


     XP-EE-SPP 2007:001 

 
 
 
 
 
 
 
 
 
 
 
 

 

Evaluation and optimization  
of the  

SMILE fluxgate magnetometer 
 
 

Terry Edberg 
 
 

Master of Science Thesis in 
Physical Electrotechnology 
Stockholm, February 2007 

 
 
 
 
 
 
 
 
 
 
 
 

Division of Space and Plasma Physics, 
School of Electrical Engineering 

Royal Institute of Technology 
SE – 100 44 Stockholm, Sweden 



 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Printed by 
Alfvén Laboratory 

Royal Institute of Technology 
SE – 100 44 Stockholm 



 3 

Abstract 
 
The report shows the development during the last six months of the SMILE fluxgate 
magnetometer from a basic platform into a first generation magnetometer. The purpose of the 
SMILE project is to develop a miniaturized digital fluxgate magnetometer for the Nanospace 
project. The Nanospace project is collaboration by KTH and IRF Uppsala with the goal to 
develop a nano satellite platform.  
 
The FPGA programming has been improved to include a functional correlation loop, 13 bit 
DACs and a parallel and a serial interface with several output modes. The timing of the 
processes in the FPGA has been improved making it more robust. Some critical changes to 
the analogue parts has also been made  
 
The LEMI sensors have been tested in a number of ways to increase the understanding of 
their characteristics. The magnetometer has also been calibrated at the Nurmijärvi geophysical 
observatory in Finland. 
 
 
Denna rapport visar utvecklingen under de senaste sex månaderna av SMILE-magnetometern 
från en grundläggande plattform till en första generationens magnetometer. Målet med 
SMILE är att utveckla en miniatyriserad digital fluxgate magnetometer för Nanospace-
projektet. Nanospace är ett samarbete mellan KTH och IRF Uppsala med målet att utveckla 
en nanosatellitsplattform. 
 
FPGA-programmeringen har förbättrats och utökats till att innehålla en fungerande 
korrelerings-loop, 13 bitars DACar och ett parallellt och seriellt interface med flera 
utmatningsalternativ. Klockningen av processerna i FPGAn har också förbättrats och är nu 
mer robust. Vissa kritiska förändringar av den analoga delen har också genomförts. 
 
LEMI-sensorerna har testats på flera olika sätt för att kartlägga deras karaktäristik. 
Magnetometern har även kalibrerats vid Nurmijärvis geofysiska observatorium i Finland. 
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Introduction 
 
Magnetometers are commonly used instruments with a large range of applications. They are 
used for applications as diverse as measuring the solar wind and predicting aurora and 
measure brain and heart activity. There are several principles, from measuring electromotive 
force induced by varying magnetic fields through a coil and measuring changes of the energy 
levels of caesium vapour or proton spins in a magnetic field. One of the most robust operation 
principles is the fluxgate magnetometer. 
 
The basic principle of a fluxgate magnetometer is to drive a ferromagnetic core into magnetic 
saturation by passing AC current through a coil around the core [1]. The time dependant 
magnetic flux in the core induces a voltage in another, pick-up coil wound around the core. 
An external magnetic field will affect the time variation of the magnetic flux through the core 
and thus affect the pick-up voltage.  
 
Since the pick-up signal is a linear function of the magnetic field only for fields with low 
magnitude, compensation coils are used to null the external magnetic field. By measuring the 
current needed to cancel out the external magnetic field, its strength can be measured.  
 
In early 2006 the SMILE (Small Magnetometer In Low mass Experiment) project was 
initiated. Its goal was to develop a miniaturized fluxgate magnetometer, originally within a 
package of instruments for the Nanospace satellite. It was based on the existing EMMA 
design used in the Astrid-2 satellite [2]. The main change is that where EMMA used a DSP 
(Digital Signal Processor) for each axis, SMILE integrates all signal processing in a single 
FPGA. The FPGA also contains the driver logic used by the ADC converting the sensor 
signals, the drivers for the sensor coils and a RAM-memory to store a number of samples of 
the magnetic field. To measure the magnetic field in all three dimensions LEMI-020, a small 
sensor developed by the Lviv Centre of the Institute for Space Research, Ukraine is used. 
Some parts of the design and programming were developed by Åke Forslund in his Master of 
Science thesis [3] during the spring of 2006.  
 
The goal for this thesis was to complete the computer interface, the FPGA-programming, 
address several critical hardware issues, conduct thorough tests and calibrate it.  
 



 8 



 9 

1. Principle of operation of the fluxgate magnetometer 
The idea behind a fluxgate magnetometer is to use a generated periodic magnetic field to 
detect an external magnetic field by the imbalance of the generated field. To realize this, a 
coil is wound around a core of a ferromagnetic material. In the presence of an external outer 
magnetic field the magnetic domains of the core align along it. When all domains are aligned 
the core has been driven into saturation. The generated magnetic field is created by driving an 
AC current, IEXC through the coil wound around the core, see Figure 1. This current referred 
to as the excitation current.  
 
The excitation current IEXC is periodic with symmetric positive and negative parts, which 
means that it spends the same amount of time in a saturated state in both field directions. 
When the magnetic flux in the core changes rapidly between the saturation regimes it induces 
a voltage in the pick-up coil, Vsec. Without an external field present, the amount of time in 
negative and positive saturation in the core will be the same. If an external field is present 
with a component along the core, it will be added to the field created by IEXC. The shape of the 
Vsec signal will change, with the timing of the peaks (corresponding to rapid flux variation) 
becoming asymmetric. An illustration of this is shown in Figure 2. 
 
 

V SEC

I EXC

 
Figure 1. Basic fluxgate sensor. 
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Figure 2. Response of a single core sensor. 

 
A more complex version of the fluxgate sensor can be seen in Figure 3, where another core is 
added. Both cores are driven by the same excitation current but the coils have opposite 
direction in the windings. The pick-up coil is wound around both cores. That means that if no 
external field is present the coils will be saturated by the same amount but with opposite 
polarity. This results in a total magnetic flux of zero in the cores and in effect leading to zero 
voltage at Vsec. If an external field is applied with a component in the core direction, the flux 
in the cores is modified in the same manner as for the single core above. Now each core 
spends longer time in one of the saturation points. So, the transitions through the unsaturated 
regions will shift in different directions for the cores and the total flux through both cores no 
longer cancels. A characteristic bipolar signature appears around each transition through the 
non saturated regime. As this happens twice each excitation period the Vsec signal, due to the 
external magnetic field, contains even harmonics of the excitation frequency, Figure 4. 
SMILE uses this dual core principle and has separate dual cores in the X, Y and Z directions. 
 
The magnitude of Vsec will only increase and decrease linearly for small magnetic fields, 
therefore most magnetometers use feedback systems to cancel the magnetic field components 
along the cores. The signal in the pick-up coil is analyzed to get the magnetic field component 
in the core. The data provided by the strength of the field component is then processed and 
converted into a current fed through a compensation coil system. The most common detection 
principle is to use the second harmonic of the excitation frequency, although with digital 
processing more advanced filtering can be used. The current through the compensation coils 
is adjusted in a way to cancel the measured residual field. The whole system operates as in a 
negative feedback loop, forcing the field component normal to the pick-up coil to zero. The 
compensation coils field component along the core is then equal to that external field, and the 
current to the compensation coils is proportional to the external field measured component. 
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Figure 3. Dual core sensor. 
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Figure 4. Response of a double core sensor. 
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To measure the full vector magnetic field three pick-up coils are needed (for each 
component), normally wound around three cores. The compensation can be done for each 
core separately, in the direction normal to its pick-up coil. In this case the vector 
magnetometer is simply a set of three component magnetometers. This approach is most 
common and it was used in the Astrid magnetometer [2]. The potential disadvantages of this 
method are the questions of the mechanical stability of the axes and cross field effects. The 
mechanical stability over a range of temperature requires precision mounting of the 
component sensors. The cross field effects are disturbances to the sensor performance in the 
presence of strong fields in the direction normal to the measured component. The alternative 
approach is that of volume compensation, in which all thee cores are placed in a system of 
compensation coils, where each component of the compensation field is controlled by the 
feedback from the corresponding pick-up signal. In this case all three cores are effectively 
placed in a null field and no cross field effects are present. If the compensation coils are 
wound on the same mechanical structure, the stability of the axis can be achieved more easily. 
The volume compensation was used in the Ørsted magnetometer [4] and is also used in 
SMILE. 
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2. Construction of the SMILE magnetometer 
 

Overview 
SMILE digitizes the pick-up signals by a single multiplexed ADC. The digitized signals are 
processed by a FPGA to calculate the compensation currents needed to nullify the external 
field. The results of the calculations are converted by DACs to analogue signals that are fed 
through voltage to current converters creating the compensation currents. An overview of the 
system can be seen in Figure 5. 
 
The FPGA handles all the mathematical calculations needed for converting the pick-up signal 
into the compensation current needed. It also handles the interfaces with the user allowing 
external commands to be input. The microcontroller handles the serial interface to the user 
and converts the incoming commands and the outgoing data into a desired format. 
 
 

 
Figure 5. Overview. 
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2.1 Description of circuitry 

2.1.1 Analogue circuitry 

Since the analogue circuitry was made by Åke Forslund during his thesis it will only be 
briefly described here. The schematics of all analogue circuits can be found in his Msc. Thesis 
report . 
 
Sensor 
The fluxgate sensor LEMI [5] is the smallest sensor developed by the Lviv centre of the 

Institute of Space Research in Ukraine. It is volume compensated and uses the dual core 
principle explained in 1. The pick-up rods are made of µmetal and are wound with copper 
wire to act as pick-up coils. The excitation coils of each axis are connected in series. Four 
sensors were received from Lviv centre of the Institute of Space Research. The characteristics 
of each sensor can be found in Table 1. The designations of each sensor are the ones given by 
Lviv centre of the Institute of Space Research. Sensor #5 and Sensor #6 were created 
identically while the prototype sensor and Sensor #2 were slightly different. 
 

 

 
Figure 6. An overview of the LEMI sensor. 
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Table 1 Sensor characteristics 

 Prototype sensor Sensor #2 Sensor #5 Sensor #6 

Pick-up coil inductance (mH) 6.4-7  1.7-1.9  3.6-3.8  3.6-3.8  

Compensation coil constant (nT/µA)  9.5-10.5  8.6-9.5  8.6-9.5  8.6-9.5  

Number of windings:         

Compensation coils         

X 90x53x90 90x53x90 90x53x90 90x53x90 

Y 86x55x86 86x55x86 86x55x86 86x55x86 

Z 90x55x90  90x55x90  90x55x90  90x55x90  

Pick-up coils         

X 400 1000 575 575 

Y 400 1000 575 575 

Z 400 1000 575 575 

Excitation coil         

X 800 800 800 800 

Y 800 800 800 800 

Z 800 800 800 800 

Noise density (pT/Hz) 70  50  50 50  

Size (mm) 20x20x21  20x20x21  20x20x21  20x20x21  

Weight (g) 20  20  20  20  

Sensor cube material  Plastic  MACOR  MACOR  MACOR  

Core material µmetal  µmetal  µmetal  µmetal  

 

 

Excitation circuitry 
The purpose of the excitation circuitry is to provide an excitation current with the desired 
characteristics. The amplitude and the phase of the signal can be controlled by the FPGA 
generator. The excitation frequency is constant at 8 kHz. A MOSFET driver circuit is 
connected to the excitation coil of the fluxgate sensor and is driven by a differential output of 
a DAC in the FPGA. The amplitude of the excitation signal is provided by another signal of 
the excitation control modules in the FPGA connected to a regulator circuit connected to the 
supply voltage input of the MOSFET driver. For more information about the module 
controlling the excitation circuit see 3.3.7. All these parameters are set externally via the serial 
interface 
 
Pick-up circuitry 
The pick-up circuitry receives the signals generated by the pick-up coils of the sensor and 
suppresses frequencies above 32 kHz. The filtering is quite hard considering that according to 
the Nyqvist theorem the highest frequency that can be detected is half of the sampling 
frequency, which in this case is 128 kHz. The bandwidth of the filters was decided to have a 
cut off frequency of 32 kHz considering the serial sampling of the signals. Using a wider filter 
could result in that some of the higher frequency components could be missed due to that they 
can occur between the samples. With a narrower filter the signals would be smoothened out to 
a degree so the high frequency components will “spill over” the sampling points and the 
digitized versions would contain some of the information of the higher frequency 
components. More about this can be read in chapter 4.1.  
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Excitation current probe 
The excitation current is measured by measuring the voltage over a 10 Ω resistor. The 
voltages before and after the resistor are sent to the differential input of an OP-amp that will 
amplify the signal 10 times. The output voltage of the OP-amp will be directly related to the 
excitation current by 1 V per 10 mA of excitation current. The 10 Ω resistor was located on 
the sensor until it was discovered that it contained magnetic parts, it was then moved to the 
PCB.  
 
Compensation circuitry 
The compensation current for each axis is calculated in the FPGA. The magnitude of the 
current is realized by a DAC working in a hybrid mode of pulse width modulation and Delta 
Sigma modulation, see 3.3.6. This signal is differential and connected to the inputs of the 
compensation circuitry. The compensation circuitry consists of two stages, the first stage 
creates a voltage from the modulated signal generated by the DACs. The second stage 
converts this voltage into a current that drives the compensation coils. 
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Temperature sensors 
Both the PCB and the sensor have temperature sensors. They are connected to the internal 
ADC of the microcontroller and can be read through the serial interface. 
 
The temperature sensor placed on the LEMI sensor is a PT-1000 platinum resistor [6]. The 
resistor has a stable temperature coefficient, which means that the change of its resistance is 
known over the entire range. Thus by measuring the voltage over the resistor the temperature 
can be calculated. It is non magnetic so it will not affect the measurements of the external 
field. 
 
The sensor at the PCB is the AD 590 [7] and works by a linear current output. This means that 
the output current of the sensor is by 1 µA/K. 
 

Table 2 Temperature sensor characteristics 

Sensor location Type Min temp ºC Max temp ºC Sensititvity ºC 

PCB Linear current output -50 150 ~±1 

Sensor Platinum resistor -55 150 ~±1 

 

Comparator reset 
During the initial phase of the project it was discovered that when the magnetometer was reset 
the ADC would at times stop to send data. At closer inspection it was seen that the FPGA was 
activated before the voltage regulators had been able to stabilize. This lead to that the 
initialization commands for the ADC were sent from the FPGA before the ADC was fully 
operational. At first a VHDL module was created to hold the reset signals to the rest of the 
VHDL modules high long enough for the supply voltages to stabilize. This was later removed 
and the reset signal was instead connected to a comparator. The function of the comparator is 
the same as the VHDL module but more reliable. 
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2.1.2 Digital circuitry 

 
ADC 
The ADC used is the AD7324 from Analog Devices [8]. It has a resolution of 13-bits and can 
sample its inputs with speeds up to 1 MHz. It has 4 inputs and one serial output. Because of 
the serial interface the physical size is very small. The serial interface is however also a 
disadvantage since it is more complicated to use and it multiplexes between the input 
channels meaning that though the signals on the input may look the same the output will be 
slightly shifted. 
  
