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Abstract

This thesis presents the development of a radiometer prototype for a potential application

on a Mars weather balloon in the context of a Mars exploration mission proposal by DLR
(Deutsches Zentrum fiir Luft- und Raumfahrt - German Aerospace Center). The instrument
measures radiative flux in three dedicated wavelength bands using thermopile sensors, the
design is based on heritage from radiometers flown on previous space exploration missions. In
this thesis, the design is adapted to the balloon’s flight avionics and its electrical and data in-
terfaces. The work focuses on the development of the electronics schematics design, the prin-
ted circuit board layout, and the custom firmware. Furthermore, integration, commissioning,
as well as functional and performance testing are discussed. Performance of the instrument is
validated and the offset temperature drift of the measured signals as well as the excellent noise
performance of the prototype is demonstrated.
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Zusammenfassung

Die folgende Abschlussarbeit prisentiert die Entwicklung eines Radiometers als Prototyp

fiir eine mogliche Anwendung auf einem Mars-Wetterballon im Rahmen einer zukiinftigen
Marserkundigungsmission des DLR (Deutsches Zentrum fiir Luft- und Raumfahrt). Das In-
strument misst Strahlungsfluss mithilfe von Thermoséulen in drei verschiedenen Wellenlédn-
genbereichen. Das Design basiert auf bereits entwickelten Radiometern, welche auf vorheri-
gen Missionen zur Erforschung des Weltraums eingesetzt wurden. In dieser Arbeit wurde

das Design an die bestehende Flugavionik und deren elektronische sowie Datenschnittstel-
len des Wetterballons angepasst. Die Arbeit fokussiert sich auf die Entwicklung der Schaltun-
gen, dem Leiterplattendesign sowie der Firmware des Messinstruments. Zusétzlich werden
Integration, Inbetriebnahme, Funktions- und Performancetests, welche erstellt und durchge-
fiihrt wurden, vorgestellt. Die Performance des Messinstruments wird analysiert, der Offset-
drift der Messsignale sowie das hervorragende Rauschverhalten des Instrumentes werden hier
aufgezeigt.
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1. Introduction

1.1. General Overview

The following bachelor thesis is the result of ve months of work at the "Deutsches Zentrum
fur Luft- und Raumfahrt" (DLR) in the Institute of Planetary Research in Berlin, which offered
this thesis topic for students in STEM programs. The objective was to develop electronics and
rmware for a prototype three-channel radiometer with application on a Mars weather balloon.
A study conducted by Witte et al. [1] in 2022 identi ed scienti ¢ goals how a weather bal-

loon on Mars could contribute to the latest goals of the exploration of the planet. This pro-
posed Mars weather balloon would contribute to the goals "Understand processes of climate
of Mars”, and "Prepare for human exploration” identi ed by the Mars Exploration Program
Advisory Group (MEPAG) in 2018 [1, p. 2], [2].

Currently, a demonstrator weather balloon is developed at the DLR Institute of Space Sys-
tems in Bremen. The radiometer developed in this thesis will be a payload for the balloon
system prototype. It is based on previous developed radiometers at the Institute for Planetary
Research in Berlin, and will be presented in this thesis.

1.2. Motivation and Objectives

The scienti ¢ goals of the proposal balloon mission is to gather weather data from Mars, espe-
cially of the planetary boundary layer [1, p. 3]. This atmospheric layer is the connecting layer
between the planet's surface and its atmosphere [1, p. 1].

Gathering of weather data is important for improving current martian weather models, like the
Mars Weather Research and Forecasting model (MarsWRF, [3]) and the Mars Weather Re-
search and Forecasting model (MRAMS, [4]). Among other applications, these models were
used for the Perseverance rover surface and science operation planning by NASA [5]. The
gathered data from a weather balloon drifting through the atmospheric boundary layer would
contribute to Il a data gap between spatial coverage from global orbiters, and local observa-
tions by landers, rovers and drones [1, pp. 17-18].

