TECHNISCHE UNIVERSITAT BERLIN

Institut fiir Energie- und Automatisierungstechnik
Fachgebiet Sensorik und Aktuatorik
Prof. Dr.-Ing. Roland Thewes

Abschlussarbeit zum Thema

Design and Test of High Speed, Low Noise, High
Resolution Frontend Electronics for a
Microbolometer Array

Nicolas Napp

Berlin, den 3. November 2023

Email: nicolas.napp@gmail.com
Matrikelnummer: 348998

Studiengang: Elektrotechnik

Betreuer: Prof. Dr.-Ing. Roland Thewes

Dipl.-Ing. Thomas Behnke



Selbststandigkeitserklarung

Hiermit erklare ich, dass ich die vorliegende Arbeit selbststandig und eigenhandig
sowie ohne unerlaubte fremde Hilfe und ausschlieRlich unter Verwendung der
aufgefuhrten Quellen und Hilfsmittel angefertigt habe.

Qeclin, 2. 44. 2023
Ort, Datum

N Ay

r‘l’q
1,
Unterschrift /




Abstract

In this thesis, frontend electronics for operating a microbolometer sen-
sor are developed. This sensor consists of resistive microbolometers that
act as a radiation camera and are sensitive to the wavelength range of
8 — 14 pm. The sensor’s requirements for supply voltages, bias voltages,
and clock signals are identified and met through suitable circuits. For the
video signals, a signal path is designed to convert the signals into bal-
anced, differential signals that can be interpreted by an analog-to-digital
converter. Subsequently, two printed circuit boards are developed and
manufactured for the design. The boards are assembled and commis-
sioned. Tests conducted afterward reveal that the designs are functional.
The resulting interferences are very low; however, there are influences
whose origin cannot be localized. The sensor’s supply voltage is low-
noise, except for a disturbance at 94 kHz. A functional LVDS path has
been developed, capable of transmitting clock signals.



Zusammenfassung

In dieser Abschlussarbeit wird eine Frontend Elektronik zur Betrei-
bung eines Mikrobolometer Sensors entwickelt. Dieser Sensor besteht aus
resistiven Mikrobolometern, welche als Strahlungskamera agieren und fiir
den Wellenldngenbereich von 8 — 14 pym empfindlich sind. Die Anforde-
rungen des Sensors an Versorgungs- und Biasspannungen sowie an Clock-
Signale werden heraus gearbeitet und durch geeignete Schaltungen erfiillt.
Fiir die Video Signale wird eine Signalstrecke entworfen, welche die Signa-
le in balancierte, differentielle Signale umwandelt, die von einem Analog-
zu-Digital Konverter ausgewertet werden konnen. Fiir das elektronische
Design werden im Anschluss zwei Platinen entwickelt und gefertigt. Die
Platinen werden bestiickt und in Betrieb genommen. Aus den anschlie-
Bend durchgefiihrten Tests geht hervor, dass die Designs funktional sind.
Die sich ergebenden Stérungen sind sehr gering, es bleiben jedoch Ein-
fliisse, deren Ursprung nicht lokalisiert werden konnte. Die Versorgungs-
spannung des Sensors ist rauscharm, mit der Ausnahme einer Stérung bei
94 kHz. Es wurde eine funktionierende LVDS-Strecke entwickelt, die die
getakteten Clock-Signale iibertragen kann.
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1 INTRODUCTION

1 Introduction

A Dbolometer is a sensor that uses infrared radiation to generate a signal. This
radiation changes the temperature of a sensitive area and therefore provides a
signal that can be converted to a video signal. An array of smaller bolome-
ters can be constructed as a camera with a single microbolometer per pixel.
As microbolometers are only sensitive in the long wavelength infrared region of
8 — 14um and not in the visible spectrum of light, they generate information
on the temperature. They are ideally suited to pick up small temperature dif-
ferences and have therefore wide ranges of applications such as in firefighting,
security, and surveillance [13]. Microbolometer cameras are not a new concept
in space applications. First tests with microbolometers were made by NASA as
early as 1997 [18]. Since then, microbolometers have gained in significance, as
production possibilities improved and better detectors could be developed [21].

For future missions engineers at the German Aerospace Centre (DLR) are
evaluating different sensors for their functionality and practical applicability.
One of these detectors is the PICO1024™ by Lynred. This is an integrated sys-
tem that provides analog output signals. [2] Frontend electronics are needed to
supply the detector with clock signals, power supplies, and other configuration
data.

Throughout this thesis, a design for these frontend electronics will be cre-
ated that will comply with the detector’s requirements. This design will then
be tested for its compatibility with the detector. Most instruments at DLR are
divided into two main assemblies. The Sensor itself is positioned on a Focal
Plane Assembly or short FPA. This is a smaller building block that can easily
be mounted in a housing or positioned for best use with additional optics. The
main electronics are situated in the Proximity Electronics Unit or short PEU.
This means, that two printed circuit boards (PCB) will be designed, manufac-
tured, and tested.

1.1 Theory

The basic principle for a bolometer infrared sensor is shown in figure 1.1. The
incoming radiation is collected by an absorber which heats up. The absorber’s
temperature is measured and a corresponding signal is generated by the read-
out circuit. Thermal insulation protects the read-out circuit from experiencing
signal deviations due to its increase in temperature [2][13].

There are different versions of microbolometers, but most are resistive bolome-
ters. The temperature difference changes a resistor value. These resistors can be
placed in a tight array. Typically those have pitches between 12um and 25um
with pitch meaning the distance between two pixel centers. Figure 1.2 shows the
basic structure of a microbolometer pixel. It consists of an absorbing membrane
with a temperature-sensitive resistor and the readout circuit in the substrate



1.1 Theory 1 INTRODUCTION

below. Insulation is further enhanced by using narrow bridges to connect the
different parts [2][13][8].