It has a programmable input range of ±10 V, ±5 V, ±2.5 V and 0 to +10 V, the requirements 
for this project were to convert ±2.5 V voltages. At that range the power requirements are a 
digital supply voltage of 3 V and a analog supply voltages of ±5 V. The total power 
dissipation of the circuit is about 21mW. 
 
The ADC has to be externally set up to operate in a desired manner. It requires two registers 
to be addressed which is done by the FPGA. The ADC is set up to sample data from the input 
channels in an increasing fashion, starting at channel 0. The X, Y, and Z pick-up signals are 
connected to input 0, 1 and 2 respectively and the excitation current is connected to input 3. It 
is also set up to send in 2’s complement format, which makes calculations of both negative 
and positive values easier. The words used are described in more detail in Appendix A where 
an example of 2’s complement also can be found. 
 
The clocks necessary for conversion, CS and SCLK, are provided by the FPGA. SCLK runs 
on16.384 MHz and is required for the actual conversion. The ADC needs 16 positive flanks to 
properly convert one channel. Since conversion only happens when CS is low the maximum 
speed of CS is 512 kHz. The four channels will thus be sampled at 128 kHz. The method used 
to generate these clocks is explained in more detail in 3.1.  
 
The serial output data stream of the ADC is 16 bits long, the two highest bits contains 
information of the channel. The 13 lowest bits is the digitized value of the input, the 14th bit is 
a constant 0. 
 
Microcontroller 
The Atmel’s AT89C51CC03 8051-processor [9] is used, which is easy to program for RS232 
communication used in the serial interfacing through a terminal program or LabView. It has a 
built in ADC that was used for the temperature sensors. The microcontroller also supports the 
use of a CAN bus interface. 
 
The main function of the microcontroller is to handle the communication with the user and 
FPGA. It addresses the FPGA as an external memory with read and write commands. Since 
the processing limit of the microcontroller is 8 bits calculations regarding the format of the 
output data had to be done. The code in the microcontroller was made by Göran Olsson and is 
written in Assembler. 
 
The microcontroller requires 3.3V and a maximum of 14.2mA at a working state. The clock 
rate available to the microcontroller through the FPGA is 16.384 MHz. 
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FPGA 
FPGA stands for Field Programmable Gate Array and can be described as programmable 
digital electronics. The specific FPGA used in this part of the project is the A3P250 from 
Actel’s ProAsic3 family [10]. It is a flash based FPGA and contains 250,000 gates and over 
6000 flip-flops. The circuit has a total of 208 pins where 157 are available to the user to use as 
programmable I/Os. It is programmed through a JTAG interface that is connected to a PC 
using the USB interface. Since many of the pins were only used for testing or was entirely 
unused, another smaller FPGA was bought for the next generation of PCBs. It is from the 
same family and has similar performance but only 100 pins in total. 
 
The FPGA was used to calculate the digital correlation between the measured signal and the 
reference signal and integrate it over an excitation period. The FPGA and its’ programming is 
explained in more detail in chapter 3. 
 

2.2 Interfacing with the magnetometer 

There are two ways to interface with the magnetometer. First via the microcontroller which 
uses a serial RS232 interface. Secondly in parallel directly from the FPGA through its own 
I/O pins using a NI PCI6220 interface card [11] to the PC. An overview of the interfaces is 
shown in Figure 7. The serial interface was used to monitor the sensor, excitation and 
temperature signals and to control the mode of operation of the FPGA. The parallel interface 
is used to monitor the current status of the ADC-, correlation- and compensation signals in 
real time. The microcontroller was programmed using the RS232 connection while the FPGA 
had a separate USB connector for this purpose. 
 
The applications used by the PC to receive the data from the magnetometer were developed 
using LabView. It is a highly visual programming language where the functions are realized 
by graphical representations rather than code, examples are shown in Figure 8 and Figure 9. 
It is suitable for obtaining and processing data from the ports of a computer, visualize the 
results and save selected data to the hard drive. The programming is done by creating block 
diagrams over the functions needed, the block diagrams can then be connected to a front panel 
where the actual user interface is located. There are a number of predefined controls and 
indicators available at the front panel ready for use that makes it relatively easy to create the 
desired environment.  
 



 20 

FPGA

Microcontroller

NI PCI6220

PC

Serial

Parallel

USB Programming

Programming

 
Figure 7. Interfaces to the magnetometer. 

 
The serial interface has five output modes: 

• Single read of RAM (containg ADC data) 
• Single read of current DAC value and a sum of the 32 latest DAC values (default) 
• Single read of the sum of the 32 latest DAC values (in nT or bit value) 
• Continuous read at 250 Hz of the sum of the 32 latest DAC values 
• Continuous read at 1 Hz of the sum of the 8000 latest DAC values (presented in nT) 

 
The parallel interface is limited to output 8 bits at 1 MHz rate and has four output modes: 

• Continuous read of the ADC data 
• Continuous read of DAC data 
• Continuous read of current correlation sum 
• Continuous read of the externally set compensation level 
 

The modes are set externally via the serial interface, each has its own command so it is 
possible to read different types of data through the parallel and serial interface. The 
continuous read at 1 Hz of the serial interface is as far as the FPGA is concerned the same 
function as the 250 Hz reading, the sum of 250 samples over 1 second is done in the 
microcontroller. 
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Figure 8 Front panel of the serial interface in LabView 

 
Figure 9 Part of the programming behind the front panel in Figure 8 
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2.2.1 Serial interface 

Data can be sent in five different modes through the serial interface. The first mode returns 
the data stored in the RAM, this mode requires continuous input of the start and stop sampling 
command as well as an address command to receive data from the desired address in the 
RAM. Instead of returning the RAM data it can be commanded to return the current DAC 
data as well as a sum of 32 DAC values. The sum of 32 DAC values can be read singularly as 
well and be presented in nT or bit value. The fourth mode returns the sum of 32 DAC values 
automatically with a rate of 250 samples per second. The last mode returns a sum of all 
samples during one second. 
 
The LabView program that was connected to the serial interface was used to collect data 
sampled by the ADC, the data was then plotted into graphs. It was also used to send command 
words automatically to allow for continuous sampling of the RAM data. It could also program 
the DACs and the excitation current to desired levels. During the development of the 
correlation loop it was also used to test the principle of the correlation before it was 
implemented into the FPGA. It also reads the data from the temperature sensors and converts 
it into the Celsius scale.It was with this interface the tests in chapter 4 was made. 
 

2.2.2 Parallel interface 

The parallel data is sent from the Compensation switch module, see 3.9. This interface was 
however much faster than the serial and could be used to monitor data that would be 
impossible to read through a serial interface. It can be used to read the latest sampled ADC 
data, DAC data, the current value of the correlation sum and of the externally set 
compensation levels.  
 
The parallel interface uses the NI PCI6220 card to interface to the magnetometer. The card is 
developed by National Instruments that has developed the LabView environment. This 
interface connects directly to ten pins on the FPGA, where eight of them contain the parallel 
data, one the clock with which the data is sent and the last pin is a ground connection. Since 
the risk of noise is great when sending data in this fashion a flat cable with 20 leads were used 
where every second lead was connected to ground.  
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3 FPGA design 
The function of the FPGA is to provide a serial interface to the ADC, convert the serial data 
into a parallel data stream and process it to determine the compensation currents needed to 
nullify the external magnetic field. The program also handles the communication to the micro 
controller with a parallel interface. All modules were programmed using VHDL and are 
detailed in the following sections. All the functions described below were programmed using 
VHDL and the code can be found in Appendix B. 
 
VHDL (Very high speed integrated circuit Hardware Description Language) [12] is a very 
powerful tool that is used to describe the logical behaviour of digital circuits. Instead of using 
many discrete digital components, a single FPGA can be programmed for the same task. The 
software suite Libero by Actel, which was used for the coding, compiling and programming, 
visualizes the different VHDL entities as blocks. The VHDL functions of the entities are 
interconnected by simply connecting the inputs and outputs of the VHDL modules, Figure 29 
and Figure 30. 
 

3.1 System clock 

A system that is supposed to fly on a satellite has to be very robust since it is hard to make 
any changes to the programming after it is launched into space. Therefore the timing of the 
modules is very important. If many internal counters and clocks are used it is possible for just 
one module to lose its synchronization with the other modules. If that would happen the 
whole design can stop working. A good way to make it more stable is to have all the modules 
rely on the same clocks and counters, if a counter miss one step it will do so for all modules 
making the risk of asynchronization smaller. That approach is used for this design  
 
The main clock is an external LC-oscillator running at 65.536 MHz which is received by the 
system clock module. The main clock drives an internal counter of two bits that increases its 
value on the negative flank. This means that the highest bit of this counter will toggle with 
16.384 MHz. The 16.384 MHz bit in turn drives a larger fifteen bit counter vector. The bits of 
this counter vector will then contain speeds ranging from 8 MHz to 256 kHz. There is also a 
separate 1Hz clock that runs on the highest bit of the fifteen bit counter. The reason for having 
a separate 16 MHz and 1 Hz counter is that those frequencies are not used much in the 
system. If a larger counter with the range of 16 MHz to 1 Hz would be used more flip flops 
would be required resulting in that the FPGA would draw more power. An overview of the 
clock speeds available and their uses in the FPGA can be seen in Table 3. 



Table 3 Overview of clock rates available and their uses 

Clock name Frequency Used as Used by 

Main clock 65.536MHz PWM counter DAC 

µC clock 16.384MHz SCLK*, µC SerIf, Reg, DAC_Update 

Clock vector bit 0 8.192MHz Register input bit 0 Register 

Clock vector bit 1 4.096MHz Register input bit 1 Register 

Clock vector bit 2 2.048MHz Register input bit 2 Register 

Clock vector bit 3 1.024MHz Register input bit 3 Register 

Clock vector bit 4 512kHz CS**, Register input bit 4 SerIf, FakeRam, Register 

Clock vector bit 5 256kHz ADC channel bit 0, RAM adress bit 0, DAC update bit 0 SerIf, FakeRam, RAM, CompSwitch, DAC update  

Clock vector bit 6 128kHz ADC channel bit 1, RAM adress bit 1, DAC update bit 1 SerIf, FakeRam, RAM, CompSwitch, DAC update  

Clock vector bit 7 64kHz Sample adress bit 0, RAM adress bit 2, DAC update bit 2 FakeRam, CompSwitch, DAC update 

Clock vector bit 8 32kHz Sample adress bit 1, RAM adress bit 3, DAC update bit 3 FakeRam, CompSwitch, DAC update 

Clock vector bit 9 16kHz Sample adress bit 2, RAM adress bit 4, DAC update bit 4 FakeRam, CompSwitch, DAC update 

Clock vector bit 10 8kHz Sample adress bit 3, RAM adress bit 5, DAC update bit 5, Excitation clock FakeRam, CompSwitch, DAC update 

Clock vector bit 11 4kHz RAM adress bit 6, DAC Add reset bit 0 RAM, DAC Add 

Clock vector bit 12 2kHz RAM adress bit 7, DAC Add reset bit 1 RAM, DAC Add 

Clock vector bit 13 1kHz RAM adress bit 8, DAC Add reset bit 2 RAM, DAC Add 

Clock vector bit 14 500Hz RAM adress bit 9, DAC Add reset bit 3 RAM, DAC Add 

Clock vector bit 15 250Hz RAM adress bit 10, DAC Add reset bit 4 RAM, DAC Add 

Ramp clock 1Hz   

    

*SCLK is an inversion of µC clock  

** If the system is in synch   



3.2 SerIf, serial interface to the ADC 

SerIf handles the communication with the ADC (including the initial setup) and provides the 
ADC data in parallel format to other FPGA blocks. The serial data is read from the ADC on 
the rising edge of the 16.384 MHz clock when CS is low. 
 
The serial data is converted into parallel by a simple shift register that reads the incoming data 
and continuously shifts it one step in an input buffer. The two highest bits of the ADC data 
corresponds to the channel being sampled and will be used for synchronization. The 13 lowest 
bits will contain the actual sample data. This data is concatenated into a 16 bit word where the 
two highest bits are, when synchronized, Clock vector bits 5 and 6, followed by a constant 
zero.  
 
At start-up the CS signal is delayed until the Clock vector generation begins to make sure that 
the conversion only starts when the magnetometer is fully operational. CS is controlled by 
Clock Div, the 16.384 MHz clock and Clock vector bit 10.The SerIf module is held in a reset 
state until the first rising edge of Clock vector bit 10. CS will be given the current status of 
Clock Div at the falling edge of the 16.384 MHz clock when the reset signal has been set low. 
 
Clock Div is controlled and synchronised by Clock vector bits 4, 5 and 6. The 
synchronization is done by subtracting the channel data received from the ADC with clock 
vector bit 6 and 5. The channel data and clock vectors oscillate with the same rate so ideally 
the difference of the subtraction should be zero. If there is a difference Clock Div is held high 
for as many clock cycles of Clock vector bit 4 as the result of the subtraction. That means that 
the sampling is put on hold and should be synchronised with the clock vectors when it is 
allowed to sample again. Resulting in that Clock vector 6 and 5 corresponds to the channel 
data of the ADC. Clock vector bits 6 and 5 will be used by the rest of the system where the 
channel data is needed. When synchronized the CS signal oscillates with 512 kHz, resulting in 
sampling of each channel with 128 kHz. The parallel data is clocked out to the rest of the 
design by the rising edge of Clock Div.  
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Figure 10. Basic overview of dataflow of the FPGA. 

 

3.3 Data flow in the FPGA 

Figure 10 shows an overview of how the VHDL modules are interconnected and which ways 
the data flows in the FPGA.  
 
The falling edge of CS is used by the ADC to activate the conversion cycle. The converted 
sample from the ADC interface is clocked out of the ADC interface as a parallel signal at the 
rising edge of CS. The parallel signal is connected directly into the correlation loop as well as 
into the RAM. At the same time the correct reference coefficient for that specific sample is 
chosen and also sent to the correlation loop. All data produced by the ADC will enter the 
correlation loop, but the data from the excitation signal will be ignored by the register since it 
is not needed to calculate the compensation. The Coefficient register is described more in 3.4. 
 