Currently it is believed, that topographic peaks and larger formations on Mars are leading to
turbulence winds, which are a potential hazard for entry and landing of space systems [1, p. 1].
Therefore, previous landings stayed clear of these topographies [1, p. 1], [6]. In the future it
will be necessary to land closer to these formations, in order to access further scienti cally
interesting areas. To enable such landings, a deeper understanding of weather phenomena at
those sites is needed, which would be possible in more detail with additional weather data [1,

p. 2].
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1. Introduction

Besides the radiometer, other scienti ¢ instruments y alongside on the weather balloon [1,

pp. 4-5]. Namely, these are pressure, temperature and humidity sensors for gathering of gen-
eral weather data. Additionally, a triad of accelerometers and gyros sense the vertical wind
speeds and enable turbulence detection. A nadir-looking camera for event monitoring and
post- ight trajectory reconstruction is added to the payload as well. For position tracking and
communication, an UHF radio transceiver is part of the ight avionics as well.

1.3. Goal of this Thesis

The DLR Institute of Planetary Research in Berlin is experienced in developing radiometers
and contributed such instruments to several space exploration missions. The last launched
radiometer was with NASA's InSight Mission to Mars in 2018 [7]. Other missions include

the Hayabusa 2 mission to asteroid 162173 Ryugu by JAXA (Japan Aerospace Exploration
Agency) [8], which was launched in 2014, and JAXA's upcoming MMX (Martian Moons eX-
ploration) mission [9]. The radiometer developed for this thesis heavily draws from these pre-
vious missions for faster development, since these designs are well known and tested.
Notable differences to previous radiometers are the adaption to the size and weight constraints
of this Mars weather balloon. Because of that, it was not possible to integrate an active tem-
perature stabilization with the help of a heating system, a passive cooling system is used in-
stead. Additionally, a microcontroller is used as the ight computer for this system, whereas
previous radiometers were controlled by a Field Programmable Gate Array (FPGA).

Own contributions are therefore the design of a radiometer with the given design constraints,
the development of a driver for the deployed microcontroller and it's adaption to the given
avionic system. Also, a development board for programming, testing and measuring of data
from the radiometer was developed.

Scienti ¢ goals from data collection of this three-channel radiometer are to measure the ra-
diation in different wavelength ranges. These are the wavelengths of 15 yum, in order to de-
rive the average temperature of the air column, 9.35 um, which correlates to the aerosol (dust)
maximum and is a proxy for the opacity of the atmosphere, and 7.94 um, which is used to de-
rive the surface temperature of Mars [1, pp. 5-6].

1.4. Structure of this Document

The document is divided into ve chapters. First a brief overview over the proposed mission
and scienti ¢ goals is given in Chapter 1. The following theory part in Chapter 2 introduces
the necessary background information which will be needed for understanding how all com-
ponents of the radiometer work. After that, Chapter 3 goes into detail how the radiometer was
developed and why speci c design decisions were made. Chapter 4 presents and explains all
measurements taken to characterize the radiometer and evaluates the results. Finally, a sum-
mary and outlook of the work is given and further work is discussed in Chapter 5.

2 Luca Moritz Jungnickel, # 406963



2. Theory and Approach

2.1. Fundamentals of Radiometry

The term radiation refers to the propagation of energy in form of waves through space [10,

p. 1]. This includes electromagnetic radiation, such as infrared and visible light, particle radi-
ation, for example alpha radiation, acoustic radiation like sound or seismic waves which are
propagating through a medium, and gravitational radiation, but the term radiometry is gener-
ally only used to describe electromagnetic radiation [11]. Whenever the term radiation is used
here, it refers to electromagnetic radiation.

