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Abstract

Birkeland Centre for Space Science at UiB is working on a project to study terrestrial gamma-ray flashes
further to get a better understanding of the relationship between earth and space. These gamma-ray
flashes are the most energetic phenomenon that occurs in our atmosphere. Many uncertainties are
surrounding them, and thus, this project came to be. It is the microelectronics group at UiB who is
responsible for developing the hardware and firmware. This new design is based on a predecessor but
is considerably upgraded.

Throughout this thesis, the details of how the PCB was designed is presented. The given specifications
are the starting point of the design. These specifications form a list of what is required of the system
or specific components. The design process itself is divided into three stages: choosing the
components, creating the schematic, and lastly, designing the layout.

In the first stage, all the components necessary in the design need to be selected either by a given
specification or the demand of the system. The two most significant components are the FPGA and the
ADCs. Most of the design is based around these. The FPGA was selected by a combination of given
requirements and consultation of the theses where the firmware was developed, while the ADC was
selected solely by the requirements. The ADC is the biggest upgrade compared to the predecessor. The
predecessor has a sampling rate of 50MSPS, while the new design has 500MSPS.

The second stage is where all the components are used to create the needed circuits. Most of what is
done at this stage is researching how components external circuitry should be designed and how the
components are connected. The more advanced design is the analog amplifier and filter, which is
required prior to the ADC to use its range fully and to avoid the aliasing effect. A transimpedance
amplifier is used to convert currents from the PMTs to voltages, while also amplifying. A fourth-order
low pass filter is used to remove the unwanted frequencies. It is built by a KRC filter and an MFB filter
using an ADC driver. The workings of this filter are simulated in OrCAD Capture CIS to be certain of its
performance.

After the circuitry is designed, and the connections are made, comes the last stage where the physical
design of the board is made. All the components are placed on a virtual board, and a trace connects
the pins that are specified to be connected in the schematic. Most of the process is straightforward,
but for high-speed components, there are some extra considerations to keep in mind to retain a signals
integrity.
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The work for this thesis was performed at the University of Bergen (UiB), between January and June of
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1 Introduction

This bachelor’s project is part of a grander project by BCSS in collaboration with the UiB. BCSS is a
Norwegian Centre of Excellence that focuses on understanding Earth's relationship to space. They have
divided this objective into smaller areas of focus because of its immensity. One of these areas is all
about studying terrestrial gamma-ray flashes, or TGFs, which is the most energetic phenomena that
occur in our atmosphere. There is a general agreement on the physical requirements for the TGFs,
although there is much uncertainty around the details of the mechanism. The TGFs appear to be
related to lightning and is observed during lightning storms, but why they occur and how they are
related to lightning is still uncertain [1].

The ALOT project was initiated by BCSS to get a better understanding of this phenomena. In the ALOT
project, also known as Airborne Lightning Observatory for TGFS, sensors will be sent up to the
atmosphere by plane to gather information, for which the researchers can base their research. The
Microelectronics group at UiB is responsible for designing the hardware and firmware. Two master
students developed the firmware in the fall of 2018, and with this bachelor’s project, the hardware is
near completion. There was a precedent to this project called FEGS, or Fly's Eye GLM simulator, which
launched in 2017. The hardware design for ALOT is inspired by the design of FEGS and the architecture
presented in the master theses.

Figure 1: An illustration of a terrestrial gamma-ray flash in the atmosphere. The colors pink, yellow, and green
represents gamma-rays, electrons, and positrons, respectively [20]



2 Specifications

In the architecture of the original FEGS system, the different subsystems were spread across multiple
circuit boards. In contrast to the FEGS system, the current ALOT project will have an architecture where
all the subsystems are implemented on a single circuit board. In addition to these physical changes,
other significant modifications are also required by the given specifications; A different type of FPGA,
and upgrading the ADCs to higher sampling rates.

The main functionality of the system is to process signals received from external sensors and store the
outcome in memory. The unit responsible for processing these signals is FPGA based. The FPGA, in this
project, is mounted directly onto the circuit board, as was done on the predecessor, but instead of
using the former IGLOO-2 FPGA, an FPGA of the Zyng-7000 series is employed in this version. As
mentioned in section 1, the firmware developed for the FPGA has already been completed by two
master students in 2017/18. Due to the complexity of the firmware, the limited resources of a Zyng-
7010 is not sufficient, and a larger device is required.

The signals received from the sensors are analog and need to be digitized for them to be usable for the
FPGA. To achieve this, Analog-to-Digital Converters (ADC) are used. These ADCs are required to have
sampling rates of up to 500 MSPS. This is an order of magnitude higher than the ADCs used in the FEGS
system, which only ran at 50 MSPS, and will significantly improve the time resolution and frequency
range of the sampled signals.

The data processed by the FPGA will be stored on removable flash memory, making it significantly
more accessible. The board requires a JTAG interface and Ethernet for a computer to be able to
communicate with it; which allows the board to be configured, and makes it possible to monitor it
while running.



3 Software

The entirety of this project has been completed by using various tools. A PCB is fully designed using
digital tools before the physical board is made. There is plenty of software to choose from to create a
PCB, but in this project, the use of Mentor Xpedition was specified. For the analog circuits in this design,
the simulation tool OrCAD Capture CIS is used. The next subchapters will describe these tools and
explain how they are used.

3.1 Mentor Xpedition

All of the PCB design is done in Mentor Xpeditions software from Siemens, which is a software package
with a plethora of tools to assist in the design process. From the multiple software tools included in
this package, the ones used the most in this project is Library Manager, Designer, and Layout.

3.1.1 Library Manager

One of the first steps in the design process is usually to select the needed components. Different
systems have different requirements for their components, which makes the selection process one of
the more important ones. Picking a suitable component can be a challenge, and although it can always
be replaced, doing so becomes more and more complicated in the later stages of the design.

Library Manager is where one collects all the different components needed in a project. It can import,
export, and edit symbols and cells as needed. A symbol is a simplistic version of a component which is
used in the schematic to establish a connection, while the cells are a physical representation of the
components used in the layout. Creating a part with both a cell and a symbol is a time-consuming task.
Thankfully, there is a more straightforward solution made for Mentor Xpedition. They have developed
the tool Partquest, which is a website where one can find a plethora of components that are free to
download and import to one's library. If the needed component is not available, one can request it,
and within a couple of days, a professional has created both the symbol and cell for that component.
This tool removes the need to spend countless hours on creating cells, which requires precise
measurements as specified in the datasheet for the component.

Figure 2: Symbol versus Cell of a dual opAmp IC

3.1.2 Designer

The schematic is created in the Designer software. It is a simple tool without too many functions. The
main functionality of the software is to place and connect components. There are some extra functions
to assist in this stage, but those are mostly to add shortcuts and to enhance the readability of the



schematic. Most of what is done in this stage comes down to research on how different components
should be connected and configured.

There are two ways to connect components in Designer; either by directly connecting the pins or by
creating a net which connects them. Creating a net gives the freedom to place the component
somewhere else on the sheet or in a completely different sheet. When and where to use the different
methods is entirely up to the creator. The goal should be to make a readable schematic, and hence,
one would need to use what makes sense in the given situation.

One of the extra functionalities is for FPGA pin assignment and is called I/O optimizer. After the
schematic has been created, and the components have been placed in the layout process, 1/0
optimizer can change where pins are connected to reduce the number of unwanted crossovers. This
functionality is possible to use for single connections or for groups at a time, which also makes it
possible to change where differential pairs are connected. Reducing the number of crossovers
simplifies the routing process that is done in the Layout stage.

3.1.3 Layout and Constraint Manager

It is in Layout that the actual design of the PCB is created. All the components are placed on a virtual
board, and a trace is made between the different pins that were specified to be connected in the
schematic. This is a process that becomes more and more complex with increasing frequencies and
higher densities of components. For a simple circuit, it can be as easy as placing the components and
route without needing to consider any particular factors, but in a more advanced system, like the one
created in this project, plenty more consideration needs to be taken. These factors are discussed
further in Section 4.4.

There are plenty of details at this stage of the design. Just about everything in this process has a
physical attribute that can be changed for the specific design: from the width of the traces and the
diameter of the via holes, which connects traces in different layers; to the physical size of the board
itself. The minimum design parameters are given by the company that will produce the PCB. For this
project, it was given that the card would be ordered from Elprint.no. The minimum sizes, shown on
their website, can be taken into another tool called Constraint Manager. In Constraint Manager, one
can specify minimum, and typical sizes, and other parameters for the entire board, a specific net, or
even specific areas on the board. Using this tool helps the designer keep within the design rules without
having to change all the sizes manually.