The ADC data and the reference coefficients are then multiplied and sent to an adder. It adds 
the result of the multiplier with the sum of the previous result of the multiplication for that 
channel, the um is sent to the Register. The Register sorts the data into vectors corresponding 
to each pick-up channel. The vectors are constantly read by the Compensation Switch which 
can send the current sum through the parallel interface depending on the mode of operation. 
The data obtained by the sampling of the excitation current is not needed for the calculations 
of the compensation and is only stored in the RAM. The Adder, Multiplier and the Register 
are described in more detail in 3.5, the Compensation switch in 3.9. 
 
When 16 samples have been multiplied and added the DACs will be given a signal that the 
correct DAC value for the compensation has been calculated. The DACs will scan the value 
available at the output of the Compensation Switch which will be the current needed to create 
the magnetic field that will compensate for the external magnetic field.  
 
It is possible to externally control the compensation by using the serial interface. The external 
compensation values will be sent through the microcontroller interface and to the 
Compensation switch along with a signal that switches the output state of the block. The 
external compensation values will then be available to the DACs until a reset or if the user 
chooses to switch the output once more. The serial interface is also used to control the output 
of the parallel interface.  
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There has to be enough time for data processing to occur to prevent half processed data to be 
used. The critical part in SMILE is for the correlation loop to do a full correlation and 
calculate the correct value to compensate for the external field. The Libero suite has a 
program that simulates the time required for a signal to pass from one module to another. 
Though it is only a simulation of ideal conditions it can give an indication if something is 
seriously wrong with the timing. The simulation made of the correlation loop showed that 
there was more than enough time to complete a full correlation before the next correlation 
starts.  
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Figure 11. Critical clocks for choosing correct reference coefficients. 

 

3.4 Coefficient register 

The reference coefficients for each channel are stored in the Coefficient register. In Figure 11 
the clocks needed for choosing the coefficients are shown. For instance, the first sample 
clocked out from the SerIf module, on the rising edge of CS (same as Clock vector 4 when 
synchronized), is called X0. At the first rising edge of Clock vector 4 Clock vectors 5 and 6 
are both 0. This will be interpreted by the Coefficient register as the X-channel. At the same 
edge Clock vectors 7 to 10 are also zero, resulting in that the coefficient register will choose 
the first coefficient in the X-channels register.  
 
At a later time e.g. the sixth rising edge of Clock vector 4 in Figure 11, the data sent will be 
that of sample Y1. Clock vectors 6 and 5 are at that time 0 and 1 which corresponds to channel 
Y. Clock vectors 10 to 7 are 0001 which will choose the second correlation coefficient.  
 
The calculation of the correlation coefficients can be found in 4.5. 
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Figure 12. Overview over the correlation loop. 

 

3.5 Correlation loop 

The correlation loop works by multiplying each ADC sample with a correlation coefficient 
and then add the products over one excitation period. The total sum is the compensation value 
needed. This was done by several VHDL blocks as can be seen in Figure 12. 
 
Multiplier 
This was made by the automatic code generating tool. It multiplies the 8 bit correlation 
coefficient with the 13 bit ADC data. The output is a vector of 21 bits. 
 

Resize 
The function of this block is to keep the 16 highest bit of the multipliers result of 21 bits and 
to copy the highest bit of the result to the MSB of the 16 bit output vector. This so the adder 
read the data correctly according to the 2’s complement format.  
 
Adder 
This block was also generated automatically. It adds the 16 bit scaled result from the 
multiplication with the previous 16 bit sum of the specific axis.   
 

Register 
The register uses one input and sorts and stores the latest data received from the adder in 13 
bit vectors for each axis, the three LSBs of each 16 bit input are discarded. It returns the last 
stored value for each axis into a feedback loop connected to the adder. Since the adder can not 
handle signed numbers the register reads the sign bits of the two numbers being added and the 
sign bit of the sum. If the sign of the sum is different from what can be expected by the sign 
bits from the inputs the register will set the output to either its maximum positive or negative 
value according to these sign bits.  
 
The register uses the rising edge of the 16.384 MHz clock to read the data from the Adder 
when Clock vector bit 4 to 0 are 11111. This means that the data is read at the last possible 
edge so the mathematical processes are given as long time as possible. The data is sorted and 
sent to the output by reading Clock vector bit 6 and 5. The outputs of the register are not 
synchronized, therefore the outputs of the register module will always contain the latest sum 
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of the correlation loop. Only when all the 16 samples over one excitation period have been 
correlated will the outputs contain the correct value for compensation 
 
The Multiplier, Resize and Adder all work asynchronously, which means that they don’t 
require any clocks to perform their tasks. The critical part in the timing is to make sure that 
they process the data fast enough so no new data will be sent by the SerIf and the Coefficient 
register interfering with the process. The data from SerIf and the Coefficient register is sent 
by the rising edge of Clock vector bit 4 as stated earlier. A clock rate of 512 kHz means that 
the time of one period is about 1.95 µs, which will be the time limit for the correlation loop to 
process a sample. Timing simulations of the process showed that the process requires 45ns 
which is far faster than 1.95 µs.  
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Figure 13. Example of pulse width- and delta sigma modulation. 

 

3.6 DAC 

The DACs are a hybrid between two different approaches, pulse width modulation and delta 
sigma modulation. The pulse width modulation has the advantage of being easier to 
implement and is power efficient but has a reduction in performance at higher resolutions. 
The delta sigma at the other hand is more accurate but requires more power and a more stable 
power source. An example of these modulations can be found in Figure 13. The total 
information provided over the quantization period is zero, since both signals has a duty cycle 
of 50%. The output voltages will therefore be the same since the duty cycle of the signal is the 
required information for the analogue components to create the compensation- or excitation 
currents. By using a combination of the delta sigma and pulse width modulation the output 
signal will require the same amount of oscillation for most input words giving a greater 
accuracy and the DAC itself will require less power. 
 
The DAC divides the 13 bit data into two vectors, DsWork and CountB. DsWork will consist 
of the 7 least significant bits and work by delta sigma modulation. The other vector, CountB, 
will consist of the 6 most significant bits and work by pulse width modulation. They are both 
used as a comparison for an adder that controls the output signal. The comparison will be true 
either when a six bit counter, CountA, is lesser than CountB or when it is lesser or equal to 
CountB, DsWork controls these cases. If the comparison is true the output will be set to 1.  
 
The value of DsWork will be increased by its initial value every time the sixth bit of CountA 
is 1. The sum of this will be put in an 8 bit vector. The eighth bit will when true switch the 
comparison for CountA to the lesser or equal state.  
 
The pulse width modulation counter, CountA, runs on the main clock of 65 MHz, which 
means that the counter will reset 32 times during each excitation period. These 32 periods 
provide the opportunity for extending the pulse width modulated signal by 1 bit according to 
the 6 bit delta sigma scheme. These 32 periods with pulse width modulated duty cycle and 
occasional delta sigma bits produce the DAC digital output 
 
The compensation data is read when Clock vector bits 10 down to 5 are all ones, which means 
when the last coefficient in channel ‘11’ has passed. Since channel ‘11’ isn’t used in the 
correlation loop the data for DACs is given a quarter of a sample period to settle before they 
are clocked into the DACs. The DACs were developed by Åke Forslund in his thesis. 
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3.7 Excitation control 

The excitation module provides the analogue excitation circuitry with the signals needed to 
change the amplitude and phase of the excitation current. The parameters of these signals are 
provided via the microcontroller interface.  
 
The phase of the excitation signal is controlled by changing the clock used in the excitation 
DAC. In the default mode Clock vector 10 is used as the output clock of the excitation DAC. 
The excitation shift module subtracts an external 8 bit value from Clock vector bits 10 to 3, 
the highest bit of the difference is used as the new clock for the DAC. By using an 8 bit value 
the phase is shifted by: 
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The amplitude control uses one of the DACs explained in 3.6. The input value of the DAC is 
controlled by a simple counter that will feed the correct value to the DAC with Clock vector 
bit 4 instead of connecting it directly to the input. If the DAC value would be fed directly the 
ferromagnetic core of the excitation coil would produce a current spike that could cause the 
excitation circuitry into oscillation. The output voltage is increased by: 
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Since the excitation circuitry contains a coil which is nonlinear it is difficult to determine a 
linear relationship between the voltage to current converter, the properties of the excitation 
signal is described more in 4.2. 
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3.8 Microcontroller interface 

The microcontroller interface handles all communication between the FPGA and the 
microcontroller, and in turn the external communication. The software in the microcontroller 
converts the user commands to the addresses read by the FPGA, a list of the available user 
commands can be found in Table 9 in Appendix B. 
 
The interface consists of an 8 bit parallel bus which data is both read from and written to. 
Three signals, provided by the microcontroller, control the reading and writing between the 
FPGA and microcontroller.  
 
The CPU_ALE signal indicates when an address is available on the 8 bit bus. Depending on 
the status of the CPU_WR or CPU_RD signals the address is treated as a write or read 
command. If CPU_WR goes low the data on the bus will be treated as a write command and 
the event associated with the command will be executed. However if CPU_RD goes low the 
address provided on the bus will be read from. 
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Figure 14. Significant clocks for the Compensation switch module. 

 

3.9 Compensation switch 

The function of this block was to switch the contents of the compensation vectors between the 
results from the correlation loop and external values obtained by external command. Since all 
compensation values from both the correlation and external serial interface pass through the 
switch it was ideal to monitor by the parallel LabView interface, a possibility to read the 
current ADC sample was also added into the Compensation switch.  
 
The compensation data from the correlation loop and the external data fed to the DACs are in 
two different formats. The correlation data use 2’s complement and the external data binary 
offset. The DACs can only interpret binary offset so the data from the correlation had to be 
converted. This is done by simply inverting the highest bit of the correlation data. The parallel 
LabView interface can only handle 8 bits so the 13 bit input vectors had to be divided into 
two 8 bit vectors, hi and lo.  
 
The 3 highest bits of the hi byte is set to 0 followed by the five most significant bits of the 13 
bit input vector. The second byte contains all eight lowest significant bits of the same 13 bit 
vector. The order the divided parallel data is sent is Synchcount, Xhi, Xlo, Yhi, Ylo, Zhi, Zlo, 
Synch. Synch was set to “00000000” when the current ADC data was sent, “00000001” when 
the current DAC data was sent or “00000010” when the current correlation sum was sent. 
Synchcount will contain the current states of Clock vector bits 7 to 10 that will change states 
according to the point being sampled by the ADC. Figure 14 shows the clocks needed by this 
module as well as the output order. 
 
The parallel data is sent on the rising edge of clock vector 3, which gives it enough time to 
send two bytes of data during one period of Clock vector 4. At the rising edge of clock vector 
3 it scans the state of Clock vector 4 to 6 and uses the states of these bits to determine which 
byte to send;”000” – Synchcount, “001” – Xhi, “010” – Xlo, ”011” – Yhi, “100” – Ylo, “101” – 
Zhi, “110” – Zlo, “111” – Synch. 
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3.10 RAM 

The purpose of the RAM is to store the ADC data to later be read serially. It was created 
using the automatic function generator and has 2048 addresses for 16 bit vectors meaning that 
it can store the data of each axis and the excitation current during 32 excitation periods. The 
addressing of the RAM in the microcontroller was initially designed for an 8 bit data length 
which meant it had to be increased and additional pins on the FPGA had to be connected 
physically between the FPGA the microcontroller.  
 
The addresses used by the RAM are provided by Clock vector 15 to 5. To write to these 
addresses properly an addressing module was created, it will make sure that the data gathered 
in the RAM starts with the first sample of an excitation period. A write clock is also necessary 
to clock in the data at the right time. A clock derived from Clock vector bits 3 and 4 will 
make the RAM to read the data a quarter of a period of Clock vector bit 4 after it is available 
at the SerIf module.  
 
To read from the RAM the microcontroller will send specific signals through the CPU 
interface when it is ready to read. A signal to an and-gate will prevent the write clock from 
reaching the RAM so no conflicts will occur when reading the data. A read clock and the 
address to be read will then be sent from the microcontroller. The data will then be divided 
into two bytes since 1 byte is the limit of the microcontroller. The data is then read and sent 
though the serial interface. 
 

3.11 DAC update 

The DAC update module provides the DACs with a signal when the final value of the 
correlation process has been reached. It does this by scanning Clock vector bits 10 to 5 and 
sets the output bit high when all the scanned Clock vector bits are high. During all other 
combinations of the Clock vectors the output bit will be low.  
 

3.12 DAC add 

In a typical satellite mission there is often no possibility to read the data at the 8 kHz rate that 
is possible for SMILE. At this rate the data comes at 13 bit resolution which is rather low. It is 
more useful to decimate data and increase the bit resolution. The easiest way of doing this is 
construct a running average of a number of samples. DAC add adds 32 of the DAC values for 
each axis, thus providing 18 bit data at 250 Hz. The module also provides the microcontroller 
with an interrupt signal that indicates that the sum has been made. 
 
The DAC add module scans Clock vector bits 15 to 11 and resets the adder when all those bits 
are high, which means that it will be reset right before a new excitation period. The output 
vector will contain the result of the previous summation half a period of Clock vector bit 15. 
The input is connected to the Compensation Switch and is clocked in and added with the 
rising edge of the output signal produced by the DAC update module. 
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4 Tests and calculations performed on SMILE 
To be able to do the measurements in a magnetically clean environment a way to cancel out 
all outer fields had to be implemented. The magnetic field of the Earth is always present, 
electrical devices also create magnetic fields and even metallic objects or people passing by 
interfere with magnetic fields. A coil was created that was large enough to contain the sensor 
in its centre, it was placed as far away from all electrical devices and metal objects as 
possible. A DC current were driven through the coil to create a magnetic field that when 
placed in the correct angle would cancel the Earth’s magnetic field.  
 
Several tests were made to obtain the characteristics of the existing design and what could be 
done to improve it. The first tests conducted were to determine the inductance of the LEMI 
sensors since it is an important factor when calculating the characteristics of the pick-up 
filters. Other tests showed the influence of the excitation and compensation currents on the 
performance of the sensor and the linearity of the compensation coils and the DACs. The 
magnetometer was also calibrated at Nurmijärvi geophysical observatory in Finland. 
 

4.1 Coil inductance and filter response 

Since the pick-up coils inductance will affect the characteristics of the pick-up amplifier a test 
to measure the inductance versus excitation current was performed. The inductance is the 
proportionality between current through a coil and the created magnetic flux. Changes in the 
magnetic flux generate an electromotive force in the coil in such a direction as to maintain the 
current through the coil. Higher frequencies will therefore be filtered more than lower 
frequencies. The inductance will also provide an indication of how saturated the core is at 
different currents. Measuring the inductance will also give an indication of the strength of the 
ideal excitation current, where the ideal current should be within a range where the 
inductances vary as little as possible. A sensor where the inductance varies little or where the 
slope of the inductance change is steep is to be preferred. 
 