Infrared Radiation

AXAA

Absorber

Thermometer

Thermal Insulation

Readout Circuit =3 Electrical Signal

Figure 1.1: Bolometer Sensor Principle - The incoming radiation heats an insu-
lated absorber. In the detector’s readout integrated circuit (ROIC) its tempera-
ture change is then converted into an electrical signal.

thermo
electrically resistor
conductive membrane material thermal insulation

pillar using narrow beams

("arms")

electrically
conductive
pillar

metallic
reflector
film

substrate

Figure 1.2: Microbolometer Pixel [9] - Most microbolometer arrays consist of
multiple pizels of monolithic silicium structures.
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1.2 Scope of this Thesis

The goal of this thesis is to create an electronics design for the frontend electron-
ics of this specific microbolometer sensor. The requirements for these circuits
are therefore directly derived from the specifications of the PICO1024™. The
design consists of a schematic and the corresponding layout. This design is to
be manufactured and the components fitted for further testing. The main goal
of these tests is to evaluate the applicability of the sensor and to determine,
whether this design can accommodate this microbolometer sensor. Testing will
include:

e the noise of the supply voltages generated for the sensor

e the transfer behavior for the signal voltages

the performance of filtering and converting
e the power-up sequencing
e evaluation of high-speed control signals

This design will include a field programmable gate array (FPGA) to gener-
ate the required clock and control sequences. Synthesizing the FPGA is not in
the scope of this thesis. Therefore, tests are conducted without the main func-
tionality of the FPGA. The results will still be relevant as a lot of the detector’s
performance will be reliant on the overall PCB design and the FPGA’s system
clock will still be operational.

This design is only intended for use on Earth. Therefore the used components
will not be space grade. Wherever possible, commercial of the shelf components
will be used.
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2 Design

The PICO1024™ is the microbolometer detector that is to be implemented. Be-
fore its performance can be evaluated, frontend electronics need to be designed.
These should provide the sensor with all of the required bias, supply, clock, and
control signals while also interpreting its video signals.

2.1 Detector Description

The PICO1024™ is a microbolometer sensor with 1024 x 768 pixels. These
pixels are arranged with a pitch of 17um and are sensitive to radiation with
wavelengths of 8um — 14um. The pixels are read out with a rolling shutter.
The output signal can be configured to two or four data lines. Four outputs
are needed to achieve frame rates of up to 120Hz with full resolution. The
output signals are analog signals with a dynamic range from 0.5V to 2.9V.
The frequencies depend on the configuration. Three clock signals are used:
the masterclock MC, the integration clock INT, and a RESET signal for frame
synchronization. The maximum usable frequency is 25M Hz [2].

The main supply voltage is 3.6V but the integrated circuit (IC) needs several
additional voltages during operation. All these voltages must be low noise to
ensure proper operation. The PICO1024™ provides its temperature at an addi-
tional output. This analog signal is to be used for error and offset correction of
the video signal.

2.1.1 Requirements

To achieve the best possible performance, precise requirements need to be for-
mulated. These all derive from the microbolometer datasheet, although some
decisions also have to be made [2].

General Structure It is good practice to place the sensor itself on a dedicated
PCB. This enables better positioning in a housing and simplifies the application
of optics, which improves the system itself. Although this is not in the scope
of this thesis, the general structure shall be such, that further development
is possible and not unnecessarily complicated. Therefore, the project will be
divided as follows:

e The sensor will be placed on the FPA.
e The other electronics will be placed on the PEU.
Supply Voltages The datasheet of the PICO1024™ states, that a 3.6V supply

voltage is needed. Its noise density has to be less than 20nV /v Hz from 1kHz
to 10Mhz.
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Bias Voltages The documentation for the PICO1024™ lists a total of six pins,
that need to be supplied with a bias or reference voltage. See table 2.1 for an
overview.

’ Name \ Function \ Value ‘
VDET | Active Bolometer Bias Voltage oV
GFID | Active Bolometers Gate Voltage 1V — 3.2V
VSK Compensation and coarse bolometers bias voltage | 3.6V
GSK Compensation Bolometers - Gate Voltage 1V - 3.2V
VBUS | CTIA reference voltage 2.3V
GOC Coarse Bolometers - Gate Voltage Adjustable

Table 2.1: Reference Voltages for the PICO1024™

The signal GOC is special in this case, as it refers to a feature that the
current version of the PICO1024™ does not provide. It shall be left adjustable.
The signals GOC and GFID will also be adjustable so that the optimal operating
point can be evaluated during testing. A digital-to-analog converter (DAC) will
be used to generate a voltage that is given by the FPGA.

Clocks and Control Signals A total of 4 serial signals are needed for the
operation of the PICO1024™. They are listed in table 2.2. To ensure signal
integrity, the datasheet lists a requirement of a maximum rise time of 5ns.

’ Name \ Function \ Maximum Frequency ‘
SERDAT | Serial Data Synchronized on MC
MC Masterclock 26 MHz
INT Integration Time 92 kHz with 4 outputs.
RESET Frame Synchronisation | Depends on frame rate

Table 2.2: Clock and control signals for the PICO1024™

The SERDAT signal is needed to initialize the PICO1024™. In it, the mode

of operation and other parameters are set. These signals are further explored
in chapter 2.1.2.
Figure 2.1 shows an example of the clock signal sequence as it is required in the
detector datasheet. The RESET and INT signals change their states only on
the rising edge of the masterclock signal. The on-time of the signals will also
depend on the masterclock’s period length (1 TMC equals one period of the
masterclock).
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MC L[LL ] L e
1TMC :
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RESET J Frame 1 —I_‘_Frame 2
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Figure 2.1: Clock Signal Sequence [2] - One TMC corresponds to one cycle of

the masterclock. In each cycle of the masterclock, one pizel is read out.

The

signal is sampled near the falling edge of the masterclock so that the signal has
enough time to settle. "F1R1” correlates to the first row of the first frame. This
example uses the full frame with two outputs. During the high time of the INT
signal, each output generates 512 pizels for a total of 1024 pizels - the full frame
possible. A row is read out, while the next row is integrated.
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Power-On Sequence To ensure optimal starting behavior, the bias and sup-
ply voltages need to be applied in a strict sequence. The required sequence is
detailed in table 2.3. The clock signals from chapter 2.1.1 must also be applied
in the correct sequence.

First Step Apply 3.6V supply voltage.

Second Step | Enable the masterclock signal.

Third Step All other supply and bias voltages are supplied.

Fourth Step | The serial configuration data are sent with the SERDAT signal.

Fifth Step Reset and INT can be applied to start operation.