PARAMETER CHEAPEST MINIMUM
mm mil mm mil
Trace with 0.15 5 0.10 4
Clearance 0.15 = 0.10 4
Annular ring 0.5 20 0.30 12
Solder mask ring 0.2 B 0.15 6
Via pad diameter 1.0 40 0.38 15
Hole diameter 0.5 20 0.15 &

Figure 3: Design parameters from Elprint.no [13]

There are a lot of extra tools to help routing. One could use the Auto-route function to make the
software automatically route the entire system, but as the design becomes more complex, the
reliability of this tool drops significantly. For high-speed components, like the ADC and RAM [Cs in this
design, it is preferred to create the traces manually. The software can also assist during manual routing.



When routing a differential pair, it will create both the traces at once and try to keep the traces at the
same length. One can also route multiple traces at ones, or even try an auto-route like function to
automatically create routes for chosen connections.

3.1.4 OrCAD

OrCAD is a simulation tool that, in this project, is used to support the design of the data acquisition
stage. While designing this stage, the tool is used to simulate basic analog circuitry, where only
transient- and AC analysis of the circuits are done. The advantage of using such a tool is that it can
simulate the inherent characteristics of components, where non-idealities like an OpAmps varying
closed-loop gain and a component's noise characteristics are apparent. The tool also gives an excellent
visual overview of the system's frequency response where, if necessary, specific actions can be taken
to improve the characteristics of the system.



4 Design Process

To go from a list of requirements to a fully finished PCB, one must go through three different processes:
Choosing components, designing the schematic, and designing the layout. The given order is how it
might go in theory, but in many cases, one alternates between the different ones as one learns
something new and need to adapt the design

4.1 System Architecture

Figure 4 illustrates a simple block diagram of the entire system. By considering the task the system is
specifically made for, it is clear that the system is divided into three distinct stages: data acquisition,
data processing, and data storage. Excluding the obvious components in these stages, there are
additional components that are required for optimal functionality in the system.

Clock

generator
Preamplifi Lowpass | ADC Ethernet RI45
er Filter Driver PHY connector

Sy§tem ) SD-card
variables connector

Flash

memory

Figure 4: Block diagram for the ALOT system

The data-acquisition stage is where the analog signals, received from external sensors, are converted
into digital signals for the FPGA. For this, a preamplifier is needed to amplify the signal to an amplitude
the ADC can utilize its entire voltage range. This part consists of a transimpedance amplifier that
converts the incoming signal from current to voltage. Before the ADC can sample this voltage, the
signal must propagate through a low-pass filter. The Nyquist-Shannon sampling theorem says that the
frequency of the signal should not go above half of the sampling frequency to avoid aliasing, and this
indicates the starting point of the stopband. The low-pass filter is of fourth order and is made up of
two second-order filters; one of which is made using the ADC driver. In addition to being a part of the
filter, the ADC driver is responsible for converting the signal from single-ended to differential.
Differential signals are the preferred signal type at high frequencies as it reduces the crosstalk between
components. The last part of this stage is the ADC, which samples the differential input and converts
it into digital signals that are sent to the FPGA using an LVDS format.

After the conversion to digital, the FPGA reads these signals and processes them. If the received signal
is above a specified threshold, it is sent to the last stage where it is stored on an SD-card.



There is one additional function in the system, which is the ability to monitor and transmit system
information as it is running. The monitoring is done by measuring different variables, like currents and
voltages, and then transmitting them through an ethernet connection. This functionality is added to
be able to make sure the system is working as it should.

4.2 Choosing components

Choosing components can be a significant challenge. There may be many requirements, thus finding
one that fulfills them all can, at times, be difficult. Only a few components in this project had specific
requirements. Most of the components had to be chosen by the needs of the system, which, in most
cases, gave a high degree of freedom in the selection. These next couple of subchapters discuss and
explain the selection of all components.

4.2.1 FPGA and its critical components

The FPGA is the largest and most complex component in this system. It is a key player in the design
and configuration of several other components. There is a vast amount of specifications for FPGAs, and
different systems have different needs. Which is why it is a good idea to have pointers for what to look
for before one start browsing for a suitable one. This system was specified to use a Xilinx Zyng-7000
FPGA, which gives a good starting point.

The project is based on two master theses written at UiB. The students behind these theses gave a
good description of the system for which they developed the firmware. They used a Xilinx Digilent Zybo
SoC trainer board that contains a Z-7010 Xilinx FPGA. After all their hard work, they concluded that an
upgrade for the FPGA would be necessary as the development of the ALOT project continues.
Throughout all their testing using the Z-7010, they stumbled upon some problems which were caused
by a limited number of LUTs and BRAM cells. This gives the lower limit for the FPGA. The University
also specified that they want an FPGA with PCl-express to use at a later time. These two factors give a
clear pointer for what to look for.

Figure 5 shows the different choices within the Zyng-7000 family. Taking the requirements into
consideration leaves two choices: the Z-7015 or the Z-7030. The 7015 is a modest upgrade with 46200
LUTs and 3.3 Mb of BRAM, while the 7030 is a significant upgrade with 78600 LUTs and 9.3 Mb of
BRAM. Figure 6 shows the pin compatibility between different packages and types. The 7015 is only
backward compatible with the 7012s, while the 7030 can be forward compatible depending on the
packaging. Taking the possibility of a future upgrade into consideration, the 7030 using the FBG676 or
FFB676 seems to be the optimal choice.



Device Name Z-7T007S Z-T0128 Z-7014S8 Z-T010 Z-T05 Z-T020 Z-T030 Z-7T035 Z-TD45 Z-T100
Part Number XC7Z007S | XC7Z0125 | XCTZ014S XC7Zo10 XC7Z05 XC7Z020 XC7Z030 XC7Z035 XC7Z045 XC7Z100
Hlinx 7 Series | Ax@®7 | Artic7 Ariix-7 Ariix-7 Artix-7 Arix-7 | Kintex®7 | Kintex-7 | Kintex-7 Kintex-7
g 9 FPGA FPGA FPGA FPGA FPGA FPGA FPGA FPGA FPGA FPGA
quivalent

Programmable Logic 23K 55K 65K 28K 74K 85K 125K 275K 350K 444K

Look-Up Tables (LUTs) 14,400 34,400 40,600 17,600 46,200 53,200 78,600 171,900 218,600 277,400
o Flip-Flops 28,800 68,800 81,200 35,200 92,400 106,400 157,200 343,800 437,200 554,800
§| Block RAM 1.8 Mb 2.5 Mb 3.8 Mb 2.1 Mb 3.3 Mb 4.9 Mb 9.3 Mb 17.6 Mb 19.2 Mb 26.5 Mb
2 | (#36 Kb Blocks) (50) (72) (107) (60) (95) (140) (265) (500) (545) (755)
| A

DSP Slices
E (18x25 MACCs) 66 120 170 80 160 220 400 900 900 2,020
2
8 Egra‘f'én%saice 73 131 187 100 200 276 593 1,334 1,334 2,622
o

(Symmetric FIR) GMACs GMACs GMACs GMACs GMACs GMACs GMACs GMACs GMACs GMACs

PCI Express

(Root Complex or Gen2 x4 Gen2 x4 Gen2 x4 Gen2 x8 Gen2 xB Gen2 xB

Endpoint)!

Analog Mixed Signal 2x 12 bit, MSPS ADCs with up to 17 Differential Inputs

(AMS) / XADC

Eecuritytzl AES and SHA 256b for Boot Code and Programmable Logic Configuration, Decryption, and Authentication

Figure 5: A table comparing the different Zyng-7000 FPGA [38]

Zynq®-7000 Family

70075 Z-70125 Z-70045 7010 Z-7015 Z-7020 Z-7030 Z-7035 Z-7045  Z-7100

CLG225 13 [} )

CLG40D 17 [ L L i

CLGAR4 19 [ O

LG485 19 = 4

SBGABS 19 ]

FBGABY 23 [ |

FBGETE 27 Oo—+—0
FFGE76 27 a8

Figure 6: Pin compatibility between the different FPGA types [38]

RAM

The random-access memory is an essential component in a system architecture like this. It is used to
store information the FPGA needs to have fast access to. There are different types of RAMs like DRAM
and SRAM, which is dynamic and static RAM, separately. These types have different architectures and
thus have different needs and specifications. The DRAM has the simplest architecture using only one
capacitor and transistor for storing one bit, while the SRAM uses six transistors per bit. Because the
DRAM is using a capacitor, which discharges over time, the voltage needs to be refreshed quite often.
Because of this refresh process, it is a bit slower than the SRAM, but then again, the DRAM is cheaper
than the SRAM as it only needs one transistor per bit. The price difference has made the DRAM the
more commonly used RAM.



