conductors. Another way to confine fields is to use a multilayer board. One example of this is
the sandwich board, this is a three-layer board with the conductor between two ground planes,
which is called strip line. [Ludwig and Bretchko, 2000]
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Figure 3.7: Top: Microstrip lines. Bottom: Electrical and magnetic fields from microstrip lines depend on the
dielectric material. [Ludwig and Bretchko, 2000]

The impedance Z0 for a microstrip can be derived from the equations: [Wadell, 1991]
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d is the thickness of the substrate, w is the width of the microstrip, ∆w represents an
equivalent  change in the width and t is the thickness of the microstrip.

Losses in the conductor can be derived from the equations: [Wadell, 1991]
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For w/h ≥ 1:
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where for w/d ≤ 1/(2π):
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for w/d ≥ 1/(2π):
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1 (Ω/square) (the surface resistivity or sheet resistivity)
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== (skin depth)

µ is the permeability.

Equations 3.16 and 3.17 are valid for t < d/2 and tw ∂∂ / >1.

Dielectric loss in microstrip lines can be calculated using formula 3.18: [Wadell, 1991]
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where εeff is the effective relative dielectric constant, Cactual is the capacitance in the microstrip
and Cair is the capacitance when the dielectric is replaced with air.

These losses are the result of several factors, for example actual conductance of the material,
frequency dependent skin effect losses and surface roughness losses.

3.2 TDR
TDR means Time Domain Reflectometry and is a technique used for measuring reflections in
transmission lines or/and loads in time domain. TDR gives, compared to other techniques, a
very intuitive and direct view of transmission line characteristics. It is a simple and reliable
technique, which results in a quick answer. A TDR is basically an oscilloscope with a step
generator, see figure 3.8. A step is sent into the DUT and this results in a reflected voltage
wave. The oscilloscope adds this wave with the incident step and plots it in time domain. The
amplitude of the resulting curve is thus a function of the reflections from the DUT. [Agilent,
2002]
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Figure 3.8: Principal of a TDR. [Agilent, 2002]

How much of the incident step that is reflected is given by the reflection coefficient: [Ludwig
and Bretchko, 2000]
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where Er is reflected voltage wave and Ei is incident voltage wave.

The range for Γ0 is –1≤Γ0≤1. Z0 is the characteristic line impedance and ZL is the load
impedance, see figure 2.3.

If Z0=ZL then Γ0=0 and no reflection occurs, the system is matched, see figure 3.9a. In the
case when an open circuit termination exists, ZL=∞, Γ0=1, resulting in a total reflection, see
figure 3.9b. In the other case, short circuit termination with ZL=0 results in Γ0=-1 and the
measured signal will be 0, see figure 3.9c.

Figure 3.9: TDR result with different terminations.[Agilent, 2002]

In figure 3.9 the load is strictly resistive. If the load contains inductive or capacitive
components the resulting curve will be more complex.

3.2.1 Complex TDR curves
Figures 3.10 to 3.13 show theoretical results with loads containing R, C and L in different
arrangements. All curves can be explained by evaluating the reflected voltage er(t) at t=0 and
t=∞ and assuming any transition between these values to be exponential. Time is chosen to be
0 when the reflected voltage wave arrives at the monitoring point.
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Figure 3.10: Series R-L termination. [Agilent, 2002]

Figure 3.10 shows a TDR measurement with series R-L termination. The inductor will not
accept any sudden change in current and it looks like an infinite impedance initially. The load
appears as an open termination and the reflected voltage is +Ei at t=0. Then current in L
builds up exponentially and its impedance drops to 0 Ω, therefore er(t) is determined only by
R at t=∞:

0

0

ZR
ZR

+
−

=Γ  at t=∞

The time constant τ of the exponential transition of er(t) is determined by the effective
resistance seen by the inductor. The impedance in the transmission line is Z0. Therefore the
inductor sees Z0 in series with R and

0ZR
L
+

=τ

Figure 3.11: Series R-C termination. [Agilent, 2002]

The transmission line in figure 3.11 has a series R-C termination. At t=0 the capacitor appears
as a short circuit since it will not accept a sudden change in voltage. Therefore er(t) is
determined only by R:

0

0

ZR
ZR

+
−

=Γ  at t=0

Then voltage builds up on C and its impedance rises. At t=∞ C looks like an infinite
impedance and the load appears like an open circuit, therefore er(t) is 2Ei. The time constant
of the exponential transition of er(t) is:

C
ZR 0+

=τ
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Figure 3.12: Shunt R-L termination. [Agilent, 2002]

Figure 3.12 shows a TDR measurement with shunt R-L termination. At t=0 the inductor looks
like an infinite impedance as in figure 2.10. Therefore er(t) is determined only by R:

0

0

ZR
ZR

+
−

=Γ  at t=0

When current is building up in L its impedance drops to 0 Ω. At t=∞ the load appears like a
short circuit and er(t) is –Ei. The time constant is:

L
RZ

ZR

0

0+
=τ

Figure 3.13: Shunt R-C termination. [Agilent, 2002]

Figure 3.13 shows a transmission line with shunt R-C termination. At t=0 the capacitor
appears like a short circuit as in figure 2.11 and er(t) is therefore –Ei. Voltage then builds up
on C and at t=∞ it looks like an infinite impedance. Then er(t) is determined only by R:
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The resistance seen by the capacitor is Z0 parallel with R and the time constant is therefore:

C
ZR

RZ

0

0

+
=τ
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3.2.2 Locating mismatches
It is easy to locate mismatches using TDR. If the propagation velocity vp in the system is
known a measured point on the curve can be converted into length l by equation 3.20.
[Agilent, 2002]

2
Tvl p ⋅= , (3.20)

where T is the time from point of monitoring to the mismatch and back again, the time
measured on the TDR scope.

If vp is unknown it can be determined by measurement of a similar transmission system with a
known length.

3.2.3 Applications
Beside measurements on circuit boards TDR is used in many other applications. Cable
workers use it for error detection, i.e., to detect where a telephone line is broken. If a sensitive
cable is buried in the ground the TDR response from it shows the amount of water around the
cable at different positions. This is due to changes in the impedance level that depends on the
surrounding water.

3.3 Crosstalk
The knowledge about crosstalk is collected from literatures [Carlsson, 1998, Nordlander,
2000 and Johnson and Graham, 1993].

The crosstalk effect comes from the electrical field that exists around every conductor when it
is transmitting a signal, see figure 3.14. The field affects adjacent conductors and can disturb
and create new coupled signals. The amount of crosstalk depends on the frequency and how
well the lines are shielded. Crosstalk can be seen as a value of how much energy that leaks
between conductors.

Another way to understand crosstalk is the mutual capacitive and inductive connection
between two conductors. The sizes of the capacitive and inductive connections depend on the
distance between the conductors and properties of the dielectric material. These mutual
impedances connect the conductors to each other.

Figure 3.14: Mutual coupling between two transmission lines.
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3.3.1 Mutual capacitance
Mutual capacitance is the coefficient of interaction between two electrical circuits. It has the
unit Farad or Ampere-second/volt. A mutual capacitance is simply a parasitic capacitor
connected from conductor A to conductor B, see figure 3.14. A mutual capacitance CM injects
a current IM into conductor B proportional to the rate of change of voltage in conductor A
according to equation 3.21. This equation is a simple approximation to the actual coupled
noise current.

dt
dVCI A

MM = (3.21)

Crosstalk depending of the mutual capacitance can be calculated as:
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where 
dt

dVA is the maximum change in voltage per time unit of waveform VA, ∆V is the step

height of the driving waveform, TR is the driving waveform rise time and ZB the impedance of
conductor B.

Some assumptions must be done to make equation 3.21 valid. The current in CM must be
much smaller than the current in conductor A. The coupled signal voltage in conductor B is
smaller than the voltage in conductor A. Assume the capacitor is a large impedance compared
to the impedance to ground of conductor B.

3.3.2 Mutual inductance
Mutual inductance is always created when there are two conductors of current. The current in
one conductor affects the other conductor via a magnetic field. Every two conductors interact
and the coefficient of interaction depends on distance. This coefficient is called the mutual
inductance. It has the unit Henrie or Volt-second/ampere. A mutual inductive coupling
between two conductors acts as a small transformer connected from connector A to connector
B, see figure 3.14. The mutual inductance LM injects a noise voltage Y into conductor B
proportional to the change of current in conductor A.

dt
dILY A

M= (V) (3.23)

A quick change in current in conductor A induces a large voltage in conductor B, hence the
importance of mutual inductive coupling in high-speed electronics.