Table 2.3: Starting Procedure as in the Detectors Datasheet [2]

Output Signals The PICO1024™ supports a 2-output and a 4-output mode.
These are analog signals with an amplitude of 0.5V — 2.9V. The higher the
intensity of incoming infrared radiation, the higher the output voltage. Addi-
tionally, the sensor provides the sensor temperature on an analog output. The
load impedance of these analog outputs has to be more than 1 M. To interpret
these analog signals, an analog-to-digital converter (ADC) is needed.

The requirements as derived from the datasheet or the configuration of the
PICO1024™ are consolidated here:

e The frontend electronics will be split into FPA and PEU.
e FPA and PEU will be connected with a 31-pin micro-D connector.

e The PEU will be supplied with an external power supply of 6V and derive
all needed voltages from that.

e The PEU will include an FPGA that generates the 3 clock signals as well
as the serial link.

e The FPGA will control ADCs to interpret the detector’s analog output
signals.

e The FPGA will control the adjustable bias voltages of the detectors.
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2.1.2 Modes of Operation

The detector is capable of different modes of operation. Those are configured
by the SERDAT signal and the chosen frequencies for the clock signals. The
first choice to be made is the number of output channels. Using four outputs
instead of two allows for double the amount of data to be transmitted in an
amount of time. This enables higher frame rates and is required for frame rates
of more the 60Hz. For this application, the frame rate is of lesser significance.
Therefore the two output mode is chosen. Only using two outputs is easier for
signal routing and allows for lower clock frequencies.

Choosing the masterclock frequency defines the achievable frame rate as of equa-
tion 1. By using a full frame of 1024x768 pixels and a masterclock frequency
of 8 MH~z a frame rate of nearly 20 Hz can be achieved. This frequency is
arbitrarily chosen for its ease of implementation [2].

MC (Hz) = Frame Rate - number of lines - INT period (TMC)min (1)

Further configuration is done with the SERDAT signal. This signal is a
serial link that is used to configure the detector’s control registers. This serial
signal can be 53 bits long for compatibility with previous projects of the man-
ufacturer. The PICO1024™ commands additional features that are accessed by
using a longer 73-bit sequence. These features include gain adjustments, win-
dowing, and flipping the image. Four output mode is also activated in the longer
sequence as well as features that are not yet implemented in this version of the
sensor. Whether the 53 bits or the 73 bits are used, the detector requires an
additional start bit.

This control signal is essential for the optimal configuration and operation
of the detector. It is also synchronized to the masterclock signal.
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2.2 Conceptual Design

With the detector in mind, a design concept needs to be formulated. For use in
a device, it is beneficial to have a dedicated sensor head. This way the actual
detector can be placed at the best possible position while the main electronics are
positioned for ease of use. The electronics will therefore be split into the Focal
Plane Assembly (FPA) and the Proximity Electronics Unit (PEU). Figure 2.2
shows the overall concept. The FPA will house the detector and little electronics
besides that. The biggest share of the components will be on the PEU. This
includes an FPGA and the components needed to digitize the signals of the
detector. An external power supply unit will provide a single supply voltage.
The PEU will generate all other needed voltages from this external supply. The
electronics on the PEU are also responsible for all configuration signals, supply,
and bias voltages that the detector needs for operation.

Power Supply Unit
External
Supply
Focal Plane Assembly Detector output signals lProximity Electronics Unit
Detector < Configuration data FPGA
’ Supply Voltages LIRSS

video signal commands

PC-Interface

Figure 2.2: Design concept - Two boards will provide flexibility in positioning
the detector while still housing the electronics for digitizing the analog detector
output signals.
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2.2.1 Focal Plane Assembly - FPA

The FPA will house the PICO1024™ and its further design is specified by this
detector. The detector’s analog outputs have to adhere to the specifications
outlined in the previous chapter. At the FPA, the load impedance at the analog
outputs is the most relevant part. An operational amplifier (op amp) in a simple
buffer configuration will be able to drive the signal across the wired connection
without issues. Figure 2.3 details the FPA in a block diagram.

The bias voltages needed by the detector are generated on the PEU and
can be directly connected to the detector. Since the 2.3V bias voltage is fixed,
it will be generated on the FPA. A very simple circuit can be used and the
space usage so minimized. By placing this circuit on the FPA, its accuracy is
improved greatly.

The serial clocks and the serial configuration data will be transmitted via
low voltage differential signaling (LVDS). A receiver is needed, to transform the
differential signal back to a single-ended signal. LVDS is further explored in
chapter 2.6.3.

2.2.2 Proximity Electronics Unit - PEU

The PEU holds the major share of the electronic components (see Figure 2.4).
With the FPGA chosen, the need for a total of seven different power domains
becomes apparent. They supply the FPGA, the ADCs, and all other compo-
nents. The ADCs are needed to make the analog output signals of the detector
readable by the FPGA.

The FPGA is at the heart of the PEU. It will interpret the video signal and
transfer it to the connected computer. The FPGA is also responsible for sup-
plying the detector with the serial configuration data and the required clocks.
Some of the bias voltages are left variable according to the datasheet. Those

will be generated by a DAC that is controlled by the FPGA.

The specific sub-circuits are explored in the following chapters. Table 2.4
provides an overview of the used supply voltages.

10
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3.6V Supply + 2.3V Bias Voltage

3.6V Supply

+ 3.3V fixed output LDO

Variable bias voltages

Detector -—

H 3.3V Supply 2.3V fixed bias
== v

8 ;:glgﬁ EESOH data + LVDS-Receiver

b

8 Configuration data

e and Clocks

>

= A

5

3.6V Supply

Detector output signals

3.6V Supply

< Detector output signals

Figure 2.3: FPA concept - The FPA houses the detector itself and minimal
components beyond that. The detector requires a defined output impedance and
s not capable of reliably driving the signals across the wire connection. Buffers
are used to ensure better signal propagation. An LVDS receiver will convert the
differential signals for the detector to use.

Output-Buffers
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Figure 2.4: PEU concept - The PEU is mainly responsible for interpreting the
analog output signals and generating the required supply voltages.
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2.3 Power Supply

The design will need power supplies with several values. An important factor
with supply voltages is their noise level. Noise or ripple voltages on those will
propagate through ICs and affect signals and other ICs. Because of that, the
supply voltages should be generated with great care. Using a linear dropout
regulator is favorable compared to the classic approach of switching voltage
regulators.