This system needs RAM to work optimally. There were no specifications to limit this selection. The
choice was, therefore, made by looking at other designs using an FPGA from the Zyng-7000 family and
choosing one that was confirmed to work with the chosen FPGA. In the end, the MT41K was selected.
It is an SDRAM, which is a synchronous DRAM that differs from a regular DRAM by using pipelining to
be more efficient. Pipelining is when the RAM sends the following requested information to the
processor, in this case, the FPGA, before it has finished processing the previous one.

Flash

The internal memory of the FPGA is volatile, meaning that it does not keep any data when the power
is cut. Or in different terms, the FPGA always starts as a blank and must be configured every time it is
turned on. The flash is an external non-volatile memory that is needed to store the FPGAs
configuration.

There are two factors which need to be taken into consideration for the flash in this system: the
memory size and the interface. This memory is only going to store the configuration of the FPGA, and
thus, it does not need to be extremely large. The Zyng-7030 has an uncompressed bitstream of about
5.8MB, which is the file containing the programming information. The boot image comes in addition
to this bitstream. The size of the boot image is dependent on the chosen system. Using a more
advanced system like Linux could require another several MB while using the freeRTOS would require
less than 100KB. An external memory chip of 16MB is a reasonable choice as it covers the minimum
but also gives the freedom to go for a more advanced option.

The interface is the setup of the connections, in this case, between the FPGA and the memory chip.
For storing large amounts of data, a regular SPI interface would be a good choice, but for the boot
configuration, this would not be adequate. It is typical to use either a parallel interface, where the data
is sent simultaneously on parallel lines; or a Quad-SPI, which is four SPI connections in parallel. There
are some benefits by choosing the QSPI; one of which is that it is the fastest configuration solution
while still having a low pin count.

The Xilinx team has collected a list with different memory chips that are confirmed to work with the
FPGAs in the Zyng-7000 family. The flash chosen for this system comes from that list. The S25FL127S
has 16MB of memory and uses a QSPI interface which should make it a good fit.

4.2.2 Data acquisition

The data acquisition stage is composed of three substages; The Preamplifier stage that converts and
amplifies the current signals received from the sensors, a fourth order Butterworth low pass filter stage
that removes the undesirable signals, and the ADC driver stage that converts the analog signals to
digital for the FPGA to process the signals. All of these stages have properties that require specific
components: OpAmps, ADC driver, and ADC. These components are discussed in the following
subsections.
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OpAmps

The data acquisition stage requires two operational amplifiers, OpAmps, to achieve the desired
properties. These OpAmps are used in two of the three substages: The Preamplifier stage and the filter
stage. Both of the OpAmps should have a bandwidth that is roughly a magnitude higher than the 250
MHz Nyquist frequency. The reason for this relatively high bandwidth is that the closed-loop gain of
the OpAmps should be a close approximation to ideal in the region of interest. By making this region
ideal, there is no attenuation done by the components, which in turn makes the design of an "ideal"
filter easier.

The number of available OpAmps with a bandwidth of 2.5 GHz or higher is somewhat limited, and the
basis of this statement is on the bandwidth of the component alone. Two opAmp alternatives that fit
the requirements for these applications are the OPA855 and THS4303.

The OPA855 has a bandwidth of 2.5 GHz and gives the closed-loop gain an excellent approximation to
ideal in the region of interest. This OpAmp is specified to operate at low-noise, which is ideal for
wideband TIA and voltage amplifier applications. Since Butterworth filters are voltage amplifier
circuits, the component is a great candidate for both the TIA and filter stages. However, the component
is decompensated, meaning it has the disadvantage of only being stable with a gain greater or equal
to 7V/V, making it unfit for use in stages with unity-gain.

The THS4303 has a bandwidth of 3.0 GHz and gives the closed-loop unity gain an excellent
approximation to ideal in the region of interest. This OpAmp is a wideband operational amplifier that
is ideal for high-speed analog signal-processing chains, which perfectly depicts the specification
requirements of the data acquisition stage. This component is a necessary candidate in the case of an
amplifier being driven as unity-gain.

ADC-Driver

For the ADC to achieve optimum performance, it requires an ADC-driver in front of it. The ADC-driver
receives the single-ended signals from the filter stage and converts them into differential signals. The
reason for the use of differential signals as opposed to single-ended signals is to reject common-mode
noise and to improve the overall performance due to balanced signaling.

The ADC-driver used in this system should have a bandwidth that is approximately equal to the 250
MHz Nyquist frequency. By doing so, the driver has an internal low-pass filter with a bandwidth close
to the external filter, reducing the chance of receiving signals with frequencies above the region of
interest.

The alternatives for ADC drivers that have the appropriate bandwidth for the application are the
THS4504, THS4505, and AD8138. The THS4504 and THS4505 are mostly the same components,
excluding the THS5404s power-down capability. Because the power-down functionality is unnecessary
in the system, the THS4504 acts as a THS4505 if chosen, thereby making it a reserve candidate in case
the stock of THS4505s is empty. These drivers have a bandwidth of 260 MHz while the AD8138 has a
bandwidth of 320 MHz. Because the THS4505 has a bandwidth that is relatively close to the frequency
of interest, as opposed to the AD8138, it works better as a filter for these frequencies.

While the usage of the THS4505 may work in theory, its low bandwidth may limit other characteristics,
like the distortion, when applied in practice. Thus, switching to a 380 MHz driver, THS4503, is a

11



possibility as they are pin compatible, providing a substitute if the real-life testing shows certain
limitations.

ADC

The component the entire project is centered around, the FPGA, requires digital signals as inputs. The
signals received from the detectors, propagating through the preamplifier and filter, are analog, which
needs to be digitized before reaching the FPGA. This requirement is met by placing an ADC in front of
the FPGA.

The predecessor to this project, the FEGS BGO, had an ADC with a sampling frequency of 50 MSPS,
while the new project has 500 MSPS. This significant increase provides a magnitude more samples per
second, making it possible to collect much more information from the input signals. The disadvantage
of using a 500 MSPS ADC is that there are rather few to choose from, and there are scarcely any
OpAmps with a bandwidth large enough to provide sufficient properties to support the system.

Two possible alternatives with 500 MSPS are ADS5404 and ADS5407. There is very little that separates
these components in terms of functionality, only in the amount of noise and other electrical
characteristics. The choice to go with the provided component recommendation was made, and as
such, the ADS5404 is the systems ADC.

4.2.3 Peripherals

In addition to the main components described in the sections above, there are also some peripherals
that give the system additional functionalities. These are described in the sections below.

Ethernet

This system is using ethernet for the ability to monitor it remotely. There are three layers needed to
be able to use ethernet: the media access controller, the physical layer, and a connector. The only
given requirement for this is that it does not need a higher speed than 100Mbps.

The media access controller, also known as MAC, is the layer which either receives data that it converts
into packets that can be sent onwards or vice versa. The chosen FPGA has this layer embedded in its
architecture. This simplifies the process quite a lot, but it also gives some limitations. The embedded
MAC uses an RGMII interface which limits the 10 voltage of the physical layer.

The physical layer, or ethernet PHY, is the second layer in this three-part configuration. This component
receives the packages from the MAC and converts them into signals which can be sent to the
transmission lines, or vice versa. There are quite a few components that fulfill the given requirement.
The one that was chosen for this project was the DP83822 because of its configurability and it being
well documented. This component can be configured to use any combination of the typical voltages
for 10s and power supply, and it supports the RGMII interface while only having speeds up to 100Mbps.

The last stage is the connector. The RJ45 connector is the standard when it comes to ethernet, but
even this has some requirements. There should be a layer of magnetics between the PHY and the
connector to isolate the transmission lines from faulty currents or voltages. Options with integrated
magnetics and LEDs are possible to simplify this. The PHY also sends out signhals to LEDs that signify
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that everything is working as it should. The ARJC01-111002T from Abracon was chosen for this project
as it fulfilled all of the needs.

SD Card

Scientific data collected by the FPGA is stored on an SD-card. For this, the system requires an SD
controller and connector. The former is also one of the embedded peripherals in the FPGA, which
means that the only needed part is the SD-card connector. Because there are no special requirements
for this component, a standard mass-produced connector was chosen. The 693161011911 is a readily
available connector suitable for this system.