To make equation 3.23 valid some assumptions must be made. The induced voltage across LM
to conductor B is much smaller than the voltage in conductor A. The coupled signal current in
conductor B is smaller than the current in conductor A. The coupled impedance LM is small
compared to the impedance to ground of conductor B.
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Crosstalk depending on the mutual inductance can be calculated as:
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where 
dt

dVA  is the change of voltage per time unit of waveform VA, 
dt

dI A  is the change of

current per unit time of waveform VA, ∆V is the driving waveform step height, TR is the
driving waveform rise time and ZA the resistance of conductor A.

3.3.3 Combining mutual inductive and mutual capacitive coupling
Stripline circuits usually have a good balance between mutual inductive and capacitive
coupling. For microstrip lines, where the electric field lines mostly travel through air, the
inductive coupling is larger than the capacitive. Over a slotted, see chapter 3.3.4, or other
imperfect ground planes the inductive coupling is much larger than the capacitive coupling

3.3.4 Important aspects about board layout
Crosstalk depends on mutual impedance created between different conductors on the board.
There are some aspects about board layout which can be important to have knowledge about
when crosstalk is to be reduced.

Slotted ground planes
A hole in the ground layer is called a ground slot and is a classic layout mistake, see figure
3.15. The ground slots can be oblong holes or clear out holes for connector pins that are too
large and the ground is not continuos through the pin field. Ground slots add inductance to
traces passing perpendicular over the slot and this increase crosstalk.

Figure 3.15: Slotted ground planes.
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The effective inductance from a ground slot can be calculated as:







=
W
DDL ln5 , (3.25)

where L is the inductance in nH, D is the length of the slot and W the trace width. The created
slot inductance slows down rising edges and creates mutual inductive crosstalk.

Guard traces
A guard trace is a grounded conductor running parallel to a signal conductor, see figure 3.16.
This can reduce the crosstalk. As a rule of thumb the coupling between two microstrip lines is
halved if a conductor, grounded in both ends, is inserted between them. If the grounded
conductor connects to ground layer trough some vias in frequently intervals the connection is
even lower.

Figure 3.16: Guard trace.

The distance to ground layer is also important and therefore must ground planes be used to
reduce crosstalk in printed circuit boards. In a cable, crosstalk can be reduced by twisting the
conductors in pair. Using woven cables, in which every signal conductor has a ground wire,
can also reduce crosstalk.

Series termination
If a series termination equal to the characteristic impedance of the conductor is used at the
near end side, reflections of crosstalk signals will be reduced. The far end side will see a
much smaller crosstalk level. Series terminations reduce the crosstalk and it is a good
approach when there are many parallel transmission lines from one point to another. Figure
3.17 shows a series termination.

Figure 3.17: Series termination.

3.3.5 Near End and Far End Crosstalk
When a signal is sent in a conductor the mutual couplings affect nearby conductors. This
creates a small signal that is different if it is created because of a mutual inductive or mutual
capacitive coupling. As a voltage step travels in a conductor the inductive coupling induces a
voltage pulse in another conductor. The voltage pulse propagates both forward and backward,
to the far end and the near end side, see figure 3.14. The reversed pulse to the near end side is
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positive and the forward pulse to the far end side negative. The negative pulses from every
point along the conductor are added and arrive to the far end side all together. The positive
pulses arrive at different times, after reflections to the near end side.

A pulse created by the capacitive coupling between two conductors also propagates in two
directions. The polarities of mutual capacitive coupling are positive for both forward and
backward pulses.

3.3.6 Measurement
Crosstalk can be expressed in CTNE (Near End Crosstalk) and CTFE (Far End Crosstalk) as a
ratio between the signal level in the source conductor and in the object conductor, see figure
3.18. CTNE is measured at the transmitting end, near end, and CTFE at the receiving end, far
end.

Figure 3.18: Crosstalk measurement on a circuit board.
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4 Equipment
The TDR measurements have been performed using the oscilloscope 86100B with TDR
module 54754A produced by Agilent Technologies Inc. The crosstalk measurements also
include the oscilloscope 54833D MSO (Mixed Signal Oscilloscope). The simulations are
done with ADS. This chapter contains a short description of the equipment.

4.1 Oscilloscope 86100B
The oscilloscope 86100B is made by Agilent and is a high frequency oscilloscope with a TDR
module, see figure 4.1. The oscilloscope is combined with a Microsoft Windows-based
system that makes it easy to handle. [Agilent web, 2003]

Figure 4.1: Oscilloscope 86100B with TDR module 54754A. [Agilent web, 2003]

4.2 TDR-module 54754A
TDR module 54754A, see figure 4.2, together with the oscilloscope form a differentiate TDR.
The module can be used for different measurements: single ended, differential pair or
crosstalk. It has two synchronizeable inputs with a bandwidth of 18 GHz each. The built-in
step generator has a rise time of 40 ps. [Agilent web, 2003]

Figure 4.2: TDR module 54754A. [Agilent web, 2003]
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4.3 Oscilloscope 54833D MSO
Oscilloscope 54833D is a MSO and it has 2 analog and 16 digital inputs, see figure 4.3. The
bandwidth is 1 GHz and the sampling rate up to 4 GSa/s. It is controlled by a Windows XP
system and is easy to handle. It can also be controlled from a distance via Internet. [Agilent
web, 2003]

Figure 4.3: Oscilloscope 54833D MSO. [Agilent web, 2003]

4.4 ADS
ADS is a computer aided design and simulation tool used in the development of high
frequency electronic circuits. It can be used both on the system level and the component level.
ADS is mainly for frequency domain simulations but it can also be used for time domain
simulations, the later is used in this work.

ADS may provide good results very close to reality as it includes many parasitic properties
from reality in their models. This is a good tool for simulations of new products in the design
phase for product development. It can, of course, also be used to evaluate existing products.

4.4.1 Simulation
Simulations in ADS can be performed in different ways, by a user-defined simulation or by
using existing templates. An example is the template used in this project, which simulates
TDR responses as well as crosstalk. This template sends a step pulse just like the TDR
module in chapter 4.2.

The template, Step Response TDR/TDT (Time Domain Transmission) in figure 4.4, simulates
in frequency domain but the results are converted into time domain. Src (Source) is both
transmitter and receiver for TDR and Rx1-Rx5 (Receiver1-Reciever5) are inputs that can be
used for crosstalk simulations. All inputs/outputs are terminated with Z0, which can be
specified in the instrument parameters.

Figure 4.4: Simulation template for TDR simulations.
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5 Measurement objects
The information about SDU (SLM Drive Unit) and the signal chain is collected from
Micronic [Micronic internal, 2003]. The system that measurements and simulations are
performed on is the analog signal chain that supports the SLM chip with data and control
signals. The signal chain is called SDU and it consists of:

• SAD (SDU Analog Drive board).
• SGI (SDU General Interface board).
• SLMA (SLM Adapter board) 1 & 2.
• SLMC (SLM Carrier board) 1 & 2.

Figure 5.1: Overview over SLM FRU2 with 8 SAD boards attached to SLMA. SLM FRU1 is different from FRU2
when 4 SAD boards are attached to SLMA and when the mirror chip has 128 data inputs instead of 256.

SLMA2 board
• 12 layers
• FR4, εr=4.2
• total thickness

~2.95 mm

’SLM Adapter 2
board’
Directs the signals
from the SAD boards
to the SLMA-SLMC
cable.
Converts differential
signals from the SGI
board from LVDS to
TTL.

SLMC2 board
• 12 layers
• FR4, εr=4.2
• total thickness ~2.4 mm

’SLM Carrier 2 board’
Holds the SLM chip in place.
Directs the analog signals from
the cables to the chip.
Contains cooling system for
the SLM chip.

SGI board
• 10 layers
• FR4, εr=4.2
• total thickness

~1.06 mm

’SDU General
Interface board’
Generates clk and
voltage supplies to
the SLM chip.

SLMA-SLMC cable
• Blue Ribbon cable
• Z0=50 Ω
• 4*32 analog data channels

There has to be a cable between SLMA and
SLMC to adjust the SLM chip geometrically.

SLM chip
• 256 analog data inputs

‘Spatial Light Modulator’
The SLM chip is very sensitive
for thermal, optical and
electrical disturbances.

SAD-SLMA cables
• twisted pair cables
• 32 analog data channels, 90Ω single ended
• 32 ground wires

SAD boards
• 10 layers
• FR4, εr=4.2
• total thickness

~1.06 mm

’SDU Analog Drive
board’
Converts digital
signals to analog
signals.
Drive the signals all
the way to the SLM
chip.