The PICO1024™ needs to be supplied with a very accurate 3.6V supply. The
main ADC for the output signals must be supplied with 1.8V and —0.23V, while
the ADC for the temperature measurement signal is powered by 5V. They are
further explored in chapter 2.5.

A single 3.3V supply is used for other digital circuits. In addition to that, a
2.5V supply is needed to power the FPGAs LVDS module. The FPGA itself is
powered by a core voltage of 1.5V . See table 2.4 for an overview.

5V ADC supply voltage

3.6V Detector supply voltage

3.3V Digital supply voltage

2.5V FPGA-LVDS supply voltage
1.8V ADC supply voltage

1.5V FPGA core voltage

-0.23V | Negative supply for the amplifers

Table 2.4: Supply Voltages Overview

To generate these voltages, the external supply needs to be higher than the
highest supply voltage. Therefore a 6V input voltage is chosen to supply the
power supply circuits. Using low-dropout regulators (LDO) is a suitable solution
for most of these supplies. The currents are low enough, for the power loss to
remain manageable. The exception to this is the 1.5V FPGA-core voltage.
The ADMT7151 is chosen to achieve the needed supplies. This IC is an ultralow
noise, high power supply rejection ratio (PSRR) linear regulator [6]. The PSSR
suppresses errors and noise that would propagate from the IC’s input voltage. Its
noise spectral density of 1.7nV/v/Hz conforms to the detector’s specifications.
This specific IC is available in multiple versions, that optimize the noise behavior
according to the relation between input and output voltage. The ADM7151 has
an adjustable output voltage and will therefore be used for the 5V, 3.6V, 2.5V,
and 1.8V supplies. Its nominal output voltage lies between 1.5V and 4.0V.
Therefore, the ”-02” version is applied for the 5V supply, since its output range
lies between 1.5V and 5.1V.

The 3.3V supply will be realized by the ADM7150 from the same component
family. This IC has a fixed 3.3V output voltage and is therefore better designed
for low noise and overall performance.
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ADMT131ACPZ-02-R7

U101
2
VIN VOuT
EN REF 6 .

BYP RSENSE

R105

1] 0805
VREG § TPAD 140K —=C121
1206
1uF

—=C113 Ly Lo

47uF 1uF 10uF luF 100aF 330pF

[}
+
——C123 ——C124 —— 122 C125 C126 ——C127
1210 1206 1206 1206 0805 0603
- v GND

GND GND  GND GND GND GND

Figure 2.5: 3.6V Power Supply - The output voltage of this linear regulator is
defined by the voltage divider in R105 and R106. The other supply voltages are
generated by a similar circuit, where these resistors realize a different ratio.
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2.4 Bias- and Reference Voltages

The detector requires a considerable amount of bias voltages for operation [2].
One of these is a 2.3V bias. It is fixed and used as the reference voltage for the
bolometer currents integration. Due to its fixed and relatively simple nature, it
will be positioned on the FPA. As can be seen in figure 2.6 the resistors R202 and
R204 form a voltage divider that is the input for the OPA837 in buffer config-
uration. This provides a stable output which is suitable for this application [14].

1
T

0805
1.00K
C200
|
I
2201 0805
B w— . 1.00aF TP200
0RO
0.001 N E
0805 R202 -
0805
430K 3
? o= F R203 R
+ 1 —_— - 2 IS T R
4 = 0805 —
= ATy
'S » L1 10.0 =
| 200 —L 203 ——C204 TP202
R204 OPAB37IDCKT 1206 0805 ®
c201 ==c202 ==c213 =512 | logos  —=c205 WF | 100aF
osos | 1206 | osos | 1296 ||7sox 0805
1000F | 1uF 330pF | 109F 1000F = = = B
GND GND  GND =
= GND
GND GND GND

Figure 2.6: 2.3V Bias - The 2.8V bias generation is placed on the FPA. The
voltage divider of R202 and R204 is used to produce the 2.3V which is then
driven by the operational amplifier.

Additionally, the detector requires 3 variable output voltages. These will be
realized by using a digital-to-analog converter that is controlled by the central
FPGA. The chosen component will require an external reference voltage of 3.3V
It will be generated by using the REF3433-EP. This component is a low-power
low-noise voltage reference. It reliably provides the needed reference voltage
without further components [16].

2.4.1 DAGCs

Up to three variable bias voltages can be used for operating the detector. The
voltage range for those lies between 1V and 3.2V. The AD5684 is chosen to be
used. Its outputs are configurable through the serial peripheral interface (SPI)
or provide a defined level at startup. Since the FPGA will not be available im-
mediately after power-on, this feature is important. Depending on the potential
at Pin 9 (LDAC) on the IC, the output is defined during start-up. If it is at OV
or below a logic threshold, the outputs will power up at mid-scale. With a 3.3V
supply, the output is therefore to be expected at 1.65V. If the DAC is faster
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than the other voltages, the detector’s power on sequencing might be violated.
This can be rectified by defining the Pins value with the FPGA. Besides the
SPI, three additional configuration signals are controlled by the FPGA. One of
these is the LDAC signal. By defining the FPGA’s output during reset here,
the DAC’s output can be defined while the FPGA is still in reset mode [15].

3V3 Ref
3V6 Ve
R300
0803
V300 100
1 { viogic VREF [
DAC_SPI ; 5 1
12 VDD C308
SCLK_DAC 5] SCLK GND "1 osos Bias
SYNC [SYNC
11 - 3 100nF
MOSI = SDIV VOUTA |5 Goc
MISO DO VOUTB |— GSK
9 VOUTC (—= 4 GFID
IDAC s [LDAC VOUTD —
RS 1| RST 10
RSTSEL »——{ RSTSEL GAIN 2301
DAC_Config 0803
AD368ABRUZ 910K [l [
VQFN-40 L
TP301 TP302 TP303
GND GND

Figure 2.7: Digital-to-Analog Converter - The control signal LD AC provides the
option of adjusting the DAC’s output and so the bias voltages while the FPGA
is in reset mode.