Radiometry describes and measures electromagnetic radiation [10, p. 1]. To get an overview of
the fundamental quantities in radiometry and their relationships, the most important ones are
listed below: [10, pp. 8-11]

Radiant Flux- is de ned as the ow of radiant energy per unit time

_dQ _J
F= w= < (2.1)

whereQ is the amount of energy emitted, transmitted, re ected or received per unittime
IrradianceE de nes the area density of radiant ux

dF W
E= s 2 (2.2)
whendg is the surface of an element through which the radiation passes.
Radiant intensity de nes the solid angle density of radiant ux
dF w
| = — — 2.
dw sr (2:3)

whendw is the solid angle of incident radiation.

Finally, radianceB is the radiant ux per unit solid angle and per unit of projected area
B d’F w

T dwdsg sr m2

(2.4)

For completion and since Eq. 2.4 for radiaftes based on them, Eg. 2.3 for radiant intensity
| and Eg. 2.2 are also given, but won't be used in further calculations. In literature, radiance is
sometimes also written &s which is equivalent td.
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2. Theory and Approach

2.1.1. Blackbody Radiation

A blackbody is de ned as a perfect emitter of electromagnetic radiation [10, p. 63]. Incid-

ent radiation pass into it, so it has zero re ectance, and all of this radiation is absorbed, which
means it has zero transmittance. This applies for all angles and wavelengths of incoming radi-
ation. Therefore, an ideal blackbody has a re ectancR ©f0 and an absorbance Af= 1. To

the human eye, a blackbody looks perfectly black at room temperature [10, p. 64].

All bodies above a temperature of absolute zero emits radiation - the hotter the body, the more
radiation is emitted. The total quantity of this emitted radiant ux from an object at temperat-
ureT is expressed by the Stefan-Boltzmann law: [10, p. 63]

Fpp= sT4 (2.5)

whereF pp, is the emitted radiant uxs is the Stefan-Boltzmann constant (not to be con-
fused with the Boltzmann constant) ahdhe temperature of the body in kelvin. The Stefan-
Boltzmann constant is = 5:67037410 8W m 2 K 4[12, p. 44].

2.1.2. Greybody Radiation

Blackbodies are a theoretical concept, due to it's perfect absorbance of 1 and re ectance of 0
and don't exist in reality. To understand the concept of greybodies, one has to rst introduce
the quantity emittance. Emittaneds the ratio of emitted ux from a surface to the ux which
would be emitted by a perfect blackbody emitter at the same temperature [10, p. 132]. This
quantity is always between 0 and 1. A blackbody has an emissivity of 1 [10, p. 133].

In general, emissivity is a function of wavelength. If a surface is not a perfect blackbody, but
has a constant emittance, which is independent of wavelength, this surface is called a grey-
body [10, p. 133]. On the other hand, when the emittance of a body depends on wavelength,
the surface is called a nonblackbody. In reality, a greybody doesn't have to appear grey like
it's name suggests, but the body can appear in another color than black, because not all in-
coming radiation is absorbed and some is re ected. For a greybody, the previously introduced
Stefan-Boltzmann Law changes to: [10, p. 133]

Fgo= esT? (2.6)

To give an example of magnitude efwhite paint has an emittance from 4 um to 16 um of

0.9, while black asphalt has one of 0.93 in the same wavelength range [10, p. 134].

The surface of Mars can be seen as a greybody, which emissivity varies, depending on the
composition of the surface. Therefore, the concept of greybodies is crucial to understand why
care has to be taken when interpreting a measured brightness temperature in terms of the kin-
etic temperature, as pointed out in Grott et al. paper about the MASCOT radiometer [8, p. 10].

2.1.3. Planck's Law

With the help of the Stefan-Boltzmann law, it is possible to determine the entire emitted ra-
diant ux of a blackbody over all wavelengths. To calculate the emitted radiant ux within
certain wavelengths, the usage of Planck’s law is heeded.