Monitoring

A combination of components and circuits gives the functionality of monitoring the system. This stage
has been copied from the FEGS and modified to fit this new system. An external ADC samples all the
voltages and the primary current from the +5V power supply. The AD7490 has a sampling rate of
1MSPS and a 12-bit resolution, which is more than enough for this application. It can also be configured
to have a maximum input voltage of 5V, which is a perfect fit as the highest voltage is also 5V in this
system.

A current sensing circuit is used to get a voltage that is proportional to the current. The INA190 has a
shunt resistor connected between the input pins. Everything that uses 5V is connected after this
resistor, which, in turn, means that the primary current goes through the resistor and creates a small
voltage difference. This difference is amplified by the instrumentation amplifier to create a readable
voltage for the ADC. In FEGS the INA826 was used, but this system does not use the 12V power supply
needed to get within the boundaries of its VCM range. Thus, the INA190, with a much more extensive
range, was selected.

4.2.4 Others

The last couple of components needed in the system are just as important as the other components.
These are used to create clock pulses for components that require one and to give power to the entire
system.

Clock Generator

A big system like this, with many different components, needs multiple frequencies and thus, multiple
clocks. The system has two ADC ICs requiring an LVDS clock signal of up to 500 MHz, and a 25 MHz
CMOS signal for the Ethernet PHY. Instead of having a crystal or crystal oscillator for each of these, a
clock generator is a good replacement. The clock generator is a component that can use PLL logic and
an integrated VCO to generate a specific frequency. This functionality replaces the need for three extra
crystals with only one crystal and one IC while also giving the possibility of configuring the clock
frequencies as needed.

The AD9577 was chosen for this task. It has four differential outputs which could be configured as
individual single-ended outputs and can generate a clock signal up to 637.5 MHz. It also supports signal
formats like LVDS, which the ADC clocks require, and CMOS which the Ethernet PHY needs. The I12C
protocol is used to program the chip, which also makes this a good fit with the FPGA as it has an
embedded I°C controller.
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Clocks

The system requires two crystals, in addition to the clock generator. For the FPGA to be able to
configure the clock generator, it needs a clock signal which the clock generator will not be able to
generate before it has been configured. The clock generator itself also needs a crystal, but at a different
frequency than the FPGA. For the FPGA the ABM7 crystal oscillator which generates a CMOS signal
with a frequency of 50 MHz was chosen, and for the clock generator, the CW541 crystal was chosen.
The crystal oscillator is a crystal with additional components to generate a precise frequency. It is more
work to handle a barebone crystal, but it gives the possibility of optimizing it for ones need. In this
case, the AD9577 has a built-in oscillator circuit and therefore only requires a crystal.

Voltage translator

A frequent problem when having multiple peripherals embedded into an FPGA bank is that different
components might require different 10 voltages. This mix up occurred in the bank with the Ethernet
MAC and SD-controller. Using a voltage translator is an easy fix for such a problem. A voltage translator,
like the chosen MAX13030E, is a component that receives digital signals at a certain voltage level and
transforms them into digital signals at a different level. The aforementioned translator is specifically
created to be used between an SD-controller and its connector. Because the PHY needs a voltage level
of 1.8V and the SD interface has the least amount of connections, it was obvious that the latter should
use the voltage translator.

Power Supplies

Choosing the appropriate power supplies is crucial for the components to function. The task of
choosing these supplies is the last thing that must be done when designing a circuit. This is because
different components require different supply voltages and consume a different amount of power. A
power supply can only provide a certain amount of current with a specific voltage at its output, and it
is therefore required to know the amount of current each power supply must be able to deliver. To do
so, find every required supply voltage, and cumulate all the currents each component requires from
its respective supply voltage.

Based on the components mentioned in the subsections above, there are a variety of supply voltages:
15V, 3.3V, +2.5V, 1.8V, 1.35V, and 1.0V. There are also a couple of reference voltages that are applied:
2.5V and 0.9V. The *5V comes from the THM 10-2421W, which is a DC/DC converter. These
components are genuinely better at stepping down voltages but introduce quite a lot of noise. Both
the 3.3V and 1.8V come from two separate MIC29302, which is a Low-Dropout (LDO), adjustable
voltage regulator. This component can deliver enormous amounts of current (up to 3A), and the
voltage output can be adjusted by merely changing the resistor values. The LP38512MR-ADIJ is another
LDO adjustable voltage regulator, where both the 1.35V and 1.0V require one each. This component
can deliver up to half the current of MIC29302, which is still above the necessary current output for
these voltages. The voltages +2.5V and -2.5V uses the LDO voltage regulators TPS73025 and TPS72325,
respectively. These regulators have fixed voltages, meaning no voltage adjustment with resistors is
necessary. The currents these components deliver are rather low, where the maximum output current
is 200mA. The 2.5V reference voltage uses the same regulator as the 2.5V supply since the regulator
has a rather good accuracy, which is more than enough for this reference. The 0.9V reference, on the
other hand, uses an ISL21080DIH309Z-TK voltage reference IC. This components accuracy is superior
to LDO voltage regulators, which is required for its usage in the system.
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The last power supply is dedicated to RAM. The TPS51200 is a sink and source DDR termination
regulator that is specifically developed to uphold the needs of RAM components. It provides both the
reference voltage for the RAM ICs and FPGA and the sink voltage for the termination resistors. For a
crucial component like the RAM, these voltages are required to be stable, and thus a specialized
component is used.

4.3 Schematic

The second stage, as mentioned, is where the schematic is created. At this stage, all of the chosen
components are connected as required by their specifications and how they are used. There are a lot
of components to be connected in this system. Most components have been, more or less, designed
around the FPGA, except for the analog data-acquisition stage, which requires a more advanced design
procedure.

4.3.1 Data acquisition

As mentioned in section 4.2.2, the data acquisition stage is composed of three substages;
Preamplifier-, filter- and ADC driver stage, shown in Figure 7, with the substages placed, respectively.

Figure 7: Amplifier, filter, and driver placed respectively from left to right.

One of the first considerations in the design of this stage is the order of the substages. By placing the
preamplifier stage before the filter, the circuit achieves the best SNR. However, for this placement to
be sensible, the undesirable signals from the PMTs are required to be a great deal smaller than the
desired signal. The reason this condition must be met is that if large noise signals are amplified, the
signal can saturate. Because the system uses scientific PMTs for the detector stage, the SNR at the
output of these components is of high quality. This means that the desired signal is significantly larger
than the undesirable signal, thus positioning the preamplifier first is sensible for this design.

In the following subchapters, the different substages of the data acquisition stage are explained in
detail from left to right, as shown in the figure above.
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Preamplifier stage

The preamplifier circuit consists of a transimpedance amplifier (TIA) that converts the incoming signals,
sent by the PMTs, from currents to voltages. The very same circuit is also responsible for the
amplification required to utilize the ADC resolution fully.

As mentioned in section 4.2.2, the OPAS855 is suited for applications where TIAs are involved. Another
prescribed application of the component is as a PMT post amplifier, making it adequate for the
preamplifier circuit.

The TIA stage requires a feedback resistor that sets the gain of the circuit and converts the signals from
currents to voltages. However, by placing the feedback resistor, the resistor and the total input
capacitance, that is, the PMT capacitance, the input capacitance of the OPA855, and any stray
capacitance form a zero in the noise gain that results in instability at higher frequencies. By placing a
capacitor in parallel with the feedback resistor, a pole is formed that counteracts the zero, preventing
instability from occurring. Due to the OPAS855 being decompensated, it requires a gain greater than or
equal to 7 to be stable. This stability can be achieved by setting the noise gain greater than or equal to

7, that is, setting N; =1+ Z_s > 7, where Cs is the total input capacitance, and Cr the feedback
F

capacitor. This equation shows that to achieve stability, C; = 6 X Cr. A more thorough explanation on

the stability analysis of transimpedance circuits is given in [2].

Because there are certain non-idealities in the closed-loop gain of the active elements in the data
acquisition stage, specific peaks, as shown in Figure 9 in the simulation subchapter, is apparent in the
system’s closed loop gain. These peaks are not critical, as they do not harm the system, but if not
removed, the output signal experiences sudden amplification spikes in the frequency band where
these peaks occur. By selecting a proper cut-off frequency on the low pass filter that is present due to
the feedback resistor and capacitor, the peaks are removed.

At the output of the TIA stage, there are a few diodes that form a diode clipper. The diodes used,
MMSD301T1G, have the properties necessary for usage in high-frequency applications, making them
suitable for the task. These diodes have a forward voltage that is approximately 0.4V, while the ADC
can utilize an amplitude of 0.6V. By placing two diodes in series, the clipping appears at 0.8V, taking
advantage of the entire input range of the ADC, while protecting from voltage spikes beyond this value
that may harm the components.