SGI-SLMA cable
• twisted pair

SAD0
• 32 channels

SAD1
• 32 channels

SAD2
• 32 channels

SAD3
• 32 channels

SAD4
• 32 channels

SAD5
• 32 channels

SAD6
• 32 channels

SAD7
• 32 channels
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SDU begins with the SAD boards and ends at the holder for the SLM chip at the SLMC
board. The whole system is called SLM FRU (SLM Field Replaceable Unit), see the overview
in figure 5.1. SDU exists in two different versions, because of two different SLM chips where
the old version has 128 data inputs and the new version 256. Therefore the number 1 describe
all parts in the old version and the number 2 all parts in the new version, i.e., the whole
systems are called SLM FRU1 and SLM FRU2.

5.1 SLM
SLM is a chip that contains over 1 million individually controlled mirrors that all have the
size of 16 x 16 micrometers, see figure 5.2. The chip is the base in a system to write a pattern
on a photo mask with laser light. The light that is sent towards the chip is called DUV (Deep
Ultraviolet light) and it is reflected different in the surface of the mirrors depending on how
they are set. By exposing some pixels and not exposing others on the photo mask the wanted
pattern is created. The machine that performs the exposure is a so-called stepper machine that
exposes the mask bit by bit. See figure 2.2 that shows how the system and the SLM chip
works. A SLM mirror can be seen as a load of a resistance of 1 kΩ in series with a
capacitance of 5 pF.

Figure 5.2: The mirror chip, SLM, with one million individually controlled mirrors. [Micronic web, 2003]

5.2 SAD
The SAD boards receive digital control data for the SLM chip and this data is converted to
analog signals that are sent to the SLMA board. 32 channels with data are sent from each
SAD to SLMA. These channels are named AOUT1-AOUT32. The SAD board feeds the SLM
chip with analog signals that have a voltage swing between 0 and 26V and a resolution of 10
bits which is equivalent to 1024 different voltage levels.

5.3 SGI
The SGI board delivers digital control signals with LVDS (Low Voltage Differential
Signalling) technology, analog control and voltage supplies to the SLM chip and the circuits
between SAD and SLM. Examples of these signals are clocks and control signals for the SLM
chip.

5.4 SLMA 1 & 2
The SLMA boards receive and transmit data and control signals from SAD and SGI. SLMA1
receives data from 4 SAD boards and SLMA2 from 8 SAD boards. Received signals are
further sent to the SLMC board. These boards also transform digital control signals from
LVDS to TTL (Transistor-Transistor Logic).
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5.5 SLMC 1 & 2
The SLMC boards work as holder for the SLM chip. Data and control signals are set at the
right time and control in this way all the mirrors. The differences between SLMC1 and
SLMC2 are that board 2 is adapted to a mirror chip with 256 inputs instead of 128 inputs on
board 1.

5.6 Cables
The cables used to connect SAD and SLMA are made of twisted pair cables and the same
type of cable connects SGI and SLMA. The twisted pair cables consist of 32 signal and 32
ground conductors and some others for cable test for the SAD-SLMA cable. The SGI-SLMA
cable consists of 50 pairs. The cables are connected to the circuit boards by SCSI (Small
Computer Systems Interface) connectors. Another type of cables used in the data link is micro
coaxial cables between SLMA and SLMC.

5.6.1 Twisted pair
A twisted pair consists of two different conductors, and in this case one is connected to a
signal and the other to ground. These conductors are twisted and this reduces the fields that
are created around the conductors when a signal travels trough it. These fields are one of the
origins to crosstalk and twisting the conductors around each other can reduce the fields.
Usually two signal conductors are twisted but in this case one signal and one ground
conductor. The twisted pairs can then be packaged in different ways and be shielded. In the
cable between SAD and SLMA the pairs are shielded to protect it from outer disturbance. A
twisted pair cable can be seen in figure 5.3.

Figure 5.3: Structure of a twisted pair cable. [Micronic internal, 2003]
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5.6.2 Micro coaxial cable
There is a micro coaxial cable between SLMA1and SLMC1 and it transfer data and control
signals. Between SLMA2 and SLMC2 there are two micro coaxial cables. These cables have
another task, i.e., to be a mechanical buffer between SLMA and SLMC to prevent the chip
from vibrations. The cables make it also possible to separately adjust SLMC mechanics to
have the demanded precision. These cables have coaxial cable properties and can therefore
transmit signals with high speed and relatively free from disturbance, in the same time it has a
very small size. Structure and size of a micro coaxial cable can be seen in figure 5.4.

Figure 5.4: Structure and size for a micro coaxial cable. [Gong, 2002]
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6 Arrangement and plan
The practical part of the report contains measurements and simulations that have been
performed in this project. After the practical part there is a comparison between
measurements and simulations. This is important in order to understand the results of the
measurements. The following chapters, 7 to 9, describe the practical work.

Which measurements that were interesting to perform was decided in agreement with
Micronic. It resulted in the following list of measurements:

SAD channels (90 Ω single-ended):
• TDR measurement, comparison of some channels in the same SAD-SLMA cable, i.e.,

AOUT1, AOUT9, and AOUT16.
• TDR measurement, comparison of some channels in the same SAD-SLMA cable with and

without analog buffers on the SLMC board, i.e., AOUT8, AOUT9 on SAD0.
• TDR measurement, comparison of the same channel without analog buffers in different

SAD-SLMA cables, i.e., AOUT9 on different SAD boards.
• Characterisation of crosstalk between channels.

SGI channels:
• TDR measurement, comparison between 90 Ω single-ended signals, i.e., VDMD, VCE

and VFRAME.
• TDR measurement, comparison between 100 Ω differential signals, i.e. DIG_CTRL0-5.
• TDR measurement, comparison between 100 Ω differential returned signals, i.e.,

DIG_CTRL6-7.
• TDR measurement, comparison between 100 Ω differential analog returned signals, i.e.,

MEAS_FAST0-3.

As the SGI signals are either voltage supplies or differential signals, the SGI board was not
characterised in this work

6.1 Measurements
Before the measurements were started tests were made in order to learn how the instruments
work. Since these instruments have Windows-based systems, it was easy to learn how to use
them.

In TDR measurements the channel to be measured must be isolated from other sub-circuits,
therefore the circuit boards were prepared by lifting some component pins. Then the TDR
measurements were performed. It was noticed how sensitive these measurements are; it is
important to have a good contact between the probe and the conductor.

Then crosstalk between channels was measured. This was done by injection of a TDR pulse in
a channel on the SAD board (active channel), and then the crosstalk was measured in an
adjacent channel at the holder for the SLM chip (passive channel). This give a kind of far end
crosstalk and it shows how much crosstalk that exists at the input of the SLM chip.

In the beginning there were no supply voltages used, which resulted in non-active OPs
(Operational amplifiers). The measured crosstalk was very high. Therefore the supply
voltages were added in order to make the OPs active. The measured crosstalk was still very
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high and it was discovered that one of the supply voltages to the OPs did not match the
specification. When this supply voltage was corrected and the OPs worked properly the result
became trustworthy. When crosstalk was measured three different test sets were used. All the
measurements are described in chapter 7.

6.2 Simulations
The simulations were started with a learning example and a study of ADS in order to find out
how the program works and what possibilities exist. It was discovered that ADS is primarily
adapted to frequency domain simulations but it is possible to simulate in time domain too by
transforming the frequency domain results. When it comes to TDR simulations a template
exists which was used in all the simulations.

Studies of the design files of the circuit boards resulted in trustworthy models of reality in
ADS. These models were built by substrate models, microstrip line models and vias between
layers.

A problem that occurred in the beginning of the simulations was how to make models of the
cables, there were no model templates in ADS for this purpose. After a study of different
solutions a cable model with a substrate and microstrip lines was built (see chapter 8.3). This
model does not agree completely with reality but it was the best solution that could be
implemented in ADS without too much effort.

The SCSI connectors between boards and cables were simulated with a series inductance and
a shunt capacitance. The values of these were adapted to reality by comparison between
simulated and measured results. Results from calculations of these parameters are close to the
adapted values.

The simulations follow the same arrangements as in the measurements to make a comparison
between the results possible.
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7 Measurements
It has been some problems when measuring the delays of the signals. The position of the SLM
chip holder in the plots was found from the results of two TDR measurements with different
terminations, open and short. This is seen in figure 7.1. The two TDR responses were
identical from the beginning and to the position of the chip holder. Therefore the last point in
the results that was identical had to be the position of the holder. The difference in time
between the signal flank and this point is the double delay of the signal, the voltage wave has
travelled two times through the system.

Figure 7.1: Positioning of the SLM chip holder.