Usually, an additional buffer circuit would be needed to drive the signal
over the wired connection. The AD5684 has the additional advantage of an
integrated output buffer. This way an additional IC and the necessary passive
components can be omitted.
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2.5 Output Signals

The PIC0O1024™ generates an analog output between 0.5V and 2.9V. This sig-
nal should be transferred to the PEU with as little disturbance as possible. Due
to the wire connection from FPA to PEU and the detector requirements a buffer
is needed. These buffers need to be selected for fast response and low noise. Low
power consumption is also beneficial, to keep the overall power needed on the
FPA down. Rail-to-rail behavior is not necessarily needed due to the expected
voltage range of the signal. A simple buffer circuit is used. Most of the passive
components will be adjusted or omitted completely during testing. The circuit
is detailed in figure 2.8. The operational amplifier is placed in the most basic
buffer configuration. The capacitors and resistors at its output side are placed
to facilitate adjustments if necessary.

The chosen operational amplifier is the ADA4897 by analog devices. According
to its datasheet, it provides a low-noise solution with very low power consump-
tion [1].

R100

1}
0805
1.00K C100 TP100 TP103

)

—e

0805 | 1206 1’3:‘13: 3V6 GND
1000F | 1uF L -
U100 =
— 5 DISABLE GND
GND . . RI01 R106
R107 3 _>«> — .
Outl P — + 0805 0.001
0805 10.0 0805
100 o V6
112
0805 cl12
6.0 0803
00nF
GND

Figure 2.8: Output Buffer - The output buffer on the FPA. The crossed-out
components are not fitted during assembly and are available for adjustments
during testing.
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2.5.1 Fully Differential Amplifier

The signal on the PEU will then have to be processed by an ADC. High-
performance ADCs usually use differential input signals. Differential signals
have the advantage of better noise performance. Therefore the single-ended
output signal needs to be converted. In this case, a fully differential amplifier
(FDA) will be used. The FDA converts a single-ended signal into a full differ-
ential balanced output signal [19]. An argument could be made, to place the
FDA on the FPA to utilize the differential signal for the wire connection. It is
decided against this, to keep the electronics on the FPA as simple as possible. A
further reason is the common mode voltage. This is a precision reference volt-
age that is generated by the ADC. It and its precision are very important for
the accuracy of the converted differential signal. Therefore it is good practice,
to place the FDA as close as possible to the ADC. The FDA is in essence still
an amplifier. So additional passive components were placed in the proximity to
enable adjustments during testing.

C329
0803
4.70pF
V501
B304
L y
0205 4| e
ouT1 100K L
. . C530 2 | e J7 ouT+ FRQOUTI P A —5rrp
VREF Bufl R306 }ocos 30 o0 our | ILOUTI N 0= ey
0803 R507 10pF 1
1.00K —— 1 — FB-
0805 Ve .
1.00K L 12} pp
Thermal Pad
cs31 9| .
I we | o
] 2| yse \E
0805 cs532 6] yer e
4.70pF 0805 il n
100aF o vs+ VS-
VCM 5+ VS-
= THS4541IRGTT =
GND VOFN-16 GND

Figure 2.9: Fully Differential Amplifier - The inverting input Vggr is buffered
before it reaches this circuit. This way its behavior will be very similar to the
detector’s analog output signal, as it uses the same components and experiences
similar noise influences.

The chosen FDA is the THS4541 [17]. Its function and provided features
match the chosen ADC as it is the component that is used in available evaluation
boards [20]. It will therefore be ideal for ensuring the ADC’s functionality.
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2.5.2 ADCGCs

The ADC and its resolution are crucial for the entire system and the precision
of the measured output signals. Therefore the choice, of which component to
use, was made early in the design process and the other components matched
to this IC. The choice fell on the ADC3661 by Texas Instruments. This ADC
has a resolution of 16 bits and is designed for low-noise applications. Its dual
channel inputs match the two outputs of the chosen mode of operation. The
analog bandwidth of 900 M Hz is more than sufficient for the chosen speeds
and steep edges. The output signal is transmitted via a low-voltage-differential-
signal which can easily be processed by the FPGA with the added benefit of
better noise resilience. For configuration, a standard SPI is available [20][7].

As mentioned in the previous section, the ADC generates the common mode

voltage for its differential input. In this case, it is a DC signal with an amplitude
of 0.95V.
ADCs use a reference voltage to convert the analog signal. The ADC3661
uses an integrated voltage reference. Using internal circuitry is usually more
precise than adding external resistors and traces. Each trace and additional
component would be subject to tolerances and deviations that influence the
reference voltage, the common mode voltage, and therefore the overall signal
quality. The internal reference voltage is also used for the FDA.
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2.5.3 Filter

Due to the limited rise time and general bandwidth of every operational ampli-
fier, the signal will have an overshoot and additional swinging after each edge.
Filters have to be carefully adjusted to reach an ideal waveform. Several resistors
in the signal path can be used for this. They form RC-lowpass filters together
with parasitical capacitances and inductors. An anti-aliasing-filter (R520 and
C568 for example) will allow further adjustments.

ADCs sample the incoming signal with high frequencies. This often feeds
back to the incoming signal. Therefore a glitchfilter has to be placed in front of
the differential input. The exact values of the capacitors must also be adjusted
during testing. The anti-aliasing filter and the glitch filter are represented in
figure 2.11. This filter network is placed once for the two detector output paths
[20].

GND
1502
1V =2
L
0.18uH €567
1503 Tosos
R320 R321 R322 o~
OUTI? Lipraepl 2 o — — WpFAINP A7 s
0805 i B 0803 0803
12.0 FERRITE BEAD 33.0 10.0
- C568 220nH C369 : : C370
53 603 L1504 0603 R4 2525 0603
al 3 4.7pF < > 4.7pF. Ao
OUTI N _—1 B 1 Ly 2 st 1 — PPAINN A4 AN N
0805 i B 0803 0803
12.0 FERRITE BEAD 0 100
: 2200H 588 ’ cs71
112 0603
10pF
0.18uH
GND

Figure 2.11: Filter circuit - During testing it was determined, that the signal
integrity is best when omitting the capacitor C568. During further testing, its
value should still be adjusted to yield the best results for the given situation.
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2.5.4 Simulation

Simulating a circuit provides additional insight into its functionality and dimen-
sioning of the passive components. Figure 2.12 shows the result of simulating
the small signal behavior of the buffer circuit on the FPA (see figure 2.8).