The tests were conducted by feeding a DC current through the excitation coil and measuring 
the inductance of the pick-up coils. The characteristics of all sensors are found in Table 1. 
The cut off frequencies of the filters used on the first PCB were calculated for the prototype 
sensor using the information given by the data sheets. If the inductance varied greatly from 
that value it would thus affect the filtering. A second circuit board was made using the same 
design as the first but with changed characteristics for the filters to suit sensor #2. If the tests 
showed that the inductances differed from the ones stated in the data sheets the filters had to 
be recalculated.  
 
The prototype sensor had according to the data sheet and inductance of 6 mH which was 
correct for currents up to 2 mA. It showed the greatest reduction in inductance when 
increasing the excitation current from 1 mA to 4 mA. The reduction in inductance then 
levelled out at 1.5 mH when reaching about 8 mA. An excitation current above that will do 
next to nothing to the inductance. Sensor#2 was of a slightly different design, the pick-up 
coils had fewer windings around the core which led to a reduction in inductance. The nominal 
inductance stated by the data sheet was 3.6 - 3.8 mH, the measured value however was 
between 1.7 and 1.9. The inductance of sensor #2 levelled out at 0.4 mH at 6 mA.  
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Sensors #5 and #6 were of a third design. The inductances stated by the Lviv centre of Space 
Research for sensor#5 and for sensor#6 were correct for currents up to 2 mA. The drop in 
inductance however occurred over a narrower range of current, which is preferred since it 
decreases the region where the inductance varies greatly. The results of the test are presented 
in Figure 15.  
 
For currents above 8 mA the change in inductance versus current is very small for all sensors, 
so an excitation current above 8 mA should provide a deep saturation of the core and a stable 
inductance. However, the difference in the levels of inductance has to be taken into account.  
 
The second PCB was constructed taking the inductance of sensor #2 into account. Sensors # 
and #6 where received at later time. The inductance of sensors #5 and #6 should be noted 
when constructing the third PCB since they presented the best performance. 
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Figure 15. Reduction of inductance versus increase in excitation current. 
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The initial pick-up circuitry component values had been calculated according to the Nyqvist 
theorem, which would have placed the ideal -3dB point of the filters of the amplifiers at 
around 64 kHz. Since the ADC samples the input signals in series, the shape of the digitized 
output signals will be slightly different to one another, leading to that some higher frequency 
pulses can occur between the sample points. Due to this fact it was decided to increase the 
filtering of the signals even more. The pick-up signals will, with that kind of filtering, be 
smoothened out to a degree allowing the higher frequency components to spill over several 
sample points. Thus the ADC will be able to convert them more accurately. The downside of 
increasing the filtering is that some information will be lost, but in this case the resolution of 
the pick-up signals will still be enough to calculate appropriate compensation currents.  
 
The varying inductance of the pick-up coils has to be taken into account when calculating the 
performance of the amplifiers. Simulations where made of the amplifiers using the 
characteristics of sensor #5 and sensor #6 where the frequency response using the extreme 
values of the inductance were simulated, Figure 16. The simulations show that the cut off 
frequency of the amplifiers will vary between 30 kHz and 60 kHz depending on the 
inductance. 
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Figure 16. Frequency response of a pick-up amplifier. 
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4.2 Excitation regime 

Several tests were made to determine the characteristics of the excitation signal. The first test 
conducted was to determine the shape and amplitude of the excitation signal over the entire 
current range. The second test determined the effect the excitation signal has on the pick-up 
signals. The serial LabView interface was used, the excitation current was increased gradually 
while the compensation currents were held constant. The data gathered was later plotted in 
MatLab. 
 
The excitation circuitry contains nonlinear components so it is hard to determine a specific 
ratio between the bit value sent to the DAC and the actual peak current produced. To obtain 
an idea of how the current increases due to the bit value the absolute peak values of each bit 
value was plotted in a graph, Figure 17. The highest peak current was measured to be 29 mA 
when the DAC was set to its maximum level of 8192 so the Y-axis of Figure 17 was scaled 
after that current. The increase in current is approximately linear between DAC levels 4000 
and 7000 but an overall linearity is hard to determine.  
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Figure 17 Peak excitation current versus DAC level 
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The same data gathered in the first test was used in an additional test. All points of the periods 
where plotted to see how the shape of the signal changed due to an increased current. Three 
interesting periods where plotted in Figure 18. All DAC values below the 2176 resulted in a 
sine like shape, values above that will produce the desired shape, red curve in Figure 18. At 
currents close to the maximum of 8192, green curve in Figure 18 the signal was distorted and 
lost some of its symmetry, a knee appears at sample point 7. The excitation signal has to be as 
symmetrical as possible to evenly saturate the cores in the positive and negative region.  
 
The default excitation was decided to be set at DAC level 4608, blue curve in Figure 18, 
where the excitation signal is symmetric and where the inductance of the pick-up coils is 
approximately constant. The reason the maximum and minimum regions of the signals look 
asymmetrical in Figure 18 have to do with the serial sampling of the ADC. 
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Figure 18 Excitation signal at three different currents, sensor #5 is used 
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When the excitation current was increased some interesting phenomena occurred, the phase of 
the excitation signal decreased as the current increased. Figure 19 shows the results of this 
test. The excitation in effect controls the pick-up signals which results in that these also will 
be phase shifted. Since the correlation coefficients are calculated for a specific phase of the 
pick-up signals, the calculations of the compensation currents will in turn be wrong. This was 
also confirmed during the calibration where several excitation currents were tested. A way to 
shift the phase with respect to the clock was created, see 3.7. 
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Figure 19 Change in phase of the pick-up and excitation signals due to  increasing excitation current 
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4.3 Pick-up signals 

The effect the created magnetic fields of the compensation coils has on the pick-up signals of 
the other axes is an important factor. If the magnetic field produced by one compensation coil 
affects the pick-up signal of another axis too much it will lead to a faulty reading of the 
external magnetic field for that component. To measure the effect the serial LabView 
interface was used. The compensation current was held at zero current on two of the axes 
while decreasing the compensation current in the third axis from its maximum to its minimum 
level. The compensation current is decremented four steps at a time giving a total of 512 
levels of compensation used in the test. LabView collected the data stored in the RAM. It was 
saved on a PC and processed using MatLab. The pick-up signals were plotted and the effect 
the compensation coils has on the pick-up signals were shown. Sensor #5 was used for this 
test. 
 
To see how the signals change over time without the influence of the compensation coils the 
first test plotted the pick-up signals 512 times with zero current at the compensation coils. 
Figure 20 shows the pick-up signals when the compensation current is held at zero. Figure 

21 shows the pick-up signals when decrementing the X-axis compensation, Figure 22 shows 
the same test but for the Y-axis and Figure 23 shows the Z-axis effect. 
 
As can be seen in the graphs the compensation does affect the other axes but with about the 
same amount. Though the errors are quite small they will still have an effect over the overall 
performance. Some contributions to the error could depend on external sources, the coil used 
to compensate for Earth’s magnetic field is not ideal, people was also passing by the sensor 
when the tests were conducted. The errors are also hard to correct since the influence of the 
compensation current has to do with the characteristics and the physical shape of the sensor 
and the compensation coils rather than the electronics or the programming. One way to 
improve the performance is to make sure that the excitation signal is as constant as possible, if 
the signal fluctuates it will have an impact on the shape of the pick-up signals.  
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Figure 20 Change in pick-up signals over time 
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Figure 21 Decreasing the compensation current of the X-axis 
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Figure 22 Decreasing the compensation current of the Y-axis 
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Figure 23 Decreasing the compensation current of the Z-axis 
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The same raw data acquired during the test above can be used for an additional test. If 
processed and plotted differently the linearity of the pick-up signals can be observed. If the 
sensor’s pick-up signals are nonlinear it will be very difficult to know if the measurement of 
the magnetic field is accurate since the same information would apply for several magnitudes 
of the magnetic field. Ideally the magnitude of change in all sample points of the pick-up 
signal should increase and decrease by the same amount for each step of the entire range of 
the compensation current.  
 
As stated above the same raw data obtained by the previous test was used here. By subtracting 
each sample point value with the values at zero current the contribution of the zero current 
signal is removed and the true linearity in each point is obtained. The linearity is most 
important around the zero current point since the compensation will force the pick-up signals 
around zero at all times. Figure 24 shows each axis’ linearity where each line corresponds to 
one of the 16 sample points at different compensation currents.  
 
The best linearity can be found in the X-axis, but all axes have good linearity around zero 
current, located at point 256 on the x-axis of the plots. Improvements to the linearity can be 
done by improving the performance of the DAC and the compensation circuitry.  
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Figure 24 Linearity of the sample points of the pick-up signals 
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4.4 DAC linearity 

It is important to know if a change of one bit at the lower range results in the same change in 
amplitude of the compensation signal as in the higher range. To be able to do this the Keithley 
2001 [13] multimeter was used. It is a programmable multimeter with a GPIB interface which 
allows it to easily be programmed by a PC. The multimeter has a 20 bit A/D converter and is 
therefore highly accurate, which was needed to test the linearity of the DACs that has a 13 bit 
resolution. A LabView program sent a signal to the FPGA to increase the compensation 
current and the multimeter read the amplitude of the resulting signal. Ideally the amplitude 
would increase with the same amount over the entire range of the DAC.  
 
The resolution of the DACs are 13 bits, given that the maximum peak to peak voltage of the 
compensation signals are ±2.5V, the resolution in volts would be 0.661 mV per bit. The curve 
in Figure 25 shows the difference between the expected output and the measured output for 
all axes. The Y-axis of the graphs shows the total bit error and the X-axis the DAC value. All 
three axes has a linearity error under 1 bit which can be considered good. There is however a 
strange saw tooth shaped pattern that probably is the result of the combined delta sigma and 
pulse width modulation. There is also a small offset and the whole graph is slightly arc 
shaped. 
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Figure 25 A result of the DAC linearity test, difference of expected output voltage versus measured 

voltage at each DAC level  
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4.5 Reference coefficients 

A correlation coefficient is a measure of the linear relationship of two corresponding signals. 
If two identical signals are being correlated the correlation coefficient will be equal to 1 in 
each correlated point. In SMILE’s case it is used to determine the amount of compensation 
current needed to compensate for the ambient magnetic field.  
 
By correlating a set of reference coefficients with an arbitrary pick-up signal the content of 
the reference coefficients in the measured samples of the pick-up signal is calculated as 
follows: 
 

15
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i
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=

= ×∑  

 
Thereby the compensation current needed to produce the measured pick-up signal is also 
known since the reference coefficients are proportional to a known compensation current. 
With proper scaling it can be equal to the compensation current needed to cancel the external 
magnetic field.  
 
The reference coefficient is a measurement of the change in a sample point of a pick-up signal 
when a compensation current (in the linear regime around zero) is applied: 
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Where x1 is the pick-up signal at zero level and x2 corresponds to the pick-up signal when the 
compensation current ∆Icompensation is applied.  
 
The pick-up signal is periodical, with the same amount of time in the positive and negative 
regions leading to that the sum of all reference coefficients should be zero if calculated 
correctly. Since the characteristics of each axis in each sensor is slightly different and the 
pick-up signals behaves accordingly, sets of reference coefficients for each axis were 
calculated for all sensors.  
 
It was decided to convert the reference coefficients into 8 bits words using 2’s complement 
form. However, since the magnitudes of the reference coefficients are very small some scaling 
had to be done. The reference coefficient with the highest absolute value was used as a 
reference when scaling the rest of the reference coefficients. The scaled reference coefficients 
are stored in the coefficient register of the FPGA, see 3.4. 
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4.6 Calibration 

The calibration of SMILE was made at Nurmijärvi geophysical observatory [14] which is 
situated about 40km north of Helsinki in Finland. It has been monitoring the earth’s magnetic 
field since the early 1950’s and is ideal for these studies since it is located far from any man-
made magnetic disturbances. The ambient magnetic field at the site is measured by two 
fluxgate magnetometers with a sample rate of 1Hz and is calibrated once a week. The 
calibration equipment is placed in a separate building with enough distance from the reference 
magnetometers to not cause any misreadings. The building itself is made out of wood held 
together by copper nails to prevent any disturbances of the magnetic field.  
 
The calibration equipment consists of a large hollow cube made by twelve coils, four in each 
of the X, Y and Z-directions with the coils diagonals stretching from 1.6 m to 2.1 m. See 
Figure 26 for a simple schematic of the calibration chamber. By driving a current through the 
coils a magnetic field is created. The uniformity of the magnetic field is very good with a 
difference of about 10-5 within a volume with the diameter of 30 cm in the centre of the 
calibration chamber. Inside the cube there is a platform made of marble where the sensor of 
the magnetometer to be calibrated can be placed. Using a laptop connected to the 
observatories server it is possible to control the coils by changing different parameters which 
are described in 3.3.1. The raw data gathered during the calibrations consists of: 
 

• Current to the coils 
• Magnetic fields measured by the sensor 
• Ambient fields measured by the reference sensors 
• Ambient temperature 

 

 
Figure 26 Calibration chamber 
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The program to control the equipment will by itself calculate the most important factors, an 
example of how the result may look can be found in Table 4.  
 

Table 4 Example of a result file from the calibration 

Magnetometer's type: analog.     

Coil Transfer, (nT/mA) : 42.402 48.276 36.971  

Field Gradient, (nT) :  -28 17 -67  

Calibration mode: Zero Field     

The limits of the field which has been used during calibration, (nT):   

  B base  delta B  

 X 0.0000  50000.0000 

 Y 0.0000  50000.0000 

 Z 0.0000  50000.0000 

      

Angles 0.9999 -0.0118 -0.0065   

 -0.0183 0.9998 -0.0013   

 0.0084 -0.0030 1.0000   

      

Sensitivities, (nT/nT) 1.002906 0.970164 1.017501   

      

Non-orthogonality angles, (degree of arc):    

X<->Y  Y<->Z  X<->Z 90.3709 90.2528 89.8901   

      

The angles between magnetometer and coil axes, (degree of arc) :   

X->East    X->Down 0.6774 -0.3740    

Y->South Y->Down 1.0488 -0.0718    

Z->North   Z->East 0.4830 -0.1721    

      

Base lines X0 Y0 Z0 -107.39 -9.83 -108.77   

      

Angles correction 0.998 -0.0118 0.0065   

 0.0183 1.0000 0.0014   

 -0.0084 0.0031 1.0000   

      

Deviation, (nT) : X Y Z 1.76 2.36 3.02   

      

First Sample Time : 2006-12-18 08:24:13    

Number of lines : 40     

 
Non-orthogonality is a measurement of the relationship of the magnetic fields created by the 
compensation coils. Ideally the magnetic fields should be orthogonal, that is separated by 90°. 
The deviation shows the difference of the magnetic field applied and the measured one. More 
results can be found in 4.6.2. 