7.1 TDR probe
In TDR measurements a probe must be used to inject the TDR signal onto the circuit boards
and to measure the reflections that occur. Therefore a probe was made from a blank SMA
(Sub-Miniature A) connector. To be able to connect the ground to the boards a ground wire
was soldered to the SMA connector. This resulted in a ground loop with inductive effect. To
minimise this loop the wire was made as short as possible. All of the inductive effect could
not be eliminated but the probe was measured and does not effect the measurements
significant, the probe measurement is shown in figure 7.2. In this case a 50 Ω cable is
connected to the probe and it is obvious that the probe does not affect the impedance of this
cable. The spike from the probe comes from the inductive effect of the ground wire and the
connection to the cable, the spike has the impedance of 57 Ω.

Figure 7.2: Measurement of the probe.

7.2 Measurement of transmitted signal
The transmitted signal has been measured in order to look at its appearance and rise time. The
source signal was injected on the output of the last OP amplifier in a channel on the SAD
board. Figure 7.3 shows the result.
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Figure 7.3: Transmitted signal, AOUT9.

The transmitted signal is relatively smooth and its rise time is 18.8 ns for FRU1 and 18.3 ns
for FRU2. The size of the rise time comes from among others a series termination and a RC
coupling at the output of the SAD board.

7.3 TDR measurements

Figure 7.4: TDR measurement of AOUT9 on FRU1.
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Figure 7.4 shows the TDR measurement from AOUT9 on FRU1, it has been divided into
three different parts that have been enlarged to give a clearer view of the signal reflections
created in the channel.

Figure 7.4a shows characteristics of the channel from beginning to SLMA board. The probe
used in the measurements gives a small spike of 57 Ω. This spike is seen before the
reflections from the boards and does not affect the result. The contact between the probe and
the test point can be seen as a little spike in the first rise. The appearance of this connection
depends on the inductance that is created between the probe and the test point. The spike
height shows how good contact it is between them. The most difficult part to see and to
understand in the TDR response is the characteristic of the SAD board; the signal path is
rather short and there are some inductive and capacitive parasites around the board that
disturb the TDR response. After the SAD board in figure 7.4a some inductive and capacitive
effects from the first SCSI contact can be seen; the impedance level here is about 112 Ω.
Inductance and capacitance among other things in the contact makes it difficult to see the
cable between SAD and SLMA, but in the end it is stabilised at 80 Ω.

Figure 7.4b shows the characteristic of the SLMA board; the lower level in the beginning
comes from the capacitive effect of the SCSI contact. The impedance level on this board stays
fairly stable around 84 Ω. The top level comes from the contact to the micro coaxial cable that
has an inductive effect.

Figure 7.4c shows the impedance levels at the micro coaxial cable and the SLMC board. The
micro coaxial cable has a specified impedance of 50 Ω but the TDR measurements showed it
to be 66 Ω. Parasitic effects make the lowering and rising of impedance levels slower in the
measurements than in the simulations. This is clearly shown on SLMC where the impedance
rises almost all the time. The broken line marks the position where the signal has reached the
SLM chip holder.

7.3.1 Comparison of some channels in the same SAD-SLMA cable
The measurement is done in order to compare impedance levels and delay between different
channels in the same SAD-SLMA cable.

FRU1
The measurement has been performed on the channels AOUT9 and AOUT16 on SAD0.

Figure 7.5: Measurement between AOUT9 and AOUT16 on SAD0, FRU1.
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Figure 7.5 shows that the largest difference between AOUT9 and AOUT16 are the length of
the conductors. This is shown by the difference of the endpoint positions, see markers in
figure 7.5. There are also differences in impedance levels, and this is due to the fact that the
signal conductors are placed in different layers in the circuit board. These differences are
easiest to see at the SLMC1 board where AOUT16 has a higher level than AOUT9.

FRU2
The measurement has been performed on the channels AOUT9 and AOUT16 on SAD0:0.

Figure 7.6: Measurement between AOUT9 and AOUT16 on SAD0:0, FRU2.

In figure 7.6 some differences in impedance levels can be seen and these comes from
impedance differences in the boards. The largest difference between the channels is the
difference in time. A good example of this is the position in time for the capacitive effect in
the SCSI connector between SAD-SLMA cable and the SLMA board for AOUT16 compared
to AOUT9. This comes from the fact that AOUT16 has a longer signal path than AOUT9 on
the SAD board.

Comparison
Both on FRU1 and FRU2 a difference in time can be seen between AOUT9 and AOUT16.
This comes from the longer signal path of AOUT16 on the SAD board. Figures 7.5 and 7.6
also show that the channels on FRU2 are shorter than on FRU1. The reflections are almost
equal on FRU1 and FRU2. Worth to notice is the larger variations of impedance levels in the
start of the cable on FRU2. The SAD board and the cable are supposed to be the same in both
FRU1 and FRU2 and the look of the TDR response should therefore be identical in theory,
but the measurements show some differences between them.

7.3.2 Comparison of some channels with and without analog buffer on SLMC
This measurement is done to find out if the feedback that exists in some channels affects the
characterisation of the channel. There are two kinds of feedback, with high or low bandwidth.
Channels of both types have been compared to channels with no feedback.
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FRU1
The comparison has been done between AOUT2 (feedback with high bandwidth), AOUT32
(feedback with low bandwidth) and AOUT9 (no feedback) on SAD0.

Figure 7.7: Measurement of AOUT2 (feedback with high bandwidth) and AOUT9 (no feedback) on SAD0,
FRU1.

Figure 7.8: Measurement of AOUT32 (feedback with low bandwidth) and AOUT9 (no feedback) on SAD0,
FRU1.

Figures 7.7 and 7.8 show that there is a difference in impedance level and time between
channels with feedback (AOUT2 and AOUT32) and the one without (AOUT9). The
differences in length are largest and most clear between AOUT9 and AOUT32 and this
depends on the longer signal path for AOUT32 on SLMC1. There are also some differences
in impedance levels but these cannot be related to the feedback but depend mostly on the
different layers in the board that the signal conductors lie in. This was checked when some
complement measurements were done with the SLMC board disconnected from the micro
coaxial cable. The result became almost identical without the SLMC board.

The fact that the feedback has no affect on the rest of the system depends on resistances
placed between the SLM chip and the buffers close to the chip holder. The resistances are
large and only a small part of the signal is transmitted to the buffers.
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FRU2
The comparison has been done between AOUT1 (feedback with high bandwidth) on SAD0:1,
AOUT32 (feedback with low bandwidth) on SAD0:0 and AOUT9 (no feedback) on SAD0:0.

Figure 7.9: Measurement of AOUT1 (feedback with high bandwidth) on SAD0:1, FRU2 and AOUT9 (no
feedback) on SAD0:0, FRU2.

Figure 7.10: Measurement of AOUT32 (feedback with low bandwidth) and AOUT9 (no feedback) on SAD0:0,
FRU2.

Figures 7.9 and 7.10 show that there are some differences in impedance levels and time
between channels with feedback (AOUT1 and AOUT32) and without (AOUT9). The
differences in length are largest and most clear between AOUT9 and AOUT32, and this
depends on the longer signal path for AOUT32 on SLMC2. There are also some differences
in impedance levels but these can not be related to the feedback, complement measurements
showed this. These differences depend mostly on the different layers on the board that the
signal conductors lie in together with measurement and contact errors that always exists.

Comparison
The results from FRU1 and FRU2 are alike in many ways. All channels with feedback have a
lower impedance level in the SAD-SLMA cable than the channels without because of the
twisted pairs that are placed near the edge of the cable. This makes them close to the ground
shielding at one side where all the others have another twisted pair. AOUT2 are placed as the
second twisted pair from the edge, and this gives it a bit higher impedance level than AOUT1
and AOUT32.

7.3.3 Comparison of the same channel in different SAD-SLMA cables
This comparison is supposed to show if there are differences between the same channel in
different SAD-SLMA cables. In both cases below channels from three SAD boards have been
measured.
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FRU1
The comparison has been done between AOUT9 from SAD0, SAD1 and SAD2. AOUT9 on
SAD0 is going to be described as AOUT9 and the other two channels as AOUT9 and SAD1
or SAD2.

Figure 7.11: Measurement of AOUT9 on SAD0 and SAD1, FRU1.

Figure 7.12: Measurement of AOUT9 on SAD0 and SAD2, FRU1

Figures 7.11 and 7.12 show that AOUT9 is almost identical with both AOUT9 on SAD1 and
SAD2 from the beginning to the SLMA1 board. In the micro coaxial cable and the SLMC1
board there are large differences where the impedance levels for AOUT9 on SAD1 and SAD2
are higher. The reason for these differences is not clear.