The circuit is stimulated by an 8 M H z rectangular signal. It and its steep
edges represent the output signal of the detector, which will be similar to that.
An amplitude of 200mV is also a reasonable assumption. The output seems to
be usable although a pretty large overshoot is observable. This is adjustable
by changing the values for R100 and R107. If needed, this can be compensated
during testing to conform to real conditions. Since sampling will be done close
to the falling edge (see chapter 2.1.1) the overshoot is even less relevant.

300mV: V(in) V(out)

700mV (\

600mV-

400mYV I I
Ons 50ns 100ns 150ns 200ns

Figure 2.12: Small Signal Buffer Simulation - Since sampling will be close to the
falling edge, the overshoot influence is small.

In real conditions, the maximum output swing that is expected from the
detector is the difference from 0.5V to 2.9V. Figure 2.13 shows the results for
this large signal behavior. The ADA4897 has a limited rise time which is much
more prominent for larger output swings like this.

Figure 2.14 shows a section of the simulated bode diagram. With the 3dB
cut-off frequency equivalent to an output of around 0.707V at an input voltage
of 1V, an estimation can be made. The -3dB threshold is broken at around 171
MHz. This leaves enough room for high-frequency contingents.
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V(in) V(out)
TAN AN
2.7V
1.9V
1.1V-
|4 \V4
Ons 50ns 100ns 150ns 200ns

Figure 2.13: Large Signal Buffer Simulation - With larger amplitudes, the limited
rise time becomes more prominent.

V(out)
1.3V- _—
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/

1.0V-

0.7V

0.4V ) ) T L}

1MHz 10MHz 100MHz 1GHz

Figure 2.14: Buffer Cut-Off-Frequency - By using the AC-analysis available in
LTSpice, the cut-off frequency can be estimated at around 170 M Hz.
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2.5.5 Temperature signal

The detector provides an additional analog output for a temperature signal.
This information can be used to calibrate the sensor and optimize the imaging.
Temperature changes much slower, so the ADC for this signal does not adhere
to the same requirements as the other one. The LTC2312 is chosen for its
precise integrated reference voltage. Depending on the IC’s supply voltage, a
different reference voltage is generated. By applying a 5V supply, a reference
voltage of 4.096V is generated. This is ideal, as it optimizes the signal amplitude
range with the ADCs resolution of 14 bits. Figure 2.15 shows the circuit for the
temperature signal. Since the expected signal is only changing with very low
frequencies, a simple RC element suffices as filter topology. Also, this ADCs
input signal is not differential but only single-ended. At these speeds, this is an
advantage as a lot of additional components can be omitted [3].

R400
0805 v 3v3
1.00K
C400
T TP400  1pyqy
0805 U400
1.000F
1 L8
= VDD  CONV
GND 2| REF SCK [
R401 3 R402
GND SDO
0805 B 5 0805
R404 — 100 . AIN OVDD 10.0
0805 R403
5 e —
?33 100 0305 LTC23121T58-14#TRMPBF
C401 ADA4S9T-1ARJZ 100
08035 U401 G402 ——C403
100nF 0805 | 0805
470pF | 220uF
GRD = = =
GND GND  GND

Figure 2.15: Analog-to-Digital Converter for Temperature Signal - The temper-
ature signal can be handled with much fewer components. The ADC input is
a single-ended signal and a simple RC-element suffices for filtering. An opera-
tional amplifier in buffer configuration ensures defined input impedances.
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2.6 Interfaces

The core concept defines the use of two PCBs. These two have to be con-
nected. For ease of use and also due to cost constraints, the decision is made
to use a wired connection. The connector-specific component is chosen to suit
the applications at DLR. A Micro-D-Sub connector has been used in different
projects, so it is still in stock. For this connection, a 31-pin variant is chosen.
The corresponding pin assignment is shown in figure 2.16. The assignment is
done with the signals in mind. Signals that are faster or require precision and
noise resistance are surrounded by ground connections to shield the signal from
noisy influences. The wires can then also be twisted together with a ground
connection to enhance this shielding effect. The differential signals are instead
twisted pairs with their partner.

3
<
a
z

SERDAT N 1| o
SERDAT P 2] o® % D
3 °
° 19
1le® 0
RST N 51 e® [ INT N
RST P 6 °
— ® 22 INT P
° 3V6
° 23
3 °
o] ®e [ 24
{ OUTI ° 25
10 °
° 26
11 °
12 b [ ] 27 Bias
51 ®e [ 2851 Gsk
< V-Tem o ®e | 22 A GFD L———GsK
51 ®e [ 20 L GFD _ Bias
6] ®e 3L A GOC r—— GOC
{ OUT2 °
o
on)
GND

Figure 2.16: FPA-Connector - Differential signals are placed closely together to
enable twisted pair connections. The other signals are interspersed with ground
connections to help in the shielding effort.

The second connector will be the power connector. This interface will supply
the board with a 6V supply and its corresponding return path, the ground
connection. The cable for this connection will be reused from a previous project.
Therefore the Pin assignment is specified by this cable as is visible in figure 2.17.
Other projects utilized an additional complimentary power supply. Since the
PEU will only be supplied by a single supply voltage, these connections are
grounded with an adjustable resistor.

An interface to a computer is needed to visualize the signals, that the FPGA
reads. As with the power connection, a module is reused from previous projects.
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1 /\
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Figure 2.17: Power Connector - The power connector is reused from a different
project and utilizes a fixed pin assignment. The other projects used dual supply
inputs, so the additional pins are grounded. These prevent floating potentials
with undefined states.

This allows easy adaptation of existing programs and test assemblies in the DLR,
for this new detector and its electronics.

Lastly, a JTAG connector (see figure 2.18) is needed to access the FPGA.
Its assignment is given by the programmer and is implemented without any
adjustments. JTAG is a popular standard for testing and debugging ICs. Its
use is not in the scope of this thesis.