 
The sensitivities are the transformation coefficients for the magnetometer, i.e. how an external 
field of 1nT would be interpreted and compensated for by the magnetometer. The ideal value 
of the sensitivity is 1. 
  
The base lines are a measurement of the offset of the magnetometer relative to the reference 
magnetometer. To do the comparison the tested magnetometer’s results has to be recalculated 
in terms of the alignment of the sensors and by the sensitivities. By multiplying the 
magnetometer output with the sensitivities and the angle corrections matrix the result will be 
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that the magnetometers are aligned in the same coordinate system. Then by adding the field 
gradients to the reference values and subtracting the tested magnetometers values the base line 
is obtained.  
 
To calculate the deviation the re-alignment using the correction matrix and sensitivity has to 
be done as well. Then the actual field in the calibration chamber is calculated by multiplying 
the currents in the coils with the coil transfer rates which tells how many nT is induced per 
mA. The deviation is the root mean square of the difference of each sample point. The best 
results for both deviation and base lines should be a number as close to 0 as possible.  
 
 

4.6.1 Calibration modes 

Standard calibration 
In a standard calibration the sensor is placed directly on the platform and aligned by using the 
value of the reference magnetometer and comparing it to the values produced by the tested 
magnetometer. The parameters that can be selected for the calibrations are: 
 

• Range of the magnetic fields to be applied 
• Number of steps of the calibration 
• Time between steps 
• Random or linear steps 

 
A random field is good to use when testing how quickly and accurately the magnetometer can 
compensate for the magnetic field. The magnetometer will compensate faster for a linearly 
increasing field but is better to use to see the effects of the overall accuracy for the entire 
range of the magnetometer. 
 

Thermal calibration 
During thermal tests a box with good thermal insulation is placed on the platform inside the 
cube, the sensor is then placed inside the box along with heat probes. These heat probes can 
also be controlled using a laptop. The parameters for thermal tests are: 
 

• Maximum temperature 
• Increase of temperature per hour 
• If the temperature is to be driven to another level when it has reached its first target 

 
Temperature tests are critical to know how the sensor’s performance will alter during varying 
temperature. Since the goal for this magnetometer is to fly on a satellite where the 
temperature will greatly differ it is very important that it is stable during large shifts. It is also 
important to know how the performance will be affected if the electronics of the 
magnetometer is exposed to different temperatures. 
 
Optical calibration 
There is also a possibility to do optical tests where you align the sensor along the x-axis of the 
calibration coils using a laser and two theodolites. Usually only one theodolite is needed, but 
since our sensors lacked platform that could be aligned with good precision it was mounted 
on second one. This test is often done when a sensor is mounted on the equipment that it is 
going to be used with to see exactly how it is aligned with the rest of the structure.  
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For this test a mirror that is attached as flat as possible to the sensor is needed. The first 
theodolite, with the sensor mounted, is aimed at the second theodolite, which is placed far 
away on a 90º angle with respect to the X-axis of the calibration coils. The second theodolite 
is then used to aim the laser at the mirror on the sensor with great precision. When both 
theodolites are aligned so the laser bounces back straight at the second theodolite the sensor is 
aligned correctly. 

4.6.2 Results of the calibration 

An official report written by Nurmijärvi geophysical observatory can been found in 
Appendix D. 
 
There were several objectives of the calibration: 

• Determine them main parameters of the magnetometer such as; 
o Non-orthogonality 
o Sensitivity 
o Noise level 

• Measure and compare the parameters of all sensors during the same mode of 
operation. 

• Measure stability of the magnetometer over;  
o Temperature changes for both sensors and electronics 
o A range of excitation currents 
o Time 

• Measure the directions of the sensitivity axes using optical calibration 
 
Initial calibration  
The initial standard calibrations were done at room temperature with 40 steps 10 seconds 
apart. The range of the field varied randomly between –50000 nT and + 50000 nT. As can be 
seen by the results in Table 5, the first test showed some promise. The sensitivity was within 
-3 % to +0.3 % of the ideal. The largest difference in the non-orthogonality was 0.37 ۜ° which 
for a sensor of LEMI’s size can be considered good. Several identical tests were made with 
similar results. 

Table 5 Results of the initial standard calibration for each sensor 

 Prototype sensor Sensor #5 Sensor #6 

Sensitivity (nT/nT)       

X 1.001763 1.002906 1.001572 

Y 0.971972 0.970164 0.972691 

Z 0.982530 1.017501 0.973604 

Non-orthogonality (°)     

X - Y 90.1960 90.3709 89.9085 

Y - Z 89.8966 90.2528 89.7865 

X - Z 89.8842 89.8901 89.9143 

Deviation (nT)     

X 2.4 1.8 1.9 

Y 1.7 2.4 1.7 

Z 4.4 3.0 2.8 
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Table 6 Change in characteristics relative to the initial results due to temperature changes 

 Sensor #5    Sensor #6  

TFGS = -31°C Sensitivity (ppm)    TFGS = -19°C Sensitivity (ppm)   

 X 481   X 535 

 Y 410   Y 403 

 Z -2308   Z -1082 

 
Non-orthogonality 

(arc minutes)    
Non-orthogonality 

(arc minutes)  

 X - Y 0.2   X - Y 0.4 

 Y - Z -0.7   Y - Z -0.4 

 X - Z 0.2   X - Z 0.6 

 Deviation (nT)    Deviation (nT)  

 X 2.1   X 2.1 

 Y 3.2   Y 2.3 

 Z 2.7   Z 1.8 

TPCB = -33°C Sensitivity (ppm)    TPCB = 47°C Sensitivity (ppm)   

 X 1241   X -233 

 Y 4029   Y -322 

 Z 289   Z -1662 

 
Non-orthogonality 

(arc minutes)    
Non-orthogonality 

(arc minutes)  

 X - Y 19.4   X - Y 0.2 

 Y - Z 4.0   Y - Z -0.1 

 X - Z 2.2   X - Z 0.0 

 Deviation (nT)    Deviation (nT)  

 X 80.1   X 1.7 

 Y 55.0   Y 1.5 

 Z 12.4   Z 2.4 
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Temperature variations 
The thermal tests where performed on sensor #5 and sensor #6 with a temperature range of  
-33°C to +70°C. Table 6 shows the results of four different temperatures, the sensitivity is 
presented in ppm deviating from the results of the initial test shown in Table 5, the non-
orthogonality is presented in the same way with the differences to the initial calibration in arc 
minutes. 
 
The thermal tests of sensor #5 only showed that for temperatures down to -31°C no large 
angle changes could be detected, the maximum difference in sensitivity could be found in the 
Z-axis. When testing sensor #6 with temperatures between -19°C and +45°C the change in 
non-orthogonality in the sensors were below the resolution of the calibration system. The 
largest difference in sensitivity could also here be found in the Z-axis. 
 
Some calibrations were made where the electronics was exposed to high and low 
temperatures. The electronics was heated up to 47°C with no noticeable changes to the 
performance. However when cooling the electronics some problems occurred due to 
condensation, the moisture in the air liquefied and caused current leaks between components. 
The calibrations performed after the cooling produced unsatisfactory results. After the PCB 
was cleaned thoroughly and dried it performed as before. 
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Table 7 Results with different excitation currents, with and without phase compensation 

Sensor #7 

  No phase comp. Phase comp. 

IEXC at 8.8mA Sensitivity (ppm)     

 X 3507 3707 

 Y 273 475 

 Z -891 -159 

 
Non-orthogonality 

(arc minutes)    

 X - Y -0.5 -0.1 

 Y - Z 0.4 -0,3 

 X - Z 0.4 0.7 

 Deviation (nT)    

 X 6.9 3.0 

 Y 8.8 1.6 

 Z 4.0 25.9 

IEXC at 14mA Sensitivity (ppm)     

 X 3694 3696 

 Y 430 492 

 Z 1160 1133 

 
Non-orthogonality 

(arc minutes)    

 X - Y 0.1 0.1 

 Y - Z -0.3 -0.1 

 X - Z 0.2 0.2 

 Deviation (nT)    

 X 6.3 1.6 

 Y 2.2 2.1 

 Z 2.1 3.0 

IEXC at 29mA Sensitivity (ppm)     

 X 3675 3693 

 Y 542 469 

 Z 1150 1260 

 
Non-orthogonality 

(arc minutes)    

 X - Y -0.1 -0.2 

 Y - Z 0.0 -0.4 

 X - Z 0.8 0.7 

 Deviation (nT)    

 X 2.1 2.2 

 Y 2.1 2.2 

 Z 4.3 2.1 
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Varying the excitation current 
The excitation current was varied to see the decline in performance due to the phase shift in 
the excitation current. The phase shift was then compensated for by external command and 
the calibration was performed again. Sensor #7 was used during this test which was an 
additional prototype sensor Serhiy Belyayev brought for the calibration. It had about the same 
performance as sensor #5 and sensor #6.  
 
As expected the performance of the magnetometer was severely reduced. As can be seen in 
Table 7 the sensitivities are off by a great amount. Surprisingly the phase compensation did 
not lead to the improvements expected. The results indicate on a slight improvement of the 
deviation in some points but the overall performance is unchanged. The effect of the phase 
shift have to be studied more to see how to use it properly to obtain results more similar to the 
initial calibrations.  
 
Time variances 
A night time run was made using sensor #6, it showed a high stability compared to the 
reference magnetometers. The largest deviation detected was in the Z-axis, which was under 
10 nT over the entire range. However it was stated in the official report made by Nurmijärvi 
geophysical observatory, Appendix D, that some problems with the measurement of the 
current for the Z-axis coil system had occurred during the 18th of December. This error could, 
according to report, have affected all measurements of the Z-axis after this date. 
 
Linearity measurement 
Sensor #5 was used to make a 400 points linearity calibration with a range of ±50000nT. 
There were a lot of large spikes close to the zero field level, additional tests were made 
around the zero field level, with different time delays between the measurement points, to 
understand the origin of these spikes. It was realized that they occurred due to problems of the 
calibration system where the system actively controls the zero level. Over the entire range of 
magnetic fields the total deviation was only a few nT. 
 

Noise measurement 
A magnetic shield was used to perform noise measurement of each axis. The spectral shape of 
the noise is a typical example of digital noise with a spectrum independent of frequency.  
 

Optical calibration 
This calibration was very hard to perform since no turntable had been manufactured for the 
sensor. It was considered to be a demonstration of the procedure to make a proper optical 
calibration. The result of this calibration was no better or worse than those performed with 
less precise alignment. 
 
Conclusions of the calibration 
Despite the unfortunate situation where one electronic box malfunctioned the overall results 
of the calibration was a success. The axes and sensitivities are highly stable over a range of 
temperatures and time.  
 
Additional work on the excitation current phase shift module has to be done before it can be 
considered operational. The electronics sensitivity to cold also has to be addressed.  A 
summary of the results obtained by all calibrations can be found in the official report by 
Nurmijärvi geophysical observatory in Appendix D. 
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5 Summary and conclusions 
When Åke Forslund finished his thesis a good platform was created for further development. 
A functional PCB was made and the basic FPGA functions, such as the DAC, ADC interface 
and microcontroller interface, had been implemented and tested. The serial interface was also 
working and it was possible to obtain samples from the pick-up and excitation signals. During 
the work of these last six months the platform been improved into a first generation 
magnetometer.  
 
The FPGA programming has been completed and now includes a functional correlation loop, 
a RAM with more storage capacity, possibilities to externally control all aspects of the pick-
up signals and the excitation signal, serial-, parallel-, and CAN-interfaces and commands to 
control the outputs of these interfaces externally. The internal clocks and the timing have also 
been improved and the system is now more stable.  
 
The work with the FPGA raised some issues with the analogue circuits. The external reset 
signal had to be connected to a Schmitt-trigger to allow all supply voltages to reach their 
peaks before the FPGA was turned on.  The power supply voltages to the ADC had to be 
increased since the margin to the lowest possible level was a little low. The temperature 
sensor located on the sensor had to be changed when it was discovered that it was magnetic 
and had an influence on the magnetic fields around the sensor. The filters of the pick-up 
amplifiers have had their characteristics altered to decrease the difference in resolution 
between the axes. A second prototype board, using the old design, has been created to allow 
the use of the new sensors since the characteristics of them different. It was soldered by Terry 
Edberg and Ola Carlström. It was also mounted into an instrumentation box. 
 
LabView interfaces to collect data from the serial, parallel and the GPIB interfaces have been 
programmed to simplify the visualization of the data obtained. Some MatLab programs have 
also been made to calculate the correlation coefficients and plot the data gathered by the 
LabView interface to see the linearity, the effect of the excitation current and the 
compensation currents. 
 
The magnetometer has also been calibrated at the Nurmijärvi geophysical observatory in 
Finland. During a couple of hectic days several types of calibrations were made and the 
results look promising. However, the calibration raised the question about the sensitivity to 
temperature of the electronics. More tests have to be done in the respect to see what causes 
performance reduction of the electronics. An opportunity to try the entire Nanospace system 
in space has also appeared, a Russian-Mexican nanosatellite UNAMSATMai.. The remaining 
development for SMILE is to implement the CAN-interface and to design and manufacture a 
boom system for the sensor. The CAN-interface is well underway and an initial design of the 
boom has already been made by IRF Kiruna. 
 
Due to time constraints not much has been done about the miniaturization. A new FPGA that 
is about half the size as the current one has been acquired but a new PCB design with this 
component has not yet been done. It should be possible to reduce the size of the PCB by at 
least half using this FPGA and to place the components in regard of total PCB size instead of 
easier accessibility and testing as it is now. All the jury rigging that has been made, such as 
the filters, Schmitt trigger, the sensor for the excitation current, the sense voltage for the 
excitation, also has to be taken into account when creating the PCB for the next generation.  
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Appendix  

A ADC setup 

 

Control register setup 

 
Figure 27 ADC Control register setup, 16 bit vector 

• Write 
Is set to ‘1’ to enable writing to the ADC. 

• Reg sel 1 & 2 
Are set to ‘00’ to enable the Control register. 

• Don’t care 
Set to ‘0’, doesn’t matter. 

• ADD1 & ADD0 
Set to ‘11’ to select that the final channel in the sequence will be ‘11’. 

• Mode1 & Mode0 
Set to ‘00’ to select four single ended inputs with Vin1 and GND as references. 

• PM1 & PM0 
Set to ‘00’, selects that all internal circuitry is powered up at all times. 

• Coding 
Set to ‘0’ to enable 2’s complement format. 

• Ref 
Set to ‘1’ to enable the internal reference for the conversion. 

• Seq1 & Seq2 
Set to ‘10’ to enable continous conversions starting from channel ‘00’ to channel ‘11’. 