When the temperature of a body changes, the spectral distribution of it's emitted ux is also
shifted. This is known as Planck’s law, or Planck's blackbody spectral radiation law. It pre-
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2.2. Platinum Resistance Thermometers

dicts the spectral radian&eof a blackbody at a given temperature [10, p. 64]. This relation is
given by:

2h¢?
| S(erkr 1)
whereh is Planck's constant(= 6:626070 10 34J Hz 1) [12, p. 44],c the speed of light
(c= 2:9979246 10° m s 1[12, p. 44]) anck is Boltzmann's constant witk = 1:380649
10 223 K 1[12, p. 44].T is the temperature of the objettthe wavelength of the emitted
energy. This law is used for calibration of the radiometer, as well as to calculate the theoretical
value of the generated voltage at the thermopiles (see Eq. 2.16).

B(T;l )= (2.7

2.2. Platinum Resistance Thermometers

To determine the temperature of a surface with the measurements taken by a radiometer, one
has to know the temperature of the cold junctions of the thermopile. This is done with the

help of resistance thermometers, also known as a Resistance Temperature Detector (RTD).
As explained by Chris Dames [13, pp. 1782—-1785] in more depth, a resistance thermometer

is a sensing element, which converts an ambient temperature to an electrical resistance. It is
based on the fact that the resistance of a conductor depends on its temperature. This resist-
ance can be measured. For this purpose, the resistor is connected to a current source, and the
voltage drop across the resistor can then be measured. With the help of Ohm's law and the
known owing current, the resistance can be calculated. For a Pt100 sensor, as used in this ra-
diometer design, the measured resistance can be converted to a temperature with the help of
the Callendar—Van Dusen equation. The equation applies only to platinum resistor thermomet-
ers.

For temperatures below 0 °C, this equation is:

R(T)= RO)[1+A T+ B T?+(T 100C T9 (2.8)
For temperatures above 0 °C, a simpli ed form can be used:
R(T)= R(O)[1+ A T+ B T? (2.9)

Here,T is the temperature of the platinum resis®(0) is the nominal resistance at 0 °£,

B andC are universal constants which are determined experimentally. To convert a resistance
into a temperature, one has to invert the given formulas. For temperatures above 0 °C, these
leads to:

q
A A2 4B(1
2B

For temperatures below 0 °C, the inversion of the cubic function cannot be performed ana-
lytically. Here precalculated values from the manufacturer or an interpolation table should be
used.

R
RO))

T(R) = (2.10)
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2. Theory and Approach
2.3. Thermopile Sensors

2.3.1. Seebeck E ect

The Seebeck effect is the basic physical principle on which measurements using thermopiles
are based (see Paul and Paul for details [14, pp. 659-661]). According to the Seebeck effect a
voltage is generated when two different electrical conductor materials form an electrical cir-
cuit. These materials have to have different temperatures. The resulting generated voltage can

then be calculated by 7
T

U= TZ(SB(T) SA(T)) dT (2.11)

whenT; andT, are the temperatures of the contacts between the mat&iaadS, are

called Seebeck coef cients. These are material constants with the dimenglond¥ 1] and
temperature dependent. If the temperature differences between the two metals are small, it can
be assumed th&, andSs are constant, and the Eq. can be simpli ed to

U=(S S) (T2 T)=(S S) DT (2.12)

As can be seen, at small temperature differences the generated voltage is proportional to the
temperature difference. Different combinations of materials lead to different sensitivities, and
in thermopiles a high sensitivity is desired. This way, the thermopile is more sensitive and the
SNR is high [10, pp. 187-188].

2.3.2. Thermocouple

A thermocouple is a sensor which converts a temperature difference into electrical energy by
means of the Seebeck effect. It consists of two different metals forming an electrical junction.

If electromagnetic energy is absorbed by an object, it is converted into heat. Due to the See-
beck effect, this generates a voltage difference proportional to the temperature difference of
the two metals. To measure heat temperature, one junction has to be kept at a known reference
temperature. This junction is called the passive or cold junction. The other junction, called
active or hot junction, changes it's temperature due to changes of the incoming radiation [10,
pp. 187-188].