3V3
P1
JTAG TCK . . 0
JTAG TDO .. .
JTAG TMS .. o
JTAG VPUMP . . JTAG TRST
JTAG TDI ..
JTAG TRST
Header 5x2

GND

(021 EN [98] [ S]] (==
(o) BN [ee] Nel [5u

Figure 2.18: JTAG Connector - The pin assignment is defined by the JTAG-
programmer, that will be used.
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2.6.1 FPGA Interface

An FPGA on the PEU will serve as the central control unit for the detector
and its data. The detector and the ADC require precise clock signals, which an
FPGA will be able to generate. The A3PE3000 by Microchip Technology in the
FG484 package was chosen since it was used in different DLR projects already.
It uses up to 484 I/O pins and 8 banks [12]. Each bank can use a different
logic supply voltage to match the connected circuits. To ensure shorter signal
paths within the chip, it is advisable to limit the used pins to a single quadrant.
This would mean only using two banks, as they are positioned in star form
around the center. Due to the different supplies needed for the banks, this is
not possible. In total, four banks are used to distribute the signals. The exact
positioning for each signal is directly linked to the positioning on the PCB and
the corresponding signal routing. See chapter 2.7 for details on the component
placement and the signal routing.

The FPGA must meet several requirements to operate the detector. These
are consolidated in table 2.5.

’ Requirement H Description ‘

REQ-FPGA-01 The FPGA shall function with an active HIGH reset
signal.

REQ-FPGA-02 The FPGA shall be configured to have its I/O-Pin
A20 held at logic low level during reset.

REQ-FPGA-03 The FPGA shall generate the clock signals needed
for the detector according to its datasheet.

REQ-FPGA-04 The FPGA shall operate the two ADCs that are used
by the detector’s output signals.

Table 2.5: Requirements for the FPGA

2.6.2 FPGA Periphery

The FPGA itself requires some components to function as desired. This is very
obvious in the power supplies that are generated (see table 2.4). A 1.5V core
supply voltage is managed just for this IC. To be able to process LVDS signals,
an additional 2.5V supply is needed. For the FPGA to function, it needs a
system clock. All other clocks are generated by dividing the system clock of
the FPGA. To have enough room for adjustments in programming the chip, a
128MHz clock is used. This is achieved by implementing an external crystal os-
cillator. Ideally, the clock signal would be transmitted with a differential signal.
This would be better to ensure noise resistance on the system clock. Due to
component availability, an oscillator with a single-ended output is used. Future
testing can be done with the differential clock signal because a different fitting
option enables switching the component.
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FPGAs use a power-on-reset function to initialize correctly. During the first
few milliseconds, a voltage supervisor circuit asserts the FPGAs reset. This
way, the FPGA initializes only as the supply voltages are already settled.

The FPGA datasheet suggests the use of multiple capacitors to stabilize the
supply voltages. This applies to all different voltage domains that are used by
the chip. For the core voltages, a very small package of 0402 is chosen. These
packages can be placed very close to the connected pins. This is done for optimal
response times.

2.6.3 LVDS Interface

LVDS, short for low-voltage differential signaling, is a technical standard for sig-
nal transmission. A constant current of typically 3.5mA is driven to the receiver
where it meets a termination resistor of 100 €2. The constant current results in
a voltage drop across the resistor and then flows back to the current’s origin
over the second wire. By changing the current direction, the voltage drop across
the resistor is inverted. The receiver reads this voltage drop and can receive the
digital signal [10][11].

The advantage of LVDS is its low power consumption. Due to its low current
and constant current consumption, the signal interference on the PEU’s ground
and supply potential is lower. The signal’s differential nature helps against noise
susceptibility and also against electromagnetic interference (EMI) caused by the
signal transmission. Since the current flows in opposite directions, the induced
electromagnetic fields offset to a certain degree, as long as the traces and wires
are closely placed. The differential nature of the signal provides immunity to
common mode noise. Any EMI from other circuits around the transmission
lines will affect both lines but since the receiver only interprets the difference
between the signals, the transmitted signal is unaffected.

As with many modern ADCs, its output signal is transmitted with a differen-
tial signal. The FPGA can handle this signal type, as long as the corresponding
bank is supplied with 2.5V. The detector’s clock signals will also profit from an
LVDS transmission. They are the fastest signals on the PCBs and their accurate
transmission is vital for the detector’s operation. The ADN4668 is chosen as
the LVDS receiver. It provides 4 channels that match the four signals that are
to be transmitted: MC, Int, RESET, and SERDAT [5]. Check chapter 2.1.1 for
details on these signals. A matching LVDS driver is produced by Texas Instru-
ments. The FPGA is capable of generating LVDS signals. But since a fitting
component exists and a buffer circuit would be needed anyway, the ADN4667
is used for driving the LVDS signal [4].
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2.7 Detailed Design

With the overall concept and detailed modules clear, the design can be imple-
mented. For this, the software Altium Designer is used. This is a CAD tool
used to design high-complexity electronic circuits and projects. FPA and PEU
will be designed in individual projects. Each will include schematics and the
PCB layout. An export bill of material will be used for procurement of the
electronic parts.

2.7.1 Schematics

The schematics for the FPA are relatively simple. Building upon the concep-
tual design in figure 2.3 a block diagram for use in Altium Designer is created.
This allows for the hierarchical design structure and is the first step towards the
complete schematic design.

Analog to the approach for the FPA, another block diagram is created for the
PEU. Due to its increased complexity, the PEU consists of a more complex hi-
erarchical structure.

The circuits and components are then added as discussed in the previous
sections. In several instances are 0 €2 resistors included to facilitate isolating
the circuit. This way, it can be tested without influencing the following compo-
nents, if an error occurs. Sometimes, different components like chip beads are
also used for this application.

Every active component uses some kind of supply voltage. To ensure optimal
operation, capacitors are placed towards the corresponding pins. They improve
the supply’s behavior as they intercept ripple or peak currents. Different ca-
pacitor types and packages influence different disturbances. By placing four
different capacitors, all disturbances are taken into account. This is especially
important for the FPGA. It uses a lot of different voltages each with multiple
pin connections. To facilitate the optimal placement of these decoupling ca-
pacitors, very small packages are used. The ”0402-type” has outer dimensions
of 1mm x 0.5mm and is therefore ideal for dense positioning. Placing these
decoupling capacitors directly under the FPGA on the other side of the PCB
enables connecting them with a via directly to the corresponding pin.