FRU2
In this case AOUT9 channels on SAD0:0, SAD0:1 and SAD1:1 are compared. As in the
measurements on FRU1 is AOUT9 on SAD0:0 described as AOUT9 and the other channels
as AOUT9 and SAD0:1 or SAD1.1.

Figure 7.13: Measurement of AOUT9 on SAD0:0 and SAD0:1,FRU2.
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Figure 7.14: Measurement of AOUT9 on SAD0:0 and SAD1:1,FRU2.

Figures 7.13 and 7.14 show that the channels are almost identical except from some
differences in time and impedance level in the micro coaxial cable and the SLMC2 board. The
differences in time depend on differences in channel length on the SLMA2 and SLMC2
boards and the differences in impedance levels in different board layers.

Comparison
Measurements show that there are some differences on the micro coaxial cable between the
same channel on different SAD boards on FRU1. This difference does not exist on FRU2. It is
not clear what this impedance difference depends on.

7.4 Crosstalk between channels
The crosstalk measurements were performed in the following way: a TDR step was injected
into the system on the SAD board and then transmitted signal in the same channel (active
channel) and the transmitted signal in an adjacent channel (passive channel) were measured.
The TDR step has an amplitude of 400 mV, which makes the crosstalk signal small and
therefore sensitive to noise. The advantage is its fast rise time of 40 ps although it becomes
850 ps at the probe. The sensitivity to noise contributes to slightly decreased accuracy.

Micronic’s machine has a rise time of their transmitted signals of approximately 18 ns. In
these measurements the rise time measured varies between 17-20 ns.

Since Micronics SLM chip samples every 90 ns, it was interesting to see if there was any
crosstalk shortly before this time, at 80-90 ns. Crosstalk was measured between a couple of
channels but similar crosstalk should exist between other channels with similar conditions. In
the crosstalk measurements three different test sets were used.

Measurements with test set 2 and 3 resulted in very large crosstalk in the beginning. It was
later discovered that the OP amplifiers did not work properly because of failure in a voltage
supply. When this was corrected the result became trustworthy.

7.4.1 Test set 1
In the first test set the OP in the active channel was disconnected and the output of the OP in
the passive channel was grounded, see figure 7.15. This test set gives a relatively ideal result
of the crosstalk because of the grounded passive channel that should make the crosstalk ring
out quickly. The TDR step was injected before the series termination of 90 Ω or 40 Ω. The
termination of 40 Ω together with the internal impedance of the TDR (50 Ω) results in a total
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impedance of 90 Ω. In all crosstalk measurements a load that corresponds to the SLM pin
load was used.

Figure 7.15: Test set 1.

In order to perform a simple measurement test set 1 was used. For the series termination
(R_Termination in figure 7.15) in the active channel both 90 Ω and 40 Ω were used and the
results of these were compared. The results for test set 1 can be seen in table 7.1.

Table 7.1: Measured values with test set 1:
Spike down Spike upSource Object Termi-

nation
[Ω]

Amplitude,
signal in

[V]
CT

[mV]
CT
[%]

CT
[mV]

CT
[%]

AOUT9 AOUT10 90 0.4 -7.84 1.96 14.16 3.54
AOUT9 AOUT11 90 0.4 -10.30 2.56 10.90 2.73
AOUT9 AOUT10 40 0.4 -12.86 3.22 25.06 6.37
AOUT9 AOUT11 40 0.4 -8.54 2.14 13.26 3.32

Figure 7.16: Crosstalk from AOUT9 to AOUT10, test set 1 with R_Termination of 90Ω.
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Figure 7.17: Crosstalk from AOUT9 to AOUT10, test set 1 with R_Termination of 90Ω, zoomed out.

Figures 7.16 and 7.17 show the crosstalk measured from AOUT9 to AOUT10 with
R_Termination of 90 Ω. The markers are positioned at the highest spike and at 90 ns after the
flank. A mean value between 80-90 ns is measured. The figures show that the flank creates a
spike in the passive channel but this decreases fast and after 80-90 ns there is no crosstalk.
Just before the flank there is, in the passive channel, a negative spike. This is clearer in results
from test set 2 and 3.This spike comes from the mutual inductive coupling between AOUT9
and AOUT10.

When 40 Ω was used as termination the spike was larger than that in the 90 Ω case. This can
depend on how much of the signal that is reflected in the beginning when the TDR step for
the first time meets the termination. With 40 Ω there is a larger impedance difference between
the termination and the microstrip lines that results in larger reflections.

7.4.2 Test set 2
Test set 2 was similar to test set 1 in the active channel, but in the passive channel the OP was
connected and active. According to specifications the OP should, if not controlled, hold its
output at 0 V. These measurements show how the OP and the circuits around it affect the
crosstalk. This test set demands the voltage supplies 3.3 V, 5 V, 12 V and 28 V (in this case
25 V). Table 7.2 and figure 7.19 show the results for test set 2.
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Figure 7.18: Test set 2.

Table 7.2: Measured values with test set 2:
Spike down Spike upSource Object Amplitude,

signal in
[V]

CT
[mV]

CT
[%]

CT
[mV]

CT
[%]

AOUT9 AOUT10 0.4 -19.33 4.80 15.17 3.79
AOUT9 AOUT11 0.4 - - 7.75 1.94

Figure 7.19: Crosstalk from AOUT9 to AOUT10, test set 2.

The crosstalk from test set 2 is larger than the crosstalk from test set 1, as expected. It rings
out after approximate 50 ns. As in test set 1 there is no crosstalk after 80-90 ns, the measured
mean value is so small that it cannot be distinguished from noise. This shows that the OP and
the circuits around it affect the crosstalk but it rings out before 90 ns. The result also shows
that the OP works properly and keeps its output stable, which helps to eliminate reflections.
This would also work if the OP drives a signal, it just has another stable value.
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7.4.3 Test set 3
In test set 3 the TDR step was injected at the input of the OP and was therefore amplified
approximate 10 times, see figure 7.20. This decreased the sensitivity to noise for the crosstalk
signal as the amplitude increased. The passive channel was the same as in test set 2. This is
the most realistic test set as it looks just like the system in operation.

Figure 7.20: Test set 3.

Table 7.3: Measured values with test set 3:
Spike down Spike upSource Object Amplitude,

signal in
[V]

CT
[mV]

CT
[%]

CT
[mV]

CT
[%]

AOUT11 AOUT12 3.7 -81.90 2.21 106.3 2.87
AOUT11 AOUT13 3.7 -27.64 0.75 88.26 2.39

Figure 7.21: Crosstalk from AOUT9 to AOUT10, test set 3.
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The result is shown in table 7.3 and figure 7.21. It can be seen how crosstalk rings out after
approximate 50 ns. The positive spike is smaller than test set 1 and this must come from the
OP and the circuits in the active channel. As in the previous measurements there is no
crosstalk after 80-90 ns.

It was also observed that the crosstalk to an adjacent channel is larger than the crosstalk to a
channel further away, i.e., AOUT9 affects AOUT10 more than AOUT11. The crosstalk from
AOUT9 to AOUT12, three channels away, has also been measured but the result can not be
distinguished from the noise. The crosstalk three channels away can therefore be neglected.

7.5 Signal dependence of previous level
Micronic was interested if a signal is dependent on its previous value. A measurement of this
was done by analysing how the signal behaved at a negative flank, see figure 7.22.

Figure 7.22: Negative flank of transmitted signal, AOUT9 FRU2.

The value at 80-90 ns was compared to the value after a very long time when the signal itself
had stabilised (1 µs). Of course there is a fall time in the signal but after 80-90 ns the signal is
stable at the right value.



48

8 Simulations
The simulations have been done in the same way as the measurements so a comparison
between the two would be possible.

8.1 Longer transmission lines - longer delays
As seen in equation 3.7, longer transmission lines results in longer delay. For a clearer view
of this a simulation of ideal microstrip lines with different length was performed.

Figure 8.1: Simulation of ideal microstrip lines with different length.

The simulation in figure 8.1 shows how the delay depends on transmission length. The length
of <0.0254 mm (<1 mil) is used as reference for an easier comparison. The length of 2*25.4
mm (2000 mil) gives twice the delay as the 25.4 mm (1000 mil) case.

8.2 Building of models

Figure 8.2: The signal path for AOUT9 on FRU2.