• ZERO 
A zero. 

• 0 
 
 
 
Range register setup 

 
Figure 28 Range register setup, 16 bit vector 

• Write 
Is set to ‘1’ to enable writing to the ADC. 

• Reg sel 1 & 2 
Are set to ‘01’ to enable the Range register. 

• Vin0A & Vin0B & Vin1A & Vin1B & Vin2A & Vin2B & Vin3A & Vin3B 
Set to ‘10101010’ to select ±2.5V inputs on the analogue inputs 
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2’s complement 

Table 8 Example of 2's complement 

Decimal 2's complement 

7 111 

6 110 

5 101 

4 100 

3 11 

2 10 

1 1 

0 0 

-1 1111 

-2 1110 

-3 1101 

-4 1100 

-5 1011 

-6 1010 

-7 1001 

-8 1000 

 
 



B Available commands 

Table 9 list of available commands 

Command XX Effect EXC DAC X DAC Y DAC Z DAC Serial out Parallell out 

w 800 XX XX Sets highest Excitation byte to XX X X X X X X 

w 801 XX XX Sets lowest Excitation byte to XX X X X X X X 

w 802 XX XX Sets highest X compensation byte to XX X X X X X X 

w 803 XX XX Sets lowest X compensation byte to XX X X X X X X 

w 804 XX XX Sets highest Y compensation byte to XX X X X X X X 

w 805 XX XX Sets lowest Y compensation byte to XX X X X X X X 

w 806 XX XX Sets highest Z compensation byte to XX X X X X X X 

w 807 XX XX Sets lowest Z compensation byte to XX X X X X X X 

w 808 XX 00 Sets comp switch to send correlation to XX X Correlation Correlation Correlation X Correlation 

  01 Sets Excitation output w 800 XX & w 801 XX X X X X X 

  03 Sets Exc, X, Y, Z output w 800 XX & w 801 XX w 802 XX & w 803 XX w 804 XX & w 805 XX w 806 XX & w 807 XX X X 

  04 Sets Exc, X, Y, Z output w 800 XX & w 801 XX w 802 XX & w 803 XX w 804 XX & w 805 XX w 806 XX & w 807 XX X AD 

  05 X X Correlation Correlation Correlation X AD 

  06 X X Correlation Correlation Correlation X DAC 

  07 Sets Exc, X, Y, Z output w 800 XX & w 801 XX w 802 XX & w 803 XX w 804 XX & w 805 XX w 806 XX & w 807 XX X DAC 

w 809 XX   Selects memory block XX to read X X X X X X 

w 80a XX 00 Selects serial output X X X X DAC X 

  01           RAM X 

  02           32xDAC X 

w 80b XX 00 Starts data gathering X X X X X X 

  01 Stops data gathering X X X X X X 

x X 8,9 Shows 256 bytes of the RAM at X X X X X X 

    memory adress specified by w 809 X X X X X X 

z   Software reset X X X X X X 

u X X 1 1 Outputs 250 DAC samples per second X X X X DAC X 

  0 0 Stops the 250 DAC sample output X X X X DAC X 

k X 0 Shows temperature placed on PCB X X X X Temp X 

  1 Shows temperature placed on sensor X X X X Temp X 



C VHDL modules 

 
Figure 29 First page of VHDL modules and connections 
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Figure 30 Second page of VHDL modules and connections 
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---------------------------------- 
-- gdac.vhd 
---------------------------------- 
--gDAC is a DAC combining a simple PWM with a Delta-Sigma  
--modulation technique resulting in a fast and stable 13-bit DAC. 
---------------------------------- 
--Status: 
--Simulated, Synthisized, Tested 
--Works 2006-05-01 
---------------------------------- 
--Contact: 
--Åke Forslund 
--ake.forslund@gmail.com 
--http://www.rymdcampus.nu/ake/ 
--Modified by: 
--Terry Edberg 
---------------------------------- 
 
library IEEE; 
use IEEE.STD_LOGIC_1164.all; 
use IEEE.STD_LOGIC_UNSIGNED.ALL; 
 
entity gdac is 
port( 
     clk           : in    std_logic; 
     reset         : in    std_logic; 
     dClk         : in    std_logic; 
     data          : in    std_logic_vector(12 downto 0); 
     sOut         : out   std_logic; 
     data_out   : out std_logic_vector(12 downto 0)); 
end gdac; 
 
 
architecture behave of gdac is 
 
    signal  countA          : std_logic_vector(5 downto 0); 
    signal  countB          : std_logic_vector(5 downto 0); 
 
    signal  dsWork         : std_logic_vector(6 downto 0); 
    signal  dsAccumulator  : std_logic_vector(7 downto 0); 
    signal  dsClk          : std_logic; 
     
    signal dBuff            : std_logic_vector(12 downto 0); 
 
 
    signal sigLoe           : std_logic; --signal Less Or Equal 
    signal sigLt            : std_logic; --signal Less than 
 
begin 
process(dClk, data, reset) 
begin 
    if reset /= '0' then 
        dBuff <= "1000000000000"; 
        data_out <= "1000000000000"; 
    elsif falling_edge(dClk) then 
        dBuff <= data; 
        data_out <= data; 
    end if; 
end process; 
  
--Delta-Sigma 
process(dsClk, reset) 
begin 
    if reset /= '0' then 
            dsAccumulator <= "00000000"; 
         
    elsif rising_edge(dsClk) then 
        dsAccumulator  <=  ("0" & dsAccumulator(6 downto 0)) + ("0" & 
dsWork); 
    end if; 
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end process; 
 
dsWork <= dBuff(6 downto 0); 
countB <= dBuff(12 downto 7); 
 
--Count and compare 
process(countA, clk) 
begin 
    if rising_edge(clk) then 
        if reset /= '0' then 
            countA <= "000000"; 
        else 
            countA <= countA + 1; 
        end if; 
        if countA < countB then 
            sigLt <= '1'; 
        else 
            sigLt <= '0'; 
        end if; 
        if countA <= countB then 
            sigLoe <= '1'; 
        else 
            sigLoe <= '0'; 
        end if; 
 
        if dsAccumulator(7) = '1' then 
            sOut <= sigLoe; 
        else 
            sOut <= sigLt; 
        end if; 
    end if; 
end process; 
dsClk <= countA(5); 
end behave; 
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-------------------------------- 
-- diff.vhd 
-------------------------------- 
--Creates an differential 2-bit signal from a regular 
--1-bit signal. On reset both outputs are 0 
-------------------------------- 
--Status: 
--Simulated, Synthesized, Tested 
--Works! 
-------------------------------- 
--Who? 
--Åke Forslund 
--Göran Olsson 
-------------------------------- 
library IEEE; 
use IEEE.STD_LOGIC_1164.all; 
use IEEE.STD_LOGIC_UNSIGNED.ALL; 
 
entity diff is 
PORT(clk        : in    std_logic; 
     outReset   : in    std_logic; 
     sig        : in    std_logic; 
     output     : out   std_logic; 
     outputInv  : out   std_logic); 
end entity; 
 
architecture diff_behave of diff is 
signal invSig   : std_logic; 
 
begin 
process(clk,sig, outReset) 
begin 
    invSig <= not sig; 
    if outReset /= '0' then 
        output <= '0'; 
        outputInv <= '0'; 
    elsif outReset ='0' then 
        if falling_edge(clk) then 
            output <= sig; 
            outputInv <= invSig; 
        end if; 
    end if; 
end process; 
end diff_behave; 
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-------------------------------- 
-- comp_switch.vhd 
-------------------------------- 
-- Selects compensation from either external values or  
-- from the correlation loop. Also sends out the current  
-- value for the compensation in two 1 byte words.  
-- Converts the 2's complement data from the correlation to  
-- binary offset 
-------------------------------- 
-- Simulated, tested, works! 
-------------------------------- 
--Contact: 
--Åke Forslund 
--Göran Olsson 
--Terry Edberg 
-------------------------------- 
 
library ieee; 
use ieee.std_logic_1164.all; 
use ieee.std_logic_unsigned.all; 
 
entity comp_switch is 
port( x_comp_cpu_in, y_comp_cpu_in, z_comp_cpu_in,  
      x_comp_corr_in, y_comp_corr_in, z_comp_corr_in, 
      ad_in, x_dac, y_dac, z_dac                      : in  
std_logic_vector(12 downto 0); 
      x_out, y_out, z_out                             : out 
std_logic_vector(12 downto 0);  
      sample                                          : out 
std_logic_vector(7 downto 0); 
      sample_count                                    : in 
std_logic_vector(2 downto 0); 
      sync_count                                      : in 
std_logic_vector(3 downto 0); 
      sel                                             : in 
std_logic_vector(2 downto 0); 
      clk, reset, sample_clk                          : in  std_logic); 
end comp_switch; 
 
architecture behave of comp_switch is 
 
signal x_cpu_data_hi, y_cpu_data_hi, z_cpu_data_hi,  
       x_cpu_data_lo, y_cpu_data_lo, z_cpu_data_lo, 
       x_corr_data_hi, y_corr_data_hi, z_corr_data_hi,  
       x_corr_data_lo, y_corr_data_lo, z_corr_data_lo, 
       sync_zero                                      : std_logic_vector(7 
downto 0); 
begin 
 
--Selects data to be available on the output asynchronous 
x_out <= x_comp_cpu_in when sel = "111" else 
         x_comp_cpu_in when sel = "100" else 
         x_comp_cpu_in when sel = "011" else 
        (not x_comp_corr_in(12) & x_comp_corr_in(11 downto 0)); 
 
y_out <= y_comp_cpu_in when sel = "111" else 
         y_comp_cpu_in when sel = "100" else 
         y_comp_cpu_in when sel = "011" else 
        (not y_comp_corr_in(12) & y_comp_corr_in(11 downto 0)); 
 
z_out <= z_comp_cpu_in when sel = "111" else 
         z_comp_cpu_in when sel = "100" else 
         z_comp_cpu_in when sel = "011" else 
        (not z_comp_corr_in(12) & z_comp_corr_in(11 downto 0)); 
 
process(reset) 
begin 
    if reset /= '0' then 
                  
        x_corr_data_hi <= (others => '0');      



 74 

        x_corr_data_lo <= (others => '0'); 
        y_corr_data_hi <= (others => '0'); 
        y_corr_data_lo <= (others => '0'); 
        z_corr_data_hi <= (others => '0'); 
        z_corr_data_lo <= (others => '0'); 
     
        x_cpu_data_hi <= (others => '0'); 
        x_cpu_data_lo <= (others => '0'); 
        y_cpu_data_hi <= (others => '0'); 
        y_cpu_data_lo <= (others => '0'); 
        z_cpu_data_hi <= (others => '0'); 
        z_cpu_data_lo <= (others => '0'); 
    end if; 
end process; 
  
--Divides data into two bytes 
process(sample_clk, reset) 
begin     
    if reset /= '0' then 
        sample <= (others => '0'); 
        sync_zero <= (others => '0'); 
    elsif rising_edge(sample_clk) then 
        case sel is 
            when "111" => 
                case sample_count is --Sends cpu data of two bytes in 
parallell 
                    when "001" => sample <= ("000" & x_comp_cpu_in(12 
downto 8)); --x_cpu_data_hi; 
                    when "010" => sample <= x_comp_cpu_in(7 downto 0); --
x_cpu_data_lo; 
                    when "011" => sample <= ("000" & y_comp_cpu_in(12 
downto 8)); --y_cpu_data_hi; 
                    when "100" => sample <= y_comp_cpu_in(7 downto 0); --
y_cpu_data_lo; 
                    when "101" => sample <= ("000" & z_comp_cpu_in(12 
downto 8)); --z_cpu_data_hi; 
                    when "110" => sample <= z_comp_cpu_in(7 downto 0); --
z_cpu_data_lo; 
                    when "111" => sample <= "00000010"; 
                    when "000" => sample <= "0000" & sync_count; 
                    when others => sample <= (others => '0'); 
                end case; 
             
            when "100" | "101" => 
              case sample_count is         
                    when "001" => sample <= ("000" & (not ad_in(12)) & 
ad_in(11 downto 8)); 
                    when "010" => sample <= ad_in(7 downto 0); 
                    when "011" => sample <= ("000" & (not ad_in(12)) & 
ad_in(11 downto 8)); 
                    when "100" => sample <= ad_in(7 downto 0); 
                    when "101" => sample <= ("000" & (not ad_in(12)) & 
ad_in(11 downto 8)); 
                    when "110" => sample <= ad_in(7 downto 0); 
                    when "111" => sample <= "00000000"; 
                    when "000" => sample <= "0000" & sync_count; 
                    when others => sample <= (others => '0'); 
                end case; 
              
            when "001" | "011" => 
              case sample_count is         
                    when "001" => sample <= ("000" & x_dac(12 downto 8)); 
                    when "010" => sample <= x_dac(7 downto 0); 
                    when "011" => sample <= ("000" & y_dac(12 downto 8)); 
                    when "100" => sample <= y_dac(7 downto 0); 
                    when "101" => sample <= ("000" & z_dac(12 downto 8)); 
                    when "110" => sample <= z_dac(7 downto 0); 
                    when "111" => sample <= "00000001"; 
                    when "000" => sample <= "0000" & sync_count; 
                    when others => sample <= (others => '0'); 
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                end case; 
 
            when others =>  
                case sample_count is 
                    when "001" => sample <= ("000" & not x_comp_corr_in(12) 
& x_comp_corr_in(11 downto 8)); --x_corr_data_hi;     --Sends correlation 
data of two bytes in parallell 
                    when "010" => sample <= x_comp_corr_in(7 downto 0); --
x_corr_data_lo; 
                    when "011" => sample <= ("000" & not y_comp_corr_in(12) 
& y_comp_corr_in(11 downto 8)); --y_corr_data_hi; 
                    when "100" => sample <= y_comp_corr_in(7 downto 0); --
y_corr_data_lo; 
                    when "101" => sample <= ("000" & not z_comp_corr_in(12) 
& z_comp_corr_in(11 downto 8)); --z_corr_data_hi; 
                    when "110" => sample <= z_comp_corr_in(7 downto 0);  --
z_corr_data_lo; 
                    when "111" => sample <= "00000010"; 
                    when "000" => sample <= "0000" & sync_count; 
                    when others => sample <= (others => '0'); 
                end case; 
        end case;  
    end if; 
end process; 
end behave; 
 