Filter stage

The system requires a low-pass filter, which is designed as an active fourth order filter. The filter is
designed with the properties of a Butterworth filter, which, in this case, is made up of two-second
order filters: a Sallen-Key filter [3], also known as KRC filter, and a Multiple feedback [4], abbreviated
as MFB, filter. Here, an OpAmp, THS4304, is used to design the second order KRC filter that is placed
in front of the ADC driver, THS4505, which is equipped with a second order MFB. The reason for using
a THS4304 on the KRC filter as opposed to the OPA855 is because the OPA855 becomes unstable when
the gain is less than 7V/V, whereas the TH54304 works best in unity-gain. Since all the gain in the data
acquisition stage is placed at the preamplifier stage, the filter stage is unity gain, making the OPA855
unfit for use.
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The Nyquist theorem states that signals above half the sampling frequency should not be sampled.
This means that because the system samples with 500 MSPS, the most significant signal frequency that
should be sampled is 250 MHz. To avoid over- or under-sampling, the filter requires a stopband that
occurs at around 200 to 250 MHz. To get a stopband of this magnitude, the filter’ cutoff frequency has
to be relatively much lower based on the fact that a fourth order filter gives a gain roll-off of 80
dB/decade. To let practically no unwanted signaling get through in the stopband, a relatively low gain
is required in this region. A rule-of-thumb is to have a maximum gain of -70 dB for it to be close to an
ideal stopband. With a roll-off of 80 dB/decade and approximately -70 dB stopband gain, the cut-off
frequency is around a decade lower than the stopband frequency. By a few calculations in Matlab [5],
a cut-off frequency of 50 MHz gives a stopband starting a several MHz above 200 MHz.

ADC driver stage

The PMTs are sending out current pulses that travel through a single-ended system, which makes it
essential to use the ADC driver’ inputs in single-ended mode. To achieve single-ended mode, all that is
required is to ground the inverting input channel while applying the signals to the non-inverting input.
However, by doing so, it is important to be aware of the driver's supply rails. If the driver receives
signals that make the output voltage go above or below the supply rails, it is essential to offset the
grounded input with a voltage that is sufficiently large in the opposite direction of the larger output
voltage; otherwise, clipping is achieved. If the output is above the supply rail in both directions, it is
necessary to either have a more abundant supply or reduce the signal size.

The external circuitry connected to the ADC driver is a second order low pass MFB filter. The structure
of an MFB filter circuit placed on a differential amplifier [6] is similar to that of an MFB filter on a basic
single-output OpAmp. The difference being that instead of a single MFB from the output to inverting
input, there are two identical MFBs from non-inverting output to inverting input and from inverting
output to the non-inverting input, as shown in SEQ Figure \* ARABIC 8. When calculating and choosing
the appropriate component values for the MFBs, it is only necessary to look at one of the MFBs and
mirror the values on the other.
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Figure 8: MFB filter placed externally on the ADC driver.
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Simulation

Simulation is a way of estimating a circuit’s characteristics but does not necessarily predict its detailed
behavior. The simulation done in OrCAD required some improvisation as the OPA855 did not have a
PSpice model. Instead, THS4304 was used to simulate an OPA855. The frequency response and the
noise characteristics of THS4304 are worse than OPA855s, making it a worst-case scenario.

As mentioned in the preamplifier subchapter, the circuit experiences certain amplification peaks in the
closed-loop gain due to imperfections in the active elements. In Figure 9, which shows the circuit’s
closed-loop gain, this statement becomes apparent. At approximately 100 MHz, a zero is located due
to inherent characteristics of the THS4304. Looking at the phase plot of the system in Figure 11, a
sudden deceleration in phase roll-off is apparent, meaning a zero is located at the bend. The immediate
peaking due to this zero form signal spikes at regions where the gain that ordinarily declines as
frequency increases, suddenly rises. By placing the pole of the TIA stage in advance of the peak, which
is approximately the same frequency as the zero, a pole-zero cancellation happens, and the sudden
rise fades away, as shown in Figure 10. However, because of this pole placement, the size of the
feedback capacitor may compromise the OPA855s stability due to the total input capacitance not being
sufficiently large. To make sure the input capacitance is large enough; an amply sized capacitor is
placed in parallel with the OPA855s input to guarantee that C¢ > 6 X Cf.
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Figure 9: The system's closed-loop gain without feedback capacitor at the TIA stage.
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Figure 10: The system's closed-loop gain with feedback capacitor at the TIA stage, with its pole in advance of the peak.
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Figure 11: Simulation showing the systems bode and phase plot.

Even though the circuit may have a working bode plot, the system can still be unstable. Due to not
being able to use OPA855 in the simulation, only general stability can be simulated, and not whether
instability caused by the lack of noise gain presents itself. In Figure 12, a step response simulation is
performed to analyze if the circuit is stable. In the graph, a sudden peak, or overshoot, at the transition
edges is apparent. If this peak either oscillates indefinitely or becomes amplified as it continues to
oscillate, the system is unstable. While there is an overshoot at the transition, it is quickly attenuated
due to a high damping ratio [7] that rapidly removes the oscillation from the signal. Due to this rapid
oscillation removal, the system quickly stabilizes itself, meaning it is a stable system.
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Figure 12: Simulation using step response to analyze the stability of the data acquisition stage

To be convinced that the circuit manages to maintain the signal integrity, a simulation using 1 kHz
triangular pulses is performed, shown in Figure 13. This simulation is only to show that the circuit does
not distort the signal at lower frequencies, with emphasis on low frequencies because the component
models do not give a good prediction of the components’ distortion.
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Figure 13: Simulation using triangular pulses, presenting the circuit maintaining the signal's integrity as the signal propagates
from source to output.

4.3.2 Digital Logic

The FPGA is the most complex component in this project with its 676 pins, built-in peripherals, various
dedicated pins, and so on. Finding which connections are needed was deduced by using a combination
of the documentation for the Zyng-7000 family and other designs using a similar FPGA. As with many
other components with a large number of pins, the FPGA is divided into multiple symbols. There are
13 symbols for the 676 FPGA: one for the high-speed transceiver, four for regular 10s, one for the
internal ADC, two for MIOs, one dedicated for external RAM, one for configuration, and the three last
are respectively ground, JTAG, and power.

RAM

One of the components required to make the system run optimally is the external RAM. The FPGA has
a dedicated symbol just for this, which is symbol 8 shown on page 3 of the schematic. This symbol has
all the pins needed to be able to connect to the RAM. The three primary connections are the data,
bank address, and address, which is represented on the symbol by DQ, BA, and A. The bank address
and address are used to allocate the data to different places in the RAM. Error! Reference source not
found. illustrates how the RAM is divided into different banks, which again consists of many addresses
where data can be saved. In addition to these three primary connections, there are also quite a few
other vital connections. There is on-die termination, or ODT, which gives the ability to enable or disable
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the built-in termination resistors on certain pins. Termination resistors are only wanted when the
device is receiving data and not when it is sending data, and hence the ODT pin.

Bank O Bank 1 Bank 2 Bank 3 Bank 4 Bank 5 Bank6 | ...

Address 0
PR - R
Address 2
Address 3
Address 4
Address 5
Address 6
Address 7

!

Figure 14: A simple representation of memory division in a RAM

There are two differential DQS pins on the FPGA: the UDQS and LDQS. DQS is a differential data strobe
which is needed with high data rates. This system needs both the upper and lower DQS signal because
it has a 32-bit data width with two RAM chips connected in parallel. In a regular synchronous system,
the data is captured with a common system clock, but with higher data rates the valid data window
becomes more susceptible to shifts relative to the clock due to changes of different variables like
temperature. Because of this, the DQS signal is aligned with the data signals so that the data is captured
by the DQS signals instead of the clock.

DM is the data masking pins. These give the ability to prevent writing to some of the bits, which can
be useful if only part of the word in the RAM needs to be changed. Without this, the system would
have to read the word, modify it, and then write it back to the RAM. In addition to all of these pins,
there are also the general chip select, or CS, and write enable, WE, which is needed in every process
using the RAM.