In the simulation arrangement in figure 8.2 the hierarchy structure in ADS is used. The boxes
that represent the circuit boards contain models of physical microstrip lines. Figure 8.3 shows
the layout of these models, for AOUT9 on SAD0, FRU2.
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Figure 8.3: Layout of the modelled microstrip lines on the circuit boards for AOUT9 on FRU2. The larger dots
represent vias between two layers. The images are not in the same scale.

8.3 SAD-SLMA cable and SGI-SLMA cable
Between the boards SAD-SLMA and SGI-SLMA there are cables of the type twisted pair, see
figure 8.4. The cables are a bit different, the SAD-SLMA cable is shielded by a grounded
cover and the SGI-SLMA cable is not. The cables come from ELFA and their properties, that
the models origin from, are listed in table 8.1.

Figure 8.4: Image of the twisted pair cable.
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Table 8.1: Properties for the twisted pair cable from ELFA: [ELFA web, 2003]
Spacing between conductors 1.27 mm
Conductors cross section area 0.09 mm2

Isolation material PVC
Cable thickness 1.07 mm
Characteristic impedance 100 Ω

The cables consist of signal conductors twisted in pairs with grounded conductors. The cable
is 47.5 cm in length where 42.5 cm is the length of twisted pairs and 5.5 cm of parallel
conductors. In the model the twisted pairs have been modelled by switching microstrip lines
forward and backward. This gives a relatively good model, although a little bit too ideal
compared with reality. The cables consist of two layers with 17 pairs in each layer for the
SAD-SLMA and 25 pairs in each layer for the SGI-SLMA cable. In the simulations this has
been reduced to 5 pairs in each layer, this gives a good model and at the same time simulation
time is considerably reduced. A similar model of the cable with one twisted pair is shown in
figure 8.5:

Figure 8.5: ADS model of a twisted pair cable, here with one pair.

Since ADS is not built to simulate cables this brought certain problems when this model was
created. The solution was to use a circuit board substrate and models of microstrip lines. The
substrate has four layers where the two inner layers are used for the microstrip lines. This
result in a model that looks like the real cables with two layers of twisted pairs isolated by
dielectric material. For the SAD-SLMA cable there is also a shielding ground cover. The
largest difference between this model and reality is that the simulated pairs are twisted in 2
dimensions when they are twisted in 3 dimensions in reality. The model is shown in figure
8.6.

Figure 8.6: Cable substrate with parameters.

The dielectric properties of the cable can be used in the model by choosing appropriate values
for the parameters Er (relative dielectric constant) and Tanδ (dielectric tangent loss). The
cable from ELFA has a characteristic impedance of 100 Ω and in order to derive a good value
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for Er a model of the cable from ELFA was simulated with different Er. This resulted in an
Er of 3.3, which lies in the typical range for PVC materials [ASI, 2003].

The value for Tanδ was chosen to be 0.002. H1 and H3 represent the isolation around the
conductors and H2 is the total height of the isolation between the two layers in the cable. Hl
and Hu are zero for the SAD-SLMA cable. This represents the shielding cover of the cable. In
reality there is a small spacing between the cable and the cover. Hl and Hu in the SGI-SLMA
cable are large in order to position the ground layers in the model far away from the cable so
they not affect it.

Simulations of the cables have been done. Figure 8.7 shows the result, the curve IdealSource
represents 100 Ω.

Figure 8.7: TDR responses from the two different cables.

The characteristic impedance is a bit more than 100 Ω for the SGI-SLMA cable and this
comes from the second layer of twisted pairs that not exists in ELFA’s measurements. The
characteristic impedance for the SAD-SLMA cable is a little bit less than 100 Ω and this is
because of the grounded shielding cover that decreases the impedance.

8.4 SCSI connector
In both ends of the SAD-SLMA cable there are SCSI connectors. These connectors have been
modelled by an inductance and a shunt capacitance. LSAD models the inductive effect in the
SCSI connector on the SAD board and LSLMA the inductive effect in the connector on the
SLMA board. The values of these have been derived using formula 8.1. [Missouri, 2003]

Figure 8.8: Calculation of inductance and capacitance between two parallel conductors.
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Figure 8.8 shows two parallel conductors. The values of a and d was measured on the real
connectors, a was 0.3 mm and d was 1.6 mm. The pins of the connector on the SAD board is
approximate 1cm in length, which results in an inductance of:

nHLSAD 55.601.07.654 =⋅=

LSLMA gets a smaller value as the inductive effect is smaller for the connector on the SLMA
board.

The capacitance was also calculated. CSAD represents the capacitive effect in the connector on
the SAD board and CSLMA the capacitive effect in the connector on the SLMA board. These
were calculated using formula 8.2. [Wadell, 1991]
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This results in a capacitance per unit length. As the connector on the SAD board is 1cm in
length, thus the value of CSAD is:

pFCSAD 17.001.017 =⋅=

CSLMA gets a larger value since the contact on the SLMA board is more capacitive than
inductive.

These calculated values of L and C were considered to be a good start in the simulations when
the models were to be adapted to reality. The values were later modified in the models to fit
the reality more.

8.4.1 Comparison of different L and C
In order to see how the inductance and capacitance in the connectors affect the TDR response,
simulation of ideal components was performed with different values of L and C. The chosen
values were: 1 nH, 6 nH and 10 nH for L and 0.2 pF, 0.5 pF and 1 pF for C.
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Figure 8.9: Ideal simulation showing the differences in the TDR response for different L values.

Figure 8.10: Ideal simulation showing the differences in the TDR response for different C values.

The simulations in figures 8.9 and 8.10 clearly show, as expected, that the lowest values has
the least effect. It can also be seen that larger values affect the impedance levels for a longer
time.

8.5 Adapting the models to reality
TDR simulations of AOUT9 have been made with different values of L and C in the
connectors to make the models realistic. The simulations were compared with measured TDR
responses of the same signals. The values that best agreed with reality were used in further
simulations. Figure 8.11 shows simulation and measurement of AOUT9.

Figure 8.11: Comparison between simulated and measured TDR responses, AOUT9 on FRU2.

The values chosen in further simulations are LSAD=4.4 nH, LSLMA=0.1 nH, CSAD=0.5 pF and
CSLMA=1.0 pF.
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The simulation agreed well with the measurement apart from the first spike and the cables.
The differences around 2 mV were considered small. Why the first spike was higher in the
measurement can depend on the inductive effect that exists in the connection between the
probe and the board, this effect is not considered in the simulations. The largest difference
between figure 8.11a and 8.11b is the appearance of the SAD-SLMA cable and the micro
coaxial cable; the models are, as expected, too ideal. Effects of inductance and capacitance are
also too ideal, which can be seen as the impedance increases and decreases faster in the
simulations than in the reality.

8.6 TDR simulations

Figure 8.12: TDR response from AOUT9 on FRU2.

The simulations are done with Z0=50 Ω which the curve IdealSource in figure 8.12 represent.
Z0 was chosen to this value because of the internal termination in the TDR instrument in the
measurements. If all conductors are perfectly matched and have the same Z0 these curves will
be identical. The differences between them tell about impedance levels as well as inductive
and capacitive properties.

In figure 8.12 the TDR response shows the SCSI connector on the SAD and SLMA boards
that results in spikes from the inductive and capacitive properties. The connectors for the
micro coaxial cable are modelled with lower inductance and this makes the spike from them
smaller.

The deep lowering of impedance level at the micro coaxial cable depends on its characteristic
impedance Z0=50 Ω. The different levels at the SLMC board are due to the fact that the
signals are placed on different layers of the board. According to the simulation these layers do
not have the same impedance level. The double delay, in this case 2*5.06=10.12 ns, shows the
position where the signal goes into the holder for the SLM chip.

8.6.1 Comparison of some channels in the same SAD-SLMA cable
This simulation has been done, as in the measurement, between AOUT9 and AOUT16 on
SAD0 respective SAD0:0.
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FRU1

Figure 8.13: Simulation of AOUT9 and AOUT16 on SAD0, FRU1.

Figure 8.13 shows that the TDR responses from AOUT9 and AOUT16 look similar except
from some time differences. The broken lines mark the position for the holder of the SLM
chip. The discontinuities that can be seen in the TDR response affects the transmitted signal
negatively and prevents crosstalk from ringing out fast because of reflections between the
unmatched parts.

FRU2

Figure 8.14: Simulation of AOUT9 and AOUT16 on SAD0:0, FRU2.

Figure 8.14 shows that the TDR responses of FRU2 look also alike, except a delay for
AOUT16 owing to differences in channel length on the SAD board. Other differences are
small impedance variations on the boards and in the connections.