 
-------------------------------- 
-- udc8.vhd 
-------------------------------- 
--Simple Up/Down counter 
-------------------------------- 
--Simulated, Synthesized, Tested 
--Works 2006-05-03 
-------------------------------- 
library IEEE; 
use IEEE.STD_LOGIC_1164.all; 
use IEEE.STD_LOGIC_UNSIGNED.ALL; 
 
entity updown8 is 
port( 
     d      : in        std_logic_vector(12 downto 0); 
     o      : buffer    std_logic_vector(12 downto 0); 
     rst    : in        std_logic; 
     clk    : in        std_logic); 
end updown8; 
 
architecture behave of updown8 is 
begin 
 
process(clk, rst, d) 
begin 
    if rising_edge(clk) then 
        if rst /= '0' then 
            o <= "0000000000000"; 
        else 
            if o < d then 
                o <= o + 1; 
            elsif o > d then 
                o <= o - 1; 
            else 
                null; 
            end if; 
        end if; 
    end if; 
end process; 
end behave; 
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-------------------------------- 
-- DAC_update.vhd 
-------------------------------- 
-- Creates a pulse when all correlation coefficients have been used 
--  in one period. This pulse is used by the DACs to clock in data 
-------------------------------- 
-- Simulated, tested, works! 
-------------------------------- 
--Contact: 
--Åke Forslund 
--Göran Olsson 
--Terry Edberg 
-------------------------------- 
library ieee; 
use ieee.std_logic_1164.all; 
use ieee.std_logic_unsigned.all; 
 
entity dac_update is 
 
port(   reset, clk : in std_logic; 
        c_v        : in std_logic_vector(5 downto 0); 
        dac_clk    : out std_logic); 
end dac_update; 
 
architecture behave of dac_update is 
begin      
 
process(clk, reset) 
begin 
    if reset /= '0' then 
        dac_clk <= '0'; 
    elsif rising_edge(clk) then 
        if c_v = "111111" then 
            dac_clk <= '1'; 
        else 
            dac_clk <= '0'; 
        end if; 
    end if; 
end process; 
end behave; 
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-------------------------------- 
-- mstable.vhd 
-------------------------------- 
--mstable is a mono stable synchronous switch. 
-------------------------------- 
--Status 
--Simulated, Synthesized, Tested 
--Works! 2006-05-03 
-------------------------------- 
--Contact: 
--Åke Forslund 
--ake.forslund@gmail.com 
--http://www.rymdcampus.nu/ake/ 
-------------------------------- 
library IEEE; 
use IEEE.STD_LOGIC_1164.all; 
use IEEE.STD_LOGIC_UNSIGNED.ALL; 
 
entity mstable is 
port( 
     D  :   in      std_logic; 
     Q  :   buffer  std_logic; 
     Qi :   out     std_logic; 
     clk:   in      std_logic; 
     rst:   in      std_logic); 
end mstable; 
 
architecture behave of mstable is  
begin 
process(clk, rst) 
begin 
    if rst /= '0' then 
        Q  <= '0'; 
        Qi <= '1'; 
    elsif rising_edge(clk) then 
        --if Q /= '1' then 
        if D = '1' and Q /= '1' then 
            Q  <= '1'; 
            Qi <= '0'; 
        end if; 
    end if; 
end process; 
end behave; 
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-------------------------------- 
-- CPUinterface.vhd 
-------------------------------- 
--The 8051 interface. The FPGA is accessed as External RAM, starting from 
address 800H 
--Also controls comp_switch. 
-------------------------------- 
--Status: 
--Simulated, Synthesized, Tested, 
--Works! 
-------------------------------- 
--Contact: 
--Åke Forslund 
--Göran Olsson 
--Terry Edberg 
-------------------------------- 
library IEEE; 
use IEEE.STD_LOGIC_1164.all; 
use IEEE.STD_LOGIC_UNSIGNED.ALL; 
 
entity CPUinterface is 
port( 
     reset      : in     std_logic; 
     CPU_A11    : in     std_logic; --Address A11, works as chip enable 
     CPU_A8     : in     std_logic; --Address A8 
     CPU_A9     : in     std_logic; --Address A9 
     CPU_A10    : in     std_logic; --Address A10 
     CPU_ADbus  : inout  std_logic_vector(7 downto 0); --Address/Data Bus 
     CPU_ALE    : in     std_logic;                    --Address Latch 
Enable 
     CPU_WR     : in     std_logic;  -- Write, active low 
     CPU_RD     : in     std_logic;  -- Read, active low 
     comp_sel   : out    std_logic_vector(2 downto 0); 
     X_DAC_data, Y_DAC_data, Z_DAC_data : in std_logic_vector(12 downto 0); 
     x_dac_sum, y_dac_sum, z_dac_sum    : in std_logic_vector(17 downto 0); 
--RAM  
     RAMclk, ram_sel : out    std_logic; 
     RAMaddress      : buffer std_logic_vector(10 downto 0); 
     ExMax           : out    std_logic_vector(12 downto 0); 
     compX           : out    std_logic_vector(12 downto 0); 
     compY           : out    std_logic_vector(12 downto 0); 
     compZ           : out    std_logic_vector(12 downto 0); 
     StartSmp        : buffer std_logic; 
     RAMdata         : in     std_logic_vector(15 downto 0); 
     clock_vector    : in     std_logic_vector(15 downto 0)); 
end CPUinterface; 
 
architecture behave of CPUinterface is 
signal Address : std_logic_vector(12 downto 0); 
signal Control, exc_hi, exc_lo, x_hi, x_lo, y_hi, y_lo, z_hi, z_lo, outreg, 
ram, dac, adc    : std_logic_vector(7 downto 0); 
signal ChipEnable, serial_data_sel  : std_logic; 
signal comp_sel_enable : std_logic_vector(2 downto 0); 
signal sum, sampling : std_logic_vector(7 downto 0); 
 
begin 
--clock in address 
process(CPU_A8, CPU_A11, CPU_ADbus, CPU_ALE) 
begin 
    if falling_edge(CPU_ALE) then    --clock in address 
        ChipEnable <= CPU_A11; 
        Address(10) <= CPU_A10; 
        Address(9) <= CPU_A9; 
        Address(8) <= CPU_A8; 
        Address(7 downto 0) <= CPU_ADbus(7 downto 0); 
    end if; 
end process; 
 
comp_sel <= comp_sel_enable; 
StartSmp <= sampling(0); 
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RAMaddress(10)<= Control(6); 
RAMaddress(9)<= Control(5); 
RAMaddress(8) <= Control(4);  
RAMaddress(7 downto 0) <= Address(8 downto 1); 
RAMclk <= not CPU_RD; 
 
process(reset, address, CPU_WR) 
begin 
    if reset /= '0' then 
        exc_hi          <= (others => '0'); 
        exc_lo          <= (others => '0'); 
        x_hi            <= (others => '0'); 
        x_lo            <= (others => '0'); 
        y_hi            <= (others => '0'); 
        y_lo            <= (others => '0'); 
        z_hi            <= (others => '0'); 
        z_lo            <= (others => '0'); 
        compX           <= (others => '0'); 
        compY           <= (others => '0'); 
        compZ           <= (others => '0'); 
        control         <= (others => '0');        
        sampling        <= "00000001";  
        ExMax           <= "1001000000000"; 
        comp_sel_enable <= "000"; 
        ram_sel <= '0'; 
        serial_data_sel <= '0'; 
    elsif rising_edge(CPU_WR) and ChipEnable ='1' then     --Write to 
register 
        case (Address(3 downto 0)) is 
            when "0000"   => exc_hi <= CPU_ADbus; -- Sets the highest bits 
of the exitation 
            when "0001"   => exc_lo <= CPU_ADbus; -- Sets the lowest bits 
of the exitation 
            when "0010"   => x_hi   <= CPU_ADbus; -- Sets the highest bits 
of the x compensation 
            when "0011"   => x_lo   <= CPU_ADbus; -- Sets the lowest bits 
of the x compensation 
            when "0100"   => y_hi   <= CPU_ADbus; -- Sets the highest bits 
of the y compensation 
            when "0101"   => y_lo   <= CPU_ADbus; -- Sets the lowest bits 
of the y compensation 
            when "0110"   => z_hi   <= CPU_ADbus; -- Sets the highest bits 
of the z compensation 
            when "0111"   => z_lo   <= CPU_ADbus; -- Sets the lowest bits 
of the z compensation 
            when "1000"   =>                      -- Combines the hi and lo 
vectors and sends the to the compensation switch 
                            case CPU_ADbus is     
                                when "00000001" => ExMax           <= 
exc_hi & exc_lo(7 downto 3); -- Only sets the excitation 
                                when "00000011" => comp_sel_enable <= 
"111";                        -- Chooses external compensation mode and 
sends the compensation data to the comp switch  
                                                   ExMax           <= 
exc_hi & exc_lo(7 downto 3); 
                                                   compX           <= x_hi 
& x_lo(7 downto 3); 
                                                   compY           <= y_hi 
& y_lo(7 downto 3); 
                                                   compZ           <= z_hi 
& z_lo(7 downto 3); 
                                when "00000100" => comp_sel_enable <= 
"100"; 
                                                   ExMax           <= 
exc_hi & exc_lo(7 downto 3); 
                                                   compX           <= x_hi 
& x_lo(7 downto 3); 
                                                   compY           <= y_hi 
& y_lo(7 downto 3); 
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                                                   compZ           <= z_hi 
& z_lo(7 downto 3); 
                                when "00000101" => comp_sel_enable <= 
"101"; 
                                when "00000110" => comp_sel_enable <= 
"001"; 
                                when "00000111" => comp_sel_enable <= 
"011"; 
                                                   ExMax           <= 
exc_hi & exc_lo(7 downto 3); 
                                                   compX           <= x_hi 
& x_lo(7 downto 3); 
                                                   compY           <= y_hi 
& y_lo(7 downto 3); 
                                                   compZ           <= z_hi 
& z_lo(7 downto 3); 
                                when others =>     comp_sel_enable <= 
"000";                        -- Chooses correlation mode 
                                                   compX           <= 
(others => '0'); 
                                                   compY           <= 
(others => '0'); 
                                                   compZ           <= 
(others => '0'); 
                            end case; 
            when "1001"   => Control <= CPU_ADbus; 
            when "1010"   =>  
                             case CPU_ADBUS is                                                     
-- Selects serial output, ram, dac or sum 
                                when "00000001" => ram_sel <= '1'; 
                                serial_data_sel <= '1'; 
                                when others => ram_sel <= '0'; 
                                serial_data_sel <= '0'; 
                             end case; 
            when "1011"   => sampling <= CPU_ADbus; 
            when others   => null;   
             
        end case; 
      
    end if; 
end process; 
 
--When CPU_RD goes low, and A11 is high, make addressed data available on 
the bus 
CPU_ADbus <= "ZZZZZZZZ" when (CPU_RD = '1') or chipenable = '0' else 
             dac when serial_data_sel = '0' else 
             ram when serial_data_sel = '1'; -- else dac; 
                         
-- ADC values stored on RAM 
ram <=       RAMdata(7 downto 0)               when address(0) = '1' else               
             RAMdata(15 downto 8);                
 
-- The compensation values 
dac <=       ("000" & X_DAC_data(12 downto 8)) when address(3 downto 0) = 
"0000" else -- Current DAC-data 
             X_DAC_data(7 downto 0)            when address(3 downto 0) = 
"0001" else   
             ("010" & Y_DAC_data(12 downto 8)) when address(3 downto 0) = 
"0010" else 
             Y_DAC_data(7 downto 0)            when address(3 downto 0) = 
"0011" else   
             ("100" & Z_DAC_data(12 downto 8)) when address(3 downto 0) = 
"0100" else 
             Z_DAC_data(7 downto 0)            when address(3 downto 0) = 
"0101" else 
             clock_vector(7 downto 0)          when address(3 downto 0) = 
"0110" else 
             ("000000" & x_dac_sum(17 downto 16)) when address(3 downto 0) 
= "0111" else -- Sum of 32 DAC values 
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             x_dac_sum(15 downto 8)               when address(3 downto 0) 
= "1000" else 
             x_dac_sum(7 downto 0)                when address(3 downto 0) 
= "1001" else     
             ("010000" & y_dac_sum(17 downto 16)) when address(3 downto 0) 
= "1010" else 
             y_dac_sum(15 downto 8)               when address(3 downto 0) 
= "1011" else 
             y_dac_sum(7 downto 0)                when address(3 downto 0) 
= "1100" else     
             ("100000" & z_dac_sum(17 downto 16)) when address(3 downto 0) 
= "1101" else 
             z_dac_sum(15 downto 8)               when address(3 downto 0) 
= "1110" else 
             z_dac_sum(7 downto 0)                when address(3 downto 0) 
= "1111" else     
             "11111111";              
 
end behave; 
 
 
-------------------------------- 
-- Resize.vhd 
-------------------------------- 
-- Duplicates the MSB and removes five of the LSBs 
-------------------------------- 
--Status: 
--Simulated, Synthesized, Tested, 
--Works! 
-------------------------------- 
--Contact: 
--Åke Forslund 
--Göran Olsson 
--Terry Edberg 
-------------------------------- 
library IEEE; 
use IEEE.STD_LOGIC_1164.all; 
use IEEE.STD_LOGIC_UNSIGNED.ALL; 
 
entity resize is 
PORT(in_21     : in    std_logic_vector(20 downto 0); 
     out_16    : out    std_logic_vector(15 downto 0)); 
end entity; 
 
architecture behave of resize is 
begin 
    out_16 <= in_21(20) & in_21(20 downto 6); 
end behave;
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-------------------------------- 
-- fakeRAM.vhd 
-------------------------------- 
--Contains all correltation coefficients. Returns correct coefficient by 
decoding incoming  
--clocks. 
-------------------------------- 
--Status: 
--Simulated, Synthesized, Tested, 
--Works! 
-------------------------------- 
--Contact: 
--Åke Forslund 
--Göran Olsson 
--Terry Edberg 
-------------------------------- 
library IEEE; 
use IEEE.STD_LOGIC_1164.all; 
use IEEE.STD_LOGIC_UNSIGNED.ALL; 
 
entity fakeRAM is 
port( 
     WEN    : in    std_logic; 
     REN    : in    std_logic; 
     RADDR  : in    std_logic_vector(5 downto 0);  
     RESET  : in    std_logic; 
     CLK    : in    std_logic; 
     RO     : out   std_logic_vector(7 downto 0)); 
 
end entity; 
 
architecture RAMbehave of fakeRAM is 
signal CHAN    : std_logic_vector(1 downto 0); 
signal ADDRESS : std_logic_vector(3 downto 0); 
signal X_coeff : std_logic_vector(7 downto 0); 
signal Y_coeff : std_logic_vector(7 downto 0); 
signal Z_coeff : std_logic_vector(7 downto 0); 
 