It is a simple process to connect the MT41K RAM to the FPGA, as both symbols use similar names for
pins that should be connected. It was decided that the project will have a 32-bit data width, which is
the reason why there are two of these components on page 7 of the schematic. The MT41K256M16 is
a DDR3L SDRAM with a size of 4Gb, and thus by using two of them, the system has 1GB of RAM.
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Flash

Another important component, which is needed to store the configuration of the device, is the flash
memory that can be found on page 7 of the schematic. The chosen component is using a Quad-SPI
interface to connect to symbol 6 of the FPGA on page 3 of the schematic. Because there are plenty of
different interfaces for this component, the FPGA must be configured respectively to the chosen
component. The 7Z030 utilizes bootstrapping pins on the same bank as the flash is connected to for
this configuration. This means that at startup if the specific bootstrapping pins have a voltage over a
threshold, it will be read as ‘1' and if it is below it is read as a ‘0". In this case, using a pull-up resistor
gives a ‘1' and using a pull-down gives a ‘0'. On this symbol, it is the MIO pins 2-8 which are used as
bootstrapping pins. Error! Reference source not found. shows a table of the possible configurations.
This system has been configured to use cascade mode for JTAG chain routing, Quad-SPI for the boot
device, the PLLs are enabled, symbol 0 uses a voltage level of 1.8, and bank 1 uses a voltage level of
3.3V. The bootstrapping pins are multi-function pins, which is why some of them are also connected
to the flash. These connections were specified in the technical reference [8] for the FPGA on page 365.

Pin-signal / ‘ mio[s] ‘ mio[7]  MIO[6] ‘ MIO[5] ‘ mio[a] | MIo[3] MIO[2]
Mode ‘ VMODE[1] ‘ VMODE[D] BOOT_MODE(4) ‘ BOOT_MODE(0] ‘ BOOT_MODE[2] | BOOT_MODE([1] BOOT_MODE(3]
Boot Devices
JTAG Boot Mode; cascaded is most 0 )
commoni?)
JTAG Chain Routing!2)
NOR Boot(3) o o
NAND 0 1 o 0: Cascade mode
Quad-spif?) 1 s B 1: Independent mode
SD Card 1
Mode for all 3 PLLs

PLL Enabled 0 Hardware waits for PLL to lock, then executes BootROM

PLL Allows for a wide PS_CLK frequency range.
Bypassed

MIO Bank Voltage(®)

Bank1 | Bank0 Voltage Bank 0 includes MIO pins 0 thru 15
2.5Vv,3.3V 0 ) Voltage Bank 1 includes MIO pins 16 thru 53.

1.8V 1

Figure 15: Possible configurations for the FPGA [8]

Clock generator

The symbol used for the flash also has the potentiality of using other embedded peripherals, like an
I2C controller. I1°C is a communication protocol that only requires two lines: one bidirectional for data,
and one for the clock. Because the controller is already embedded in the FPGA, it will simplify the
process of using this protocol. It is the clock generator that requires the 12C protocol for it to be
programmed. The clock generator, AD9577, can be found on page 8 of the schematic. This is where
the two LVDS clock signals for the ADCs and the CMOS clock signal for the Ethernet PHY are generated.
This component uses a power supply of 3.3V for both analog and digital, which, in turn, also means the
voltage standard for the digital 10 signals are 3.3V. LVDS is a standard with a set voltage level which
the AD9577 conforms to, but the CMOS signals generated by it is controlled by the digital power
supply, and will, therefore, have a voltage level of 3.3V. The Ethernet PHY uses a 1.8V power supply
for its digital pins. Consequently, to be able to use the clock generator as the clock source for the
ethernet PHY the voltage needs to be reduced, which, in this case, is as simple as using a voltage
divider.

In addition to the main pins, there are also a few extra; all the pins that start with VS are connected
straight to the power supply while the additional functions MAX_BW, MARGIN, and SSCG is not used
and can be left floating as they have internal pulldown resistors. Figure 16 shows an example
configuration for this component with all the needed capacitors.

22



Ry = 1000
]
a5
Vs 52
EQ
cp 100 ug
i az
&
1060
= Vs
T V| 4=
z 5 < 4 g @ <« =
. EEEEREEEEER
s, , ¥ 2 3 3 § wllllc<
v - 3 > T
vsca VSO0B1A Vs
vatne outtp )
1000 DIFFERENTIAL -
“T Ling | Ry = 1000
REFOUT our
VSFA Vs
Vs vsx AD9STT ssca
REFCLI vsm Vs
22pF
xT2 VSFB Vs
220F 3
a
——1H [xm1 ourp 1000) DIFFERENTIAL
e
——————=|l] |rerserL ouTsn .
Var————1—{l lvsca VS0BE, 1 Y
z n
i i £ gy B2l ¥
£ £
g 2 g 31 3 g i

= E]
o
DO NOT CONNECT OTHER TRACES 220nF | CAPACITORS Cp, CONSIST OF
TO PIN 18, PIN 16, PIN 35, AND PIN 38, g 400nF IN PARALLEL WITH 10nF.

Vs Vs

TRANSMISSION LINE!

# [ 1000 DIFFERENTIAL

i

Figure 16: Example circuit of the clock generator [25]

Ethernet

Symbol 6 of the FPGA, discussed in the last couple of paragraphs, is one of the two MIO banks with
embedded peripherals. The other one, symbol 7, can be found on the same page. This symbol is
configured by the bootstrapping pins on symbol 6 to use a voltage level of 1.8V because the ethernet
RGMII does not support an LVCMOS level of 3.3V. Like the other MIO symbol, this one also has multiple
embedded peripherals available. One of these peripherals is the Ethernet MAC, which means that the
Ethernet PHY is connected to this symbol. The PHY and the RJ-45 connector can be found on page 8 of
the schematic. Connecting the PHY to the MAC is a simple process, just like most of the other
peripherals which are connected to an embedded peripheral in the FPGA. The connections made
between the PHY and the MAC is specified in the technical reference for the FPGA. In addition to
making these connections, the PHY itself also requires configuration. The DP83822 uses bootstrapping
pins for this, but, unlike the FPGA, it has four levels to choose from. In the datasheet on page 47, one
can find a table with recommended values for the resistors, which gives a voltage level on the pin to
make the specific configuration. The only setting that needs to be changed in this system is to enable
the RGMII. RX_ER is the bootstrapping pin for this setting. To enable this, the RX_ER register needs to
be configured for mode 3, which is done by using a voltage divider with a 6.2k and 1.96k resistor. The
other default settings should be adequate for this system. By default, the LED_0 pin will be high when
the link is good, but because the I0s are configured to have a voltage level of 1.8V, it will not be able
to provide enough power to turn on a LED. The NDS331N is a simple MOSFET transistor that has been
placed between the LED and the PHY to act as a switch. The source is connected to ground while the
drain is connected to the diode in series with a resistor and a voltage source of 3.3V. Once the PHY
enables the LED_O pin, the current can flow through the transistor and turn on the LED integrated into
the RJ45 connector. This connector has both LEDs and magnetics embedded in its packaging. Figure 17
illustrates how the connector with all its embedded functions is built. The Ethernet PHY is connected
to the connector by the four connections: TD_M, TD_P, RD_M, and RD_P. It is on these lines data
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propagates between the components. The last connections, the center taps, are connected to the
same power supply as the PHY, which is 1.8V.
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Figure 17: A schematic of the RJ-45
connector [27]

ADCs

Symbol 2 through 6 of the FPGA are dedicated for digital I/O pins and can be found on page 4. There
is a total of 242 1/Os, where most of them are capable of either differential or single-ended signaling.
The two first pins in bank two and three are, however, dedicated as single-ended. Many of the I0s are
multipurpose pins and can thus be configured as either regular 10s or with different capabilities. There
are MRCC and SRCC pins, which are multi-region clock capable and single-region clock capable pins
and should be used for clock signals; VREF pins can set the threshold for the signaling standards that
need one, and the last is the DQS which are strobe pins. Most of the 1/O pins on symbol 4-6 are
connected to the main ADCs. Where a differential pair from the ADC is connected on the FPGA was
decided in the routing process to reduce crossovers and layers used.

All the I/O symbols are split into two different groups: high performance, HP; and high range, HR. The
HR symbols, no. 2 and 3, support a wide range of 10 standards with voltages up to 3.3V, while the HP
symbols, no. 4, 5, and 6, are made to meet the performance requirements of high-speed interfaces
with voltages up to 1.8V. These factors are important to keep in mind if the pins transmit a signal. Most
of the 10 pins used in this system are inputs using the high-speed LVDS standard, and thus the HP
symbols are used. Almost all the pins on symbol 4-6 are used as inputs from the ADCs. This system uses
four ADCs, which in this case means two dual ADC ICs. The ADS5404 uses a DDR LVDS output interface
for its data. Using an LVDS standard gives the system a better common mode voltage tolerance, but it
also requires double the number of pins as single-ended standards. About 120 pins connect the four
ADCs to the FPGA. At this point in the design, it doesn't matter too much where the pins are connected,
only that the differential pairs on ADCs have to be connected to the same differential pair on the FPGA.
After the schematic and placement of components are done, the connections will be changed to make
the best routes in Layout.