Comparison
The simulated TDR responses for different signals in one cable on FRU1 and FRU2 are very
similar to each other. There are some small differences in channel length of AOUT9 and
AOUT16 in both FRU1 and FRU2, as well as some small differences in impedance levels.
Any large difference between the results from FRU1 and FRU2 does not exist.
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8.6.2 Comparison of some channels with and without analog buffer on SLMC
The simulations are supposed to show if the analog buffer on the SLMC board affect the
impedance of the channel.

FRU1
As in the measurements AOUT2 (feedback with high bandwidth), AOUT32 (feedback with
low bandwidth) and AOUT9 (no feedback) on SAD0 have been compared.

Figure 8.15: Simulation of AOUT2 (feedback with high bandwidth), AOUT32 (feedback with low bandwidth)
and AOUT9 (no feedback) on SAD0, FRU1.

Figure 8.15 shows that there are some differences between the simulated channels and these
can be explained by the differences in the channel length. The reasons to differences in
impedance levels in the SAD-SLMA cable are that AOUT2 and AOUT32 are simulated at the
edge of the cable model but AOUT9 in the middle of the model. This gives a higher level for
AOUT9. AOUT32 has a larger delay and this is due to the longer channel length on SLMC1
and it has nothing to do with the feedback. There are some other small differences in
impedance levels and they come from the fact that the conductors are placed in different
layers on the board.

FRU2
On FRU2, AOUT1 (feedback with high bandwidth) on SAD0:1, AOUT32 (feedback with low
bandwidth) on SAD0:0 and AOUT9 (no feedback) on SAD0:0 has been compared.

Figure 8.16: Simulation of AOUT1 (feedback with high bandwidth) on SAD0:1, AOUT32 (feedback with low
bandwidth) on SAD0:0 and AOUT9 (no feedback) on SAD0:0, FRU2.
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Figure 8.16 shows that there is almost no other difference between the channels than the ones
on FRU1. The most clear is the delay for AOUT32 towards to the other two channels. This is
due to longer channel lengths on SLMA2 and SLMC2. As on FRU1 there is an impedance
difference depending on position in the SAD-SLMA cable. AOUT1 and AOUT32 are
positioned near the edge of the cable and this causes a lower impedance level. The other
difference is the large spikes for AOUT1 in the connection between the SAD-SLMA cable
and the SLMA2 board, the end of the SLMA2 board and the beginning of the SLMC2 board.

Comparison
Simulation of channels with or without feedback on FRU1 and FRU2 are relatively equal. In
both simulations AOUT32 are delayed in contrast to the other channels. Conclusions that can
be made by the TDR simulations are that the feedback connection does not affect the channels
in a significant way. This depends on the large resistances near the SLM chip in the feedback
connections and they prevent the buffers to affect the rest of the channels.

8.6.3 Comparison of the same channel in different SAD-SLMA cables
This comparison is supposed to show if there are some differences between one channel in
different SAD-SLMA cables. Channels from three different SAD boards have been
compared.

FRU1
The comparison has been done between AOUT9 from SAD0, SAD1 and SAD2. AOUT9 on
SAD0 will be described as AOUT9 and the other two signals as AOUT9 and SAD1 or SAD2.

Figure 8.17: Simulation of AOUT9 on SAD0, SAD1 and SAD2, FRU1

Figure 8.17 shows that there is a difference in impedance level between the channels. AOUT9
on SAD2 has a higher impedance level than the others due to reflections on the SLMA1 and
SLMC1 boards. The largest difference later, is the length of the channels on the SLMA1
board. AOUT9 on SAD2 is for example approximately 275 mm longer than AOUT9.
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FRU2
In this case AOUT9 from SAD0:0, SAD 0:1 and SAD1:1 have been compared.

Figure 8.18: Simulation of AOUT9 on SAD0:0, SAD0:1  and SAD1:1,FRU2.

Figure 8.18 shows that all three channels are almost identical from the beginning to the
SLMA2 board. Later there are some small differences in channel length and in impedance
levels. AOUT9 on SAD0:1 and SAD1:1 have large spikes at the end of SLMA2 board and the
beginning of the SLMC2 board.

Comparison
Comparison of the same channel on different SAD boards on FRU1 and FRU2 gives a rather
similar result. There are obvious differences in the channel length, but on FRU2 there are also
some large spikes. There are also differences in impedance levels between the simulations.
These differences come from the fact that the conductors are placed on different layers of the
boards and that the substrates of FRU1 and FRU2 are different.

8.7 Crosstalk simulations
Simulations of crosstalk have been performed according to the same test sets that were used
in the measurements described in chapter 7.4. The TDR signal in the simulations is also the
same as in the measurements, thus to make a comparison between the simulations and the
measurements possible.

8.7.1 Test set 1
Table 8.2: Simulated values with test set 1:

Spike down Spike upSource Object Termi-
nation

[Ω]

Amplitude,
signal in

[V]
CT

[mV]
CT
[%]

CT
[mV]

CT
[%]

AOUT9 AOUT10 90 0.4 -6.92 1.73 12.92 3.23
AOUT9 AOUT11 90 0.4 -2.70 0.68 2.29 0.57
AOUT9 AOUT10 40 0.4 -8.06 2.02 16.59 4.15
AOUT9 AOUT11 40 0.4 -3.45 0.86 2.92 0.73
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Figure 8.19: Simulated crosstalk with test set 1.

As in the measurements series resistances of 90 and 40 Ω has been used and the results
compared. This is the most ideal test set, as the termination resistor connected to the ground
will absorb the reflections in the passive channel. This simulation is therefore expected to
show the best result.

The result of this simulation shows clearly that the crosstalk rings quickly out after
approximately 30 ns. It also shows that the crosstalk increases when a termination of 40 Ω is
used, because of impedance mismatch. It can be noticed in figure 8.19a that the crosstalk from
AOUT9 to AOUT11 is relatively small.

The intervals of 10 ns level steps in figure 8.19c depends on that a part of the original signal is
reflected forward and backward about two times before it reaches 400 mV. 10 ns is the
approximate time for the signal to travel from the end to the front and back again (double the
delay). The cuts in the transmitted signal coincide with the spikes in the crosstalk measured.

Now consider the crosstalk from AOUT9 to AOUT10, in figure 8.19b, at first there is a
negative spike at the same time as the transmitted signal reaches the SLM chip. This spike
comes from the mutual inductance between the channels and are accumulated, see figure 3.14.
The reverse positive crosstalk in figure 3.14 arrives to the SLM chip at different times after
reflections at the near end side and contributes to the positive spikes.

The crosstalk two channels away, AOUT9 to AOUT11, is much smaller than the crosstalk to
an adjacent channel, from AOUT9 to AOUT10, but the time interval is the same as in the
crosstalk from AOUT9 to AOUT10.
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8.7.2 Test set 2
Table 8.3: Simulated values with test set 2:

Spike down Spike upSource Object Amplitude,
signal in

[V]
CT

[mV]
CT
[%]

CT
[mV]

CT
[%]

AOUT9 AOUT10 0.4 -6.92 1.73 12.92 3.23
AOUT9 AOUT11 0.4 -2.70 0.68 2.29 0.57

Figure 8.20: Simulated crosstalk with test set 2.

In figure 8.20 the crosstalk with test set 2 is shown compared with the results of test set 1.
Crosstalk from AOUT9 to AOUT10 in figure 8.20b and AOUT9 to AOUT11 in figure 8.20a.
The simulations are practically identical, which seems to be a bit odd when test set 1 is more
ideal and should result in a lower crosstalk. An explanation to this is the OP in the simulations
that is much more ideal than in the reality.

The crosstalk in test set 2 rings out after 30 ns as well. It can also be seen that the spikes in
test set 2 coincides with the transmitted signal in the same way as in test set 1.

8.7.3 Test set 3
Table 8.4: Simulated values with test set 3:

Spike down Spike upSource Object Amplitude,
signal in

[V]
CT

[mV]
CT
[%]

CT
[mV]

CT
[%]

AOUT9 AOUT10 0.4 -6.06 1.52 13.21 3.30
AOUT9 AOUT11 0.4 -2.60 0.65 2.19 0.55
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Figure 8.21: Simulated crosstalk with test set 3.

Figure 8.21 shows results of test set 3 where the TDR signal is injected on the input of the OP
in the active channel. This makes the simulation more realistic. Compared with test set 1 there
are small differences in the crosstalk but the results are practically identical. However, the
transmitted signal is smoother in test set 3.

The crosstalk rings out after 30 ns as in test set 1. This is due to the too ideal OP model used
in these simulations.
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9 Comparison and discussion
A comparison between measurements and simulations is important in order to get a good
explanation of what the measurements show and to get a connection to the simulation.