Figures 2.19 and 2.20 show the hierarchical top sheet for each of the two
projects. This sheet connects the other schematic sheets.
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2.7.2 Layout Requirements

Several factors should be taken into account when layouting the PCBs for this
project. As with all signal paths, the trace width is important to reduce the
connection’s impedance. There are no signals that are expected to carry more
than a few miliampers of current. Trace width therefore loses its significance but
using trace widths as large as possible will nonetheless improve signal integrity.
Trace width will be much more important for the power supplies. Large planes
on inner layers will be able to distribute the supply voltages to all needed com-
ponents. To make this feasible without using a single layer for every voltage
domain, the components are grouped on the PCBs according to the needed sup-
ply voltages.

Large ground planes are also important to improve the return paths, for supply
voltages as well as for faster signals. Ensuring that there is little to no poten-
tial difference on the ground potential at different points on the PCB prevents
errors and disturbances. This is also the reason for the large share of ground
connections across the FPA connector (see figure 2.16).

Multiple differential signals will be read out and need to be routed across
the PCB. They are of speeds up to 8 M Hz or even 128 M Hz in the case of
the FPGAs system clock. These traces need to be of a calculated impedance.
If the traces are of different impedances, one of the two traces might suffer de-
lay which would render the resulting differential signal unusable. As discussed
in chapter 2.6.3 keeping the traces close to each other also helps in mitigating
disturbances. To route the signals most optimally, two layers will be reserved
entirely only for these differential signals. Having a suitable ground connection
is also important, as the ground planes above and below the signal further en-
hance the noise resistance as a whole.

This leads to the layer stack which is formed with these considerations in mind.
Figure 2.21 shows the layer stack that was decided upon. Ground planes are
placed with the differential signals on layers 4 and 7 in mind. On the other side
of the differential signals are the power planes placed. These are large copper
areas that are connected to a lot of capacitors. This will absorb most of the
disturbances, that can be expected.

By choosing a PCB stack with 10 layers, the signal routing becomes much more
manageable. Especially components like the FPGA that use a ball grid array
instead of other landing patterns would be far more complicated to fan out.
This is further reinforced by using microvias. Microvias are a technology that
uses laser etching processes to connect outer layers with the layers directly be-
low the surface without connecting the other inner layers. In combination with
the buried vias that connect only the inner layers but not the outer layers it is
possible to connect components and signals without infringing on the landing
patterns of adjacent components.
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MName g 55 Thru 1:10 IVia 1:2 Burie
Top Overlay
Salder Mask Smm
Top Layer Signal 0.03mm
Dielectric 4 Prepreg 0.064mm
Dielectric 10 Prepreg
Signal 1 Signal 0.03mm
Prepreg 0.064mm
Prepreg
Signal
Core
Signal 2 Signal
Dielectric & Prepreg
Dielectric 14 Prepreg 0.055mm
Power 1 Signal 0.018mm
Core
Signal
Prepreg
Prepreg 0.055mm

Signal 3 Signal 0.018mm

Dielectric 7 Core
GMND 2 Signal 0.018mm
Dielectric 13 Prepreg 0.0
Prepreg 0.064mm
Signal 4 Signal 0.03mm
Dielectric 11 Prepreg 0.064mm
Dielectric 5 Prepreg 0.064mm
Bottom Layer Signal 0.03mm
om Solder Solder Mask B

Owerlay

Figure 2.21: PEU Layerstack - The ten layers and their designations are visible
in orange on the left side. The exact layer stack and its dimensions are coordi-
nated with the external manufacturer. The right side details the used via types.
Besides the classic through-hole via, which connects all layers, microvias and
also buried vias are used.
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The FPA is a lot simpler in its circuits and will therefore not require ten
layers. Its layerstack is detailed in figure 2.22. Although the circuit is relatively
simple, 6 layers were chosen for this application. This allows for two very good
ground layers which are beneficial for the general signal integrity and especially
for the differential signals. Since a lot of the components should be placed as
close as possible to the detector and signal paths should be as short as possible
in general, additional layers to route across the PCB are beneficial.

Mame Type Thickness Thru 1:6
Top Overlay Overlay

Top Solder Solder Mask 0.015mm
Top Layer Signal 0.045mm
Dielectric 2 Prepreg 0.075mm
GND 1 Signal 0.018mm
Dielectric 4 Core 0.51mm
Signal Signal 0.018mm
Dielectric 1 Dielectric: 0.15mm
GND 2 Signal 0.018mm
Dielectric 5 Core 0.51mm
Power Signal 0.018mm
Diielectric 3 Prepreg 0.075mm

Bottom Layer Signal 0.045mm

Bottom Solder Solder Mask 0.015mm

Bottom Owverlay

Figure 2.22: FPA Layerstack - The six layers and their designations are visible in
orange on the left side. The exact layer stack and its dimensions are coordinated
with the external manufacturer. The right side details the used via types. Besides
the classic through-hole via, that connects all layers, microvias help in routing
the shortest distances.
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2.7.3 PCB Design

Firstly the FPA layout is created. It shall house the detector and might therefore
be placed in a housing during later projects. To accommodate these plans
an outline for the PCB is given. The detector will be placed in the centre
while the backside should ideally house no components. This would allow an
ideal placement for Peltier elements or other cooling mechanisms. Due to the
detector’s pin assignment, this will not be possible, as most components require
to be placed as close as possible to the detector’s pin. By placing only the
buffers on the bottom side, more than half of the area can be kept clear for a
potential cooling mechanism. The finished layout can be seen in figures 2.23
and 2.24.

The PEU layout is more complex as it incorporates more components and
more complicated components with small footprints or complicated landing pat-
terns. It also distributes a total of 7 supply voltages. The power planes that are
chosen for them are shown in figures 2.25 and 2.26. The power domains provide
insight into the component placement. All components that are powered by
3.6V are placed close to the FPA connector, as this voltage is also needed on
the FPA. The 6V input voltage is distributed across the edge strip of the PCB.
This way, the generated voltages can access their respective planes where needed.

The finished layout can then be seen in figures 2.27 and 2.28.
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