GPS and Monitoring

Two more components are using I0s, in addition to the main ADCs. The Copernicus Il GPS module and
the extra ADC for monitoring. The design of these circuits has been copied from the older FEGS system
and connect to symbol no. 2 on page 4. The extra ADC, samples all the voltages and the main current
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from the 5V supply. The current sensing circuit has also been copied from the FEGS but modified to fit
with the new instrumentation amplifier.

JTAG

The last couple of symbols are for the JTAG, the extra configuration and administrative tasks, and for
power. Symbol 12 is for JTAG with its four pins. The JTAG is used to program the system. There are
standard connectors, and this system is using the Xilinx 14-pin interface. The connections for this
connector are standardized to fit with the already created cables.

Power

There are two power banks for the FPGA: one for all the voltages and one for ground. What voltage is
needed on the different pins is dependent on what is used in the FPGA. The FPGA in this system
requires multiple voltage values on its power bank: 3.3V, 1.8V, 1.35V, and 1.0V. All of which are
generated by the power supplies on page 13 of the schematic.

To achieve these voltages, certain ICs have to be used to convert one voltage to different voltage
values. These ICs are called Low Dropout (LDO) adjustable voltage regulators and gives the possibility
of stepping down a voltage - in this case, 5V - to a lower voltage. The different types of LDO adjustable
voltage regulator ICs that are used to achieve these voltages are mentioned in section 4.2.4.

When designing the 3.3V and 1.8V supplies, specific resistor values, R1 and R2, has to be calculated to
achieve the desired voltages. The required formula to calculate these resistors, and the power supply’s
circuit diagram is given in the MIC29302 datasheet and shown below. Values for the capacitors are
also given in detail in the datasheet.

Vi MIC29302 Vout
- IN ouT o
R1 +
Cw 10pF Tantalum
EM ADJ
GND R2

!

Figure 18: Circuit diagram to MIC29302, showing the required components for proper functionality.

Vout
ot _q
1240 D

The design procedure for the 1.35V and 1.0V supplies are similar to that of 3.3V and 1.8V, the
difference being that these voltages are using a different component - the LP38512-ADJ, - which uses

R1 = R2x(

a different reference voltage for calculating the value of R1. The information about these calculations
is given in the datasheet for the specified component being used. The circuit diagram of the LP38512-
ADJ is shown below.
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Figure 19: Circuit diagram to LP38512-ADJ, showing the required components for proper functionality.

Ry
Vour =Vapy X (1 + R_)
2

Crr =

1

2XmTXRy{Xf,

The value for Vap, is given in the datasheet as 500 mV +10 mV, where values for Vour, R1, and R; has to
be decided. This circuit also requires an additional capacitor called Crr, which is calculated using the
formula given above. For optimum load transient response, the value of f, should be between 20 kHz

to 40 kHz.

Other voltages are also of necessity in the circuit; +2.5V for the OpAmps at the preamplifier stage, a
0.9V reference voltage for the ADCs, and 5V that supplies all of the power supplies mentioned above.
Circuit diagrams for the +2.5V and 0.9V are shown below, respectively.

voDSsvo

c2

ﬂ.lui‘

IH

TPS73025DBVR

ouT

+2 .5V

Ic24

0. D-lu?

5

Figure 20: Circuit diagram to TPS73025DBVR, showing the required components for proper functionality.

The design of the +2.5V is given in the datasheet, where the capacitor sizes are described as well. The
-2.5V uses a similar component from the TPS family, where the only difference in design is that the

input voltage is -5V.
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Figure 21: Circuit diagram to ISL21080DIH309Z-TK, including a noise vs. frequency graph, showing the required components
for proper functionality, and how they affect the circuit's noise characteristics.

The design of the 0.9V reference voltage is given in the datasheet, where the shown graph of the noise
vs. frequency presents how the different component sizes affect the circuit.

The 15V circuit design comes from the FEGS system [9], which takes advantage of a line filter to reduce

the noise fed into the power supply.
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4.4 Layout

The layout is the last stage in the design process. This is where the placement and routing of
components take place. As mentioned earlier, this stage can be straightforward in a simple design, but
with a high-speed system like this, there are more advanced factors to take into consideration. The
next couple of subchapters presents these factors and how the layout was created.

4.4.1 High-speed considerations

There are plenty of factors one might have to take into consideration in the physical design of a PCB.
The importance of these factors is usually dependent on how complex the system is, or how important
it is to keep a signals integrity. As the frequency increases, there is less room for imperfections, and
thus something which seems negligible is now an important influence.

Variables such as trace length, width, material, and angle are crucial to keep in mind. A signal
propagates through a PCB at about half the speed of light, which is 1.5x108 m/s or 15cm/ns. This means
that a signal does not instantly go from one end to another. At low frequencies, this is negligible
compared to how fast the signal changes, but at higher frequencies, a signal varies at more substantial
speeds. Thus, in high-speed components, like the ADCs and RAM in this design, the length of the
differential pairs need to be close to identical, and the length difference for the interface traces
towards the FPGA must be minimal.

One of the effects that can damage the integrity of a signal is the reflection. Parts of a signal can be
reflected because of sharp corners or different impedance. This reflection changes the signal and thus
hurt the integrity. To avoid these reflections, one must, in general, avoid 90-degree bends, and the
impedance needs to be matching throughout the trace. If a signal goes from a medium with one
impedance to another medium with a different impedance, parts of the signal are reflected and can
dampen the signal.

4.4.2 Setup

When setting up the parameters for the system, it is crucial to select the right properties for layer
Stackup, trace impedance, the distance between traces, VIA holes, and many others. Setting these
parameters was done with inspiration from online resources [10] [11]. When deciding the layer
Stackup, the number of layers was of priority, and a 10-layer stackup was selected. Other factors on
layer Stackup, like layer thickness, impedance characteristic, trace width, and whether it is a signal- or
power-layer was copied from [12]. Layer Stackup gives standardized parameters for the properties of
the PCB. To select local parameters, Constraint Manager is a useful tool. Here, the trace width, trace
distances, VIA holes, and other parameters can be specified for local areas. When tracing the pins for
the FPGA and ADCs, the width of the traces and VIAs have to be significantly reduced from standard
size to fit between the pins. To reduce this width, a constraint can be set in Constraint Manager that
can create a region surrounding the component. This region automatically adjusts VIA size and trace
width when crossing the border. The commonly used PCB parameters are copied from [13], where
minimum and lowest price parameters are set.
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4.4.3 Placement

After the important procedure of setting all the parameters, comes another important step; placing
the components. Doing this well can save much time by simplifying the routing. A common saying
within PCB design is — PCB design is 90% placement and 10% routing. This may not be a precise ratio,
but it indicates the importance of this stage.

There are many strategies to create a readable and good design. To what extent one can uphold these
strategies is dependent on the complexity of the design. The most common strategies are: placing
components to achieve the least amount of trace crossings; having the signal go from left to right by
placing them according to the order of signal propagation; etc.

The placement in this design is based around these rules. It also resembles the block diagram in Figure
4,

Figure 22: Component placement for ALOT

4.4.4 Routing

The routing of the layout can start once the placement of all the components has been decided.
Creating traces for the well-placed data-acquisition stage is as simple as it gets, but it is a different ball
game for routing the ADC and RAM ICs. The ADCs connections are not fixed and can, therefore, be
changed to fit the tracing. Planning these connections was done manually before the routing. The
software helps keeping the length of the differential pairs as similar as possible but getting all pairs
from one IC to about the same length, requires some manual tuning afterward.

This stage is all about physically connecting all the components while trying to use the least amount of
via holes, layers, and making the shortest traces possible. The autoroute function can route the entire
design of this project, but it is not optimal. Using autoroute requires much tweaking in Constraint
Manager to set the right parameters. In this design, auto-route uses most of the signal layers available
to route the ADCs, while with manual routing, only 3 layers are needed.
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5 Conclusion and Summary

With this thesis, a data acquisition-, processing-, and storage stage have been developed which allows
sensors to transfer information regarding the TGFs to an FPGA in the form of raw, digitized data, which
the FPGA manipulates in accordance to the firmware, and stores this newly processed data in memory.
The required component upgrades in contrast to FEGS have been achieved, with the FPGA going from
a Zyng-7010 to Zyng-7030, providing half a magnitude increase in programmable logic. An upgrade of
one order of magnitude on the ADC’s sampling rate has been achieved, and because of its differential
signals the benefit of reduced crosstalk between traces. An SD card connector has been added,
presenting the system with the possibility of storing data on a removable device, making the stored
data more accessible. Also, the required components to establish communication with an external
device through Ethernet has been added, providing a way to monitor and transmit information about
the system while it is running.