9.1 Delays
The delays of the measured and simulated channels have been measured in the TDR plots, see
table 9.1. These plots show the difference in length between channels. The delays in the
simulations are shorter than the delays in the measurements. This comes from the fact that the
ADS models are a little bit to ideal and there are also some delaying factors in reality that can
not be modelled.

 Table 9.1: Measured and simulated delays:
Delay FRU1 [ns] Delay FRU2 [ns]

Channel Measurement Simulation Measurement Simulation
AOUT9 5.51 5.12 5.23 5.06

AOUT16 6.32 6.00 5.44 5.39
AOUT2 5.58 5.23

AOUT32 6.28 6.02 5.70 5.57
AOUT9, SAD1 5.78 5.69
AOUT9, SAD2 7.56 7.16

AOUT1, SAD0:1 5.12 5.00
AOUT9, SAD0:1 4.89 4.80
AOUT9, SAD1:1 5.17 5.07

9.2 TDR
Since the simulations are adjusted to reality by sweeping SCSI connector parameters the
simulated TDR responses fairly agree with the measured results, see chapter 8.5. The largest
difference comes from the cable between SAD and SLMA and it is modelled too ideal. Both
measurements and simulations show that inductive and capacitive properties in the connectors
result in large reflections.

An important part of the transmission line theory is the model for the characteristic impedance
Z0. In this case a lossless model cannot be used since the frequencies are too high. This results
in a complex value of Z0 which makes it difficult to create a termination ZL using only a
resistor. In this case the different impedances are unmatched, causing reflections.

9.2.1 Comparison of some channels in the same SAD-SLMA cable
Both the simulations and the measurements show that AOUT16 has a longer delay than
AOUT9, which comes from the longer channel length. This difference in channel length is
smaller for FRU2 than FRU1. Except from the SAD-SLMA cable the simulations have about
the same impedance level as the measurements.
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9.2.2 Comparison of some channels with and without analog buffer on SLMC
Simulations and measurements show that AOUT32 (feedback with low bandwidth) has a
larger delay than the other signals. In the measurements and the simulations the channels with
analog buffers have a lower impedance level in the SAD-SLMA cable than the channel
without (AOUT9). When the conductors are placed in the middle of the cable the
characteristic impedance has a higher value, and when the conductors are placed at the edge a
lower value. The differences come from how close to the grounded shielding the pairs are
placed.

9.2.3 Comparison of the same channel in different SAD-SLMA cables
The measured and the simulated channels have the same paths on the SAD board and also the
same positions in the SAD-SLMA cable. The appearance of the TDR responses should be the
same from the beginning to the SLMA board. This can be seen in the measurements and in
the simulations on FRU2. The simulations on FRU1 show a higher impedance level for
AOUT9, SAD2, but it is unclear what this difference comes from. It may be created of
reflections later in the system. In the measurements on FRU1 the impedances has higher
levels in the micro coaxial cable for AOUT9 on SAD1 and SAD2, and according to the
simulations it should not be in that way. The reason is not clear but it can come from
reflections on the SLMA and SLMC boards.

9.3 Crosstalk
Crosstalk measurements and simulations have been done as similar as possible to make a
comparison trustworthy. The rise time for the signals have been the same in both simulations
and measurements. The same test sets have been used in both measurements and simulations
to have comparable results. Our ADS models are a bit to ideal and this gives a better result
than in reality. This must be kept in mind when the comparison is made.

As seen in chapter 3.3 the amount of crosstalk depends on the conductor length and the
spacing between conductors. This can be seen in the measurements and simulations, as the
crosstalk two channels away is less than the crosstalk in the adjacent channel. One reason for
this is that the mutual inductance and capacitance between channels decreases with a longer
distance, see figure 3.6.

9.3.1 Test set 1
The comparison of measurements and simulations of test set 1 show that crosstalk to an
adjacent channel, AOUT9 to AOUT10, is relatively similar for both positive and negative
spikes. But there is a difference in the level of crosstalk two channels away, AOUT9 to
AOUT11, which is larger in the measurements. Both measurements and simulations show a
larger crosstalk when the series termination of 40 Ω is used instead of 90 Ω. This shows that
the larger termination reduces the transmitted signal more and this allows a lower signal level
to leak over to the passive channel.
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In both measurements and simulations there is a negative spike before the first positive spike
in the crosstalk signal according to the mutual inductive coupling between channels. In the
measurements this spike appears approximately 10 ns before the flank of the signal in the
active channel.

Crosstalk rings out after approximately 50 ns in measurements and 30 ns in simulations. In
the measurements it is difficult to see when crosstalk is turning into noise.

9.3.2 Test set 2
A comparison between the results from measurements and simulations of test set 2 show that
the levels of crosstalk are similar for crosstalk to an adjacent channel according the positive
spike. The negative spike in the crosstalk from AOUT9 to AOUT10 is much larger in the
measurements. Crosstalk two channels away are larger in the measurements than in the
simulations. The negative spike in the crosstalk from AOUT9 to AOUT11 is difficult to see in
the measurements.

The crosstalk rings out after about 50 ns in the measurements and 30 ns in the simulations.

9.3.3 Test set 3
A comparison of results from measurements and simulations of test set 3 show that the levels
of crosstalk are larger in the simulation to an adjacent channel, AOUT9 to AOUT10, for the
positive spike than for the measurements of the same case. Simulation of crosstalk two
channels away, AOUT9 to AOUT11, give smaller crosstalk compared to the levels measured.
The negative spikes are smaller in the simulations compared with the measurements.

The crosstalk rings out after approximate 50 ns in the measurements and 30 ns in the
simulations as test sets 1 and 2.
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10 Suggestion of improvements
Some simulations were performed to see how the crosstalk could be reduced. These include
simulations with different SLM pin load, simulations with different position of ground layers
and simulation with guard trace. The simulations can be seen in figures 10.1 to 10.3. Together
with other improvements the crosstalk can be significantly decreased.

10.1 Different load
A SLM chip pin has a series resistance of 1 kΩ. A simulation was done when this value was
changed to 90 Ω. The result is shown in figure 10.1.

Figure 10.1: Simulation with different SLM pin resistance.

It can be seen that the crosstalk is reduced when the termination of 90 Ω is used. This is
because of the reflections at the SLM chip that decreases with lower series resistance.

10.2 Different position of ground layers
Most of the channels are, on the SLMA and SLMC boards, located in layer 8 and 9; layers 7
and 10 are ground layers. In order to see the crosstalk dependence of ground layer position
layer 8 switched position with layer 7, see figure 10.2. The channels on layer 9 are then
placed between two ground layers. A simulation of this set up was performed, see results in
figure 10.3. This implied a reduced crosstalk.

Figure 10.2: Switched ground layers.
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Figure 10.3: Simulation with different ground layers.

The curve named real in figure 10.3 shows the crosstalk when the board layout agrees with
reality. The curve named modified shows the crosstalk when layer 7 and layer 8 have been
switched.

10.3 Guard trace
The distance to ground affects crosstalk. The simulation of an ideal microstrip line shows this,
see result in figure 10.4. The crosstalk is simulated to an adjacent channel with and without a
guard trace, see chapter 3.3.4. Crosstalk is reduced when a guard trace is used.

Figure 10.4: Ideal simulation with and without guard trace.
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11 Results and conclusions
This Master thesis work has characterised a part of a data link in one of Micronic’s products.
Measurements with TDR and simulations with ADS have been used to perform this
characterisation.

Conclusions that can be made from the TDR measurements and simulations are that the
system does not have an uniform impedance in channels because of impedance mismatches.
These unmatched levels disturb transmitted signal in channels, creating reflections in the
system and prevent crosstalk from ringing out.

Some parts of the system create larger reflections than others, i.e., the micro coaxial cable has
lower characteristic impedance than the rest of the system. There are also large reflections at
the SLM chip because of the large series resistance in the chip pin.

Crosstalk seems to be a minor problem in the current machine, since it samples every 90 ns
and the crosstalk rings out before this, although the spikes in the beginning of the crosstalk
are rather large. Results show that crosstalk decreases rapidly in channels further away, i.e.,
crosstalk from AOUT9 to AOUT10 is larger than crosstalk from AOUT9 to AOUT11, see
table 7.3.

Conclusions that can be made are that TDR is a simple and useful method for evaluation of
printed circuit boards and cables. It can also be useful in product development to measure
impedance levels and to make matching networks.

Another conclusion is that ADS is a useful tool for development and evaluation of electrical
circuits. It is mostly used for frequency domain simulations but this work shows that it also
can be used for time domain simulations, i.e., TDR simulations.
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