begin 
CHAN    <= RADDR(1 downto 0); 
ADDRESS <= RADDR(5 downto 2); 
process(RESET, CLK, REN) 
begin 
    if reset /= '0' then 
        RO <= (others => '0'); 
        elsif rising_edge(CLK) then -- Makes coefficient available on the 
output 
            if REN = '1' then 
                case CHAN is 
                    when "00"   => RO <= X_coeff; 
                    when "01"   => RO <= Y_coeff; 
                    when "10"   => RO <= Z_coeff; 
                    when others => RO <= (others => '0'); 
                end case; 
            end if;  
    end if; 
end process; 
 
process(CHAN) -- Selects coefficient by scanning clock_vector 10 to 5 which 
contains address and channel data 
begin 
    if CHAN = "00" then 
     case ADDRESS is -- Sensor 6 
       when  "0000" => X_coeff <= X"5C"; 
       when  "0001" => X_coeff <= X"01"; 
       when  "0010" => X_coeff <= X"FF"; 
       when  "0011" => X_coeff <= X"FB"; 
       when  "0100" => X_coeff <= X"DD"; 
       when  "0101" => X_coeff <= X"DC"; 
       when  "0110" => X_coeff <= X"F1"; 
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       when  "0111" => X_coeff <= X"FD"; 
       when  "1000" => X_coeff <= X"5A"; 
       when  "1001" => X_coeff <= X"04"; 
       when  "1010" => X_coeff <= X"00"; 
       when  "1011" => X_coeff <= X"FC"; 
       when  "1100" => X_coeff <= X"DD"; 
       when  "1101" => X_coeff <= X"DC"; 
       when  "1110" => X_coeff <= X"F1"; 
       when  "1111" => X_coeff <= X"FE"; 
       when others => X_coeff <= X"00"; 
   end case; 
  end if; 
  if CHAN = "01" then 
     case ADDRESS is 
       when  "0000" => Y_coeff <= X"64"; 
       when  "0001" => Y_coeff <= X"F5"; 
       when  "0010" => Y_coeff <= X"05"; 
       when  "0011" => Y_coeff <= X"F5"; 
       when  "0100" => Y_coeff <= X"D3"; 
       when  "0101" => Y_coeff <= X"DE"; 
       when  "0110" => Y_coeff <= X"F6"; 
       when  "0111" => Y_coeff <= X"03"; 
       when  "1000" => Y_coeff <= X"66"; 
       when  "1001" => Y_coeff <= X"F6"; 
       when  "1010" => Y_coeff <= X"05"; 
       when  "1011" => Y_coeff <= X"F6"; 
       when  "1100" => Y_coeff <= X"D3"; 
       when  "1101" => Y_coeff <= X"DE"; 
       when  "1110" => Y_coeff <= X"F6"; 
       when  "1111" => Y_coeff <= X"05"; 
       when others => Y_coeff <= X"00"; 
   end case; 
  end if; 
  if CHAN = "10" then 
     case ADDRESS is 
       when  "0000" => Z_coeff <= X"62"; 
       when  "0001" => Z_coeff <= X"F2"; 
       when  "0010" => Z_coeff <= X"07"; 
       when  "0011" => Z_coeff <= X"E5"; 
       when  "0100" => Z_coeff <= X"BE"; 
       when  "0101" => Z_coeff <= X"DC"; 
       when  "0110" => Z_coeff <= X"F9"; 
       when  "0111" => Z_coeff <= X"27"; 
       when  "1000" => Z_coeff <= X"69"; 
       when  "1001" => Z_coeff <= X"F1"; 
       when  "1010" => Z_coeff <= X"07"; 
       when  "1011" => Z_coeff <= X"E5"; 
       when  "1100" => Z_coeff <= X"BD"; 
       when  "1101" => Z_coeff <= X"DB"; 
       when  "1110" => Z_coeff <= X"F9"; 
       when  "1111" => Z_coeff <= X"2F"; 
       when others => Z_coeff <= X"00"; 
   end case; 
  end if; 
end process;    
end RAMbehave; 
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-------------------------------- 
--ram_addresser.vhd 
-------------------------------- 
--Creates the write enable signal for the RAM 
-------------------------------- 
--Status: 
--Simulated, Synthesized, Tested, 
--Works! 
-------------------------------- 
--Contact: 
--Åke Forslund 
--Göran Olsson 
--Terry Edberg 
-------------------------------- 
library ieee; 
use ieee.std_logic_1164.all; 
use ieee.std_logic_unsigned.all; 
 
entity ram_addresser is 
port(reset        : in std_logic; 
     startsmp     : in std_logic; 
     clk          : in std_logic; 
     wen          : out std_logic); 
end ram_addresser; 
architecture behave of ram_addresser is 
signal state : std_logic_vector(1 downto 0); 
begin      
process(reset, startsmp, clk) 
begin 
    if reset /='0' then 
        state <= "11"; 
    elsif startsmp /='1' then 
        state <= "00"; 
    elsif falling_edge(clk) and startsmp /= '0' and state /= "11" then 
        state <= state + 1;     
    end if; 
end process; 
process(state, reset) 
begin 
    if reset /= '0' then 
        wen <= '0'; 
    else 
    case state is 
        when "01" => wen <= '1'; 
        when "10" => wen <= '0'; 
        when others => wen <= '0'; 
    end case; 
    end if; 
end process;              
end behave;  
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-------------------------------- 
-- sb12.vhd 
-------------------------------- 
--SerIF module running the data acquisition from the AD7324. The module 
transmits setup 
--commands to the ADC and reads back sampled data. The data is presented 
along  
--with information of the channel that produced it. 
-------------------------------- 
--Status: 
--Simulated, Synthesized, Tested 
--Works! 2006-03-13 
-------------------------------- 
--Contact: 
--Åke Forslund 
--ake.forslund@gmail.com 
--http://www.rymdcampus.nu/ake/ 
-------------------------------- 
--Modified by Terry Edberg 
-------------------------------- 
 
library IEEE; 
use IEEE.STD_LOGIC_1164.all; 
use IEEE.STD_LOGIC_UNSIGNED.ALL; 
 
entity SB is 
PORT( 
--   Interfacing with the ADC 
     adcTx      : out std_logic;    --Master Out Slave In line 
     adcRx      : in  std_logic;    --Master In Slave Out line 
     sclk       : buffer std_logic; --SPI clock 
     cs         : buffer std_logic; --Chip Select 
     sbReset    : in  std_logic;    --serial bus reset 
--   data output 
     data       : out std_logic_vector(15 downto 0); 
     synch      : out std_logic; 
     chan0      : out std_logic; 
     chan1      : out std_logic; 
--  clockgenerator 
     inClk, chchclk : in std_logic; 
  c_v        : in std_logic_vector(1 downto 0)); 
end entity SB; 
 
architecture SB_arch of SB is 
 
         --internal tx shift register, BIT 0 is connected to the adcTx line 
    signal rxBuffer: std_logic_vector(15 downto 0);  
         --internal rx shift register, BIT 0 is connected to the adcRx line 
    signal txBuffer: std_logic_vector(15 downto 0); 
 
--Statemachine  
    signal state, inhibit   : std_logic_vector(1 downto 0); 
    signal running : std_logic; 
    signal clkdiv : std_logic; 
    signal chchstart : std_logic; 
    signal channel : std_logic_vector(1 downto 0); 
 
begin 
 
running <= not clkDiv; 
 
 
-------------------------- 
--Chip Select: 
--Provides the Chip Select  
--(CS) output for the  
--Serial Bus. 
-------------------------- 
chip_select:process(sbReset, cs, inClk) 
begin 
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    if falling_edge(inClk) then 
     
        if sbReset = '1' then 
            cs <= '1'; 
        elsif sbReset = '0' then 
            cs <= clkDiv; 
        end if; 
    end if; 
end process; 
 
-------------------------- 
--Clock: 
--Forwards the clock 
--to the SCLK when the 
--bus is active. 
-------------------------- 
process(cs, inClk) 
begin 
    sclk <= not inClk;                  --Old values: 
    if rising_edge(cs) then             --falling edge 
        data  <= (rxBuffer(14) & rxBuffer(13) & '0' & rxBuffer(12 downto 
0)); --rxVector(12 downto 0); 
        synch <= not rxBuffer(15); 
        channel <= rxBuffer(14) & rxBuffer(13); 
    end if; 
end process; 
chan0 <= channel(0);          --rxVector(15); 
chan1 <= channel(1);          --rxVector(14) 
 
-------------------------- 
--Recieve: 
--Converts the synchronous 
--data stream from adcRx 
--into a parallel word. 
-------------------------- 
rx:process(adcRx, inClk, cs, rxBuffer) 
begin 
    if rising_edge(inClk) then 
        if sbReset /= '0' then 
            rxBuffer <= "0000000000000000"; 
        else 
--            if cs = '1' then --bus is inactive 
--                rxVector <= rxBuffer; --make buffer data available 
            if cs = '0' then 
                rxBuffer(0) <= adcRx; 
                rxBuffer(15 downto 1) <= rxBuffer(14 downto 0); 
            end if; 
        end if; 
    end if; 
end process; 
 
-------------------------- 
--Transmit: 
--Converts parallel data 
--into a synchronous 
--serial stream. 
-------------------------- 
tx:process(inClk, running, txBuffer, sbReset) 
begin 
    if falling_edge(inClk) then 
        if sbReset = '1' then 
            txBuffer <= "0000000000000000"; 
        else 
            if running = '0' then 
                case state is 
                 when "01" => txBuffer <= "1000110000011000";   
--"100": Control register "0": DC "11": Channel 3 final channel in sequence 
"01": Single ended input 
--"00": Normal mode "1": straight binary "1": Internal Reference "10": 
Sequeuence enable up to channel "11"  



 87 

--"0": Zero 
                 when "10" => txBuffer <= "1011010101000000"; 
--"101": Range register "10101010": +-2.5 for all Analogue inputs "00000": 
tailing Zeros 
                 when others => txBuffer <= "0000000000000000"; -
-<="0100010100000111"; --Dummy word, Conversion happens 
                end case; 
                adcTx <= '0'; 
            else 
                adcTx <= txBuffer(15); 
                txBuffer(15 downto 1) <= txBuffer(14 downto 0); 
            end if; 
        end if; 
    end if; 
end process; 
-------------------------- 
--Setup: 
--sends the commands needed 
--to set up the ADC properly. 
-------------------------- 
setup:process(clkDiv, sbReset) 
begin 
   if sbReset /= '0' then 
      state <= "00"; 
   else 
      if falling_edge(clkDiv) then 
        case state is 
       when "00"   => state <= "01"; 
       when "01"   => state <= "10"; 
       when "10"   => state <= "11"; 
       --when "11"   => state <= "11"; 
       when others => state <= "11"; --Stops after one command 
cycle, set to 00 for continuous 
        end case; 
      end if; 
   end if; 
end process; 
---------------------------------- 
--Check channel 
--checks the channel data from the ADC and synchronizes it 
---------------------------------- 
clkdiv <= chchclk when inhibit = "00" else 
      '1'; 
process(sbReset, inclk, chchclk, chchstart) 
begin 
    if sbReset /= '0' or state /= "11" then 
        inhibit <= "00"; 
    elsif rising_edge(inclk) and chchclk = '1' then 
        if inhibit /= "00" then  
            inhibit <= inhibit - 1; 
        else 
            inhibit <= channel - c_v; 
        end if; 
    end if; 
end process; 
end SB_arch; 
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-------------------------------- 
-- exc_clk.vhd 
-- phase shifts the clock for the excitation signal 
-------------------------------- 
--Status: 
--Simulated, Synthesized, Tested, 
--Works! 
-------------------------------- 
--Contact: 
--Åke Forslund 
--Göran Olsson 
--Terry Edberg 
-------------------------------- 
 
library ieee; 
use ieee.std_logic_1164.all; 
use ieee.std_logic_unsigned.all; 
 
entity exc_clk is 
port( 
     clk            : in    std_logic; 
     reset          : in    std_logic; 
     c_v, exc_phase : in    std_logic_vector(7 downto 0); 
     exc            : out   std_logic); 
     
end exc_clk; 
 
architecture behave of exc_clk is 
signal phase_diff : std_logic_vector(7 downto 0); 
begin 
 
process(reset, clk) 
begin 
    
phase_diff <= c_v - exc_phase; 
    
   if reset /= '0' then 
      exc <= '0'; 
   elsif rising_edge(clk) then 
       
         exc <= phase_diff(7); 
    
   end if;    
end process; 
end behave;
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-------------------------------- 
-- System_clock.vhd 
-------------------------------- 
--Creates all clocks for the FPGA 
-------------------------------- 
--Status: 
--Simulated, Synthesized, Tested, 
--Works! 
-------------------------------- 
--Contact: 
--Åke Forslund 
--Göran Olsson 
--Terry Edberg 
-------------------------------- 
library ieee; 
use ieee.std_logic_1164.all; 
use ieee.std_logic_unsigned.all; 
 
entity system_clock is 
 
port(mclk, reset            : in std_logic; 
     clock_16MHz, clock_1Hz : out std_logic; 
     clock_8MHz_to_250Hz    : out std_logic_vector(15 downto 0)); 
end system_clock; 
 
architecture behave of system_clock is 
signal count_vector_16MHz        : std_logic_vector(1 downto 0); 
signal count_vector_8MHz_to_250Hz : std_logic_vector(15 downto 0); 
signal count_vector_1Hz          : std_logic_vector(7 downto 0); 
 
begin 
--16MHz clock generator 
clock_16MHz <= count_vector_16MHz(1); 
process(mclk, reset) 
begin 
    if reset /= '0' then 
        count_vector_16MHz <= (others => '0'); 
    elsif falling_edge(mclk) then 
        count_vector_16MHz <= count_vector_16MHz + 1; 
    end if; 
end process; 
 
--8Mhz to 250Hz vector generator 
clock_8MHz_to_250Hz <= count_vector_8MHz_to_250Hz; 
process(count_vector_16MHz, reset) 
begin 
    if reset /= '0' then 
        count_vector_8MHz_to_250Hz <= (others => '0'); 
    elsif falling_edge(count_vector_16MHz(1)) then 
        count_vector_8MHz_to_250Hz <= count_vector_8MHz_to_250Hz + 1; 
end if; 
end process; 
 
--1Hz generator 
clock_1Hz <= count_vector_1Hz(7); 
process(count_vector_8MHz_to_250Hz, reset) 
begin 
    if reset /= '0' then 
        count_vector_1Hz <= (others => '0'); 
 --       clock_1Hz <= '0'; 
    elsif falling_edge(count_vector_8MHz_to_250Hz(15)) then 
        if count_vector_1hz = "11111001" then 
            count_vector_1hz <= (others => '0'); 
        else 
            count_vector_1hz <= count_vector_1hz + 1; 
        end if; 
--         
end if; 
end process; 
end behave; 



 90 



 91 

D Calibration certificate by Nurmijärvi geophysical observatory 
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