The data acquisition stage has been equipped with a preamplifier that both amplifies the signals and
converts signals from currents to voltages, which is required in the following substage, the filter. The
filter is a fourth order Butterworth low pass filter, composed of two-second order filters; a KRC filter
and an MFB filter, forming a stopband appearing at a value below the Nyquist frequency, responsible
of removing unwanted signals and the possibility of aliasing from happening. Before the ADC, the
component concluding the data acquisition stage resides; an ADC driver that converts the signals from
single-ended to differential to take advantage of the differential inputs on the ADCs.

The use of a Zyng-7030 FPGA provides the data processing stage large quantities of programmable
logic, which enables the possibility of larger firmware. By employing an FPGA, other crucial
components are required for it to function, a few of them being: A clock generator providing the
oscillating clock pulses that are critical in several components, the power supplies that are of
paramount importance for the FPGA, and the entire system to function, and a JTAG connector,
necessary to deliver the FPGA its configuration.

While the FPGA is a volatile component, in which its configuration is erased if powered down, the
addition of flash memory gives the benefit of restoring the configuration if a power malfunction should
occur. As the FPGA is hard at work processing information about the TGFs, it may require storing some
data for later use. This data can then be stored in RAM, where the memory can easily be accessed
when needed. When the data has been processed, it is essential to have a reasonably sized memory
to place the data until the end of the flight. An SD card is selected as the preferred memory device, as
it is removable and easily manageable. These three categories of memory form the data storage stage.

Though the components have been placed, there are still work that is required for the layout to be
finished; modification of the constraints set in constraint manager to provide the proper PCB
characteristics necessary in the system, and the finishing touch on the tracing between components.
While the simulation of the acquisition stage may give out good or bad results, it does not tell how the
stage may behave in reality. The reason for this is all the non-idealities that reside in an active element,
and in general, the uncertainty that any component has. To confidently say if a circuit is good or bad,
an actual real-life test of the components is necessary. Without this test, one can only speculate on
how the circuit behaves. When the real-life testing of the data acquisition stage is accomplished and
return reassuring values indicating that the circuit can be applied in the system, and the layout is
finished, the board can be ordered, and functional testing can be performed.
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6 Appendices

Appendix A - Words and abbreviations

ALOT - Airborne Lightning Observatory for TGFs
ADC - Analog to Digital Converter

BCSS - Birkeland Centre for Space Science
BRAM - Block Random Access Memory

CMOS - Complementary Metal-Oxide—Semiconductor
FEGS - Fly’s Eye GLM Simulator

FPGA - Field Programmable Gate Array

GLM - Geostationary Lightning Mapper

IC - Integrated Circuit

I2C - Inter-integrated Circuit (A serial communication protocol)
1/0 - Input/Output

LDO - Low-Dropout

LUT - Look-Up-Table

LVCMOS - Low-Voltage CMOS

LVDS - Low-Voltage Differential Signaling

MAC - Media access control

MSPS - Mega Samples Per Second

MFB - Multiple Feedback

OpAmp - Operational Amplifier

PCB - Printed Circuit Board

PHY - Physical layer for Ethernet

PLL - Phase-Locked Loop

PMT - Photomultiplier Tube

RAM - Random access memory

SNR - Signal to noise ratio

SoC - System on Chip

SPI - Serial Peripheral Interface

TIA - Transimpedance Amplifier

TGF - Terrestrial gamma-ray flash

UiB - University in Bergen
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Appendix B - Schematic
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Appendix C - Technical Explanations

C.1 Interfaces
RGMII

RGMII [14] [15] is one of several interfaces with the possibility of connecting the Ethernet MAC to the
Ethernet PHY. This interface takes advantage of Double Data Rate, in which both the rising and falling
edge of a clock pulse is used. RGMII significantly reduces the pin count between the MAC and PHY,
saving up space on the board.

Quad-SPI

SPI [14] is convenient in short distance communication and utilizes synchronous serial communication.
Synchronous serial communication uses a clock signal to synchronize the data that is being sent from
transmitter to receiver. A general SPI has four pins; Serial Clock (SCLK), Master Output Slave Input
(MOSI), Master Input Slave Output (MISO) and Slave Select (SS). Here, SCLK provides the
synchronization of data, MISO and MOSI are for sending and receiving data, and SS decides which slave
the master is communicating with. Quad-SPI is an extension of the general SPI, where four bidirectional
data lines are used instead of two unidirectional lines. Here, MOSI and MISO are bidirectional, called
DQO and DQ1, respectively, with two additional pins, DQ2 and DQ3, added to the interface.

I2C

I2C [15] is a synchronous serial communication protocol that is commonly used to attach low-speed
peripheral ICs to processors. I2C has the possibility of communication between multiple masters and
slaves, where an address byte decides whether a unit receives or transmit data. The interface uses two
pins to accomplish data transfers. These pins are named Serial Data (SDA) and Serial Clock (SCL),
responsible for the data transfer and synchronization, respectively.

SDIO

SDIO is made explicitly for SD memory cards and provides an interface that makes data transfer
between a processor and an SD memory card possible.

C.2 Signaling

LVDS

Low-Voltage Differential Signaling [16] [17], or LVDS, is a high-ranking technical standard used in a
multitude of data communication standards. LVDS consists of two differential wires, a driver delivering
a current of £3.5mA, and a receiver with a 100Q termination resistor, as shown in Error! Reference
source not found. A). The impedance on the transmission line must closely match the termination
impedance to avoid harmful signal reflections that decrease signal quality. When the signal propagates
across the transmission line, it sees ideally infinite impedance in the receiver, making the current flow
in the path of least resistance, namely the termination resistor. When the current flows through this
resistor, by ohms law, the voltage across the resistor, which gives the voltage difference between the
inverting and non-inverting inputs on the receiver, is 350mV. This voltage difference is shown in Error!
Reference source not found. B), where the signal is offset to 1.2V to have the signal centered between
its outer limits of 0 and 2.4V. Due to LVDS’ low voltage swing, less power is required, and quicker
transition times are possible, making higher data rates achievable. Even though LVDS requires twice as
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many wires for transmission over the same number of channels as single-ended, it can achieve much
higher speeds, making fewer channels necessary to transmit the same amount of data. Other factors
that make LVDS so popular is its noise immunity and its reduced amount of noise emission compared
to other technical standards. While the wires may be susceptible to environmental noise, the
differential property of LVDS rejects this due to the noise being induced in approximately equal
amounts on both wires, which is subtracted out at the receiver, giving it immunity from environmental
noise. Its reduced noise emission is because of the same amounts of current travel in opposite
directions in the wires, creating equal but opposite electromagnetic fields around the wires that cancel
each other out. This cancellation reduces the strength of the electromagnetic fields that are present
in the wires, producing less electromagnetic noise that may corrupt data transfer on other lines.

Ioma
VOUT+\v
T 1.35V
1on ﬂf Reesl logic logic
; 1.2V -\ high low
r./'—'—‘ , 1.05V
Vour-
Figure 23: A) Simplification of LVDS driver and receiver. B) Differential signal.

CMOS

CMOS [18] is of the single-ended output families and is suitable for lower frequency clock sources and
short trace lengths [18]. A direct connection between transmitter and receiver can be established, but
often a 20-50Q resistor is placed between to reduce signal reflections that decrease signal quality.
There is a multitude of CMOS types: High-Speed CMOS, or HCMOS; Low Voltage CMOS, or LVCMOS;
Advanced CMOQOS, or ACMOS; etc.

Single-ended vs. Differential

Single-ended signals [19] transmit signals across a single wire and measures the voltage difference
between the wire and ground. A wire is susceptible to environmental noise like electromagnetic fields,
that is added to the signal propagating through the wire. The received signal may contain large
amounts of noise that may compromise crucial information. A differential signal, however, adds
another wire to each channel, where measurements of voltage differences are between wires instead.
Differential signaling is shown in Error! Reference source not found..Error! Reference source not
found. The wires are just as susceptible to noise as for single-ended, but the noise is induced in
approximately the same amount on both wires, which is removed when measuring the difference
between the wires. This removal of noise due to measuring the voltage difference between wires
makes the signaling immune to environmental noise.
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Figure 24: Differential signal propagating from the transmitter to the receiver.

DDR

Double data rate is when data is sampled on both the rising and falling edge of a clock pulse. This
means that double the amount of data can effectively be transmitted or received. DDR can be used in
both single-ended or differential signaling.
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