The passive junction has to be protected from incoming radiation, while the active junction ex-
changes radiation with the outside. Since the sensitivity of an object to radiation is inversely
proportional to it's mass, any smaller objects are heated up more quickly by the same amount
of energy, the active junction should have low mass. This way, it responds quickly to changes
in the ux level, which is desired. This increases the response time of a thermocouple. On

the other hand, the passive junction should be as insensitive as possible to outer radiation and
temperature changes. To make it insensitive to outer radiation, it has to be shielded from it.

To make the passive junction even more insensitive to ambient temperature changes, it should
have a high mass and a large area [10, pp. 187-188], and active or passive temperature stabil-
ization can be used to improve sensor performance.

Passive stabilization is discussed in Chapter 3.2.1, where the insensitivity is improved by
adding an aluminium body around the used sensors to increase the thermal mass.
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2.3.3. Thermopile

Single thermocouples have a relatively low sensitivity. To increase the sensitivity and thus

the signal to noise ratio of the measurement, thermocouples are placed in series, which is
then called a thermopile. The generated voltages by each thermocouple is added up accord-
ing to Kirchhoff's law and generates a higher voltage, which is easier to measure. Since all
thermocouples are generating approximately the same voltage because of their proximity to
each other, the resulting voltage increases roughly linear as a function of the number of used
thermocouples [10, p. 188]. The thermopile sensor used in the MARA radiometer for the Hay-
abusa 2 mission for example, integrated 72 thermocouples with a Seebeck coef cient of 135
pV /K each [8, p. 8].

As shown in Figure 2.1, one possible mechanical design con guration for arranging the ther-
mocouples consists of the two junctions connected in series in multiple points. To insulate the
passive junctions, the chamber between hot and cold junction is lled with a noble gas or va-
cuum. Insulation is needed to increase the insulation of the passive junctions from the active
junctions and decrease heat transfer between the two [10, p. 189]. The active junctions, which
absorb the radiation, are coated with a black material with low spectral selectivity. This in-
creases the linearity of the sensor. It has contact to an insulating transparent window, which

is made of glass or another material. Ideally, this material has zero re ectance over the used
spectral range. Additionally, an optical lter is added, which rejects radiation outside the spec-
tral range, in which the thermopile should measure [10, p. 188].

Figure 2.1.: Schematic of the mechanical design of a thermopile, modi ed from [10, p. 189
Figure 7.6]

A thermopile consists of multiple electrical connections between the hot and cold surface of the sensor.
Each connection between the two junctions forms one thermocouple, therefore multiple thermocouples
in series are used. This is increasing the sensitivity of the thermopile sensor. The incoming radiation is
absorbed by the hot junctions, which are connected to a transparent window. Both junction types are
insulated from each other with the insulation chamber. An optical Iter is added on top the sensor to
reject radiation outside the spectral range.

2.3.4. Measurement Principle
Since the temperature difference between the hot and cold junctions are small in a thermopile,

Eqg. 2.12 applies and the generated voltage is proportional to the temperature differences at the
junctions. As derived by Grott et al. [8, pp. 7-9], the generated voltage of a thermopile sensor
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can be calculated as follows:
The amount of radiation received by the sensor is given by

Z
Fin=pn  H( )eB(T:I )dl (2.13)
I
wheren is the solid angle (the viewfactor of the sensbg)andl , are the wavelengths bound-
aries,H(l ) is the instrument throughpu,is the emissivity of the surface in the eld of view,
T the temperature of the surface a(@;| ) is the Planck functionH(l ) is given by

H(l )= t(l )eansl ) (2.14)

which is the product of absorbing characteristics of the sensing eleaygfit) and the Iter
transmissiort (I ). Since the instrument itself re-radiates at the temperature of the instrument
Tef, When re ections inside the sensor are ignored, the net ux on the sensor can be calcu-

lated by: 2
|

2
Fnet=pn | H(I)(eB(T;1)  B(Tes;1))dl (2.15)

1
As can be seen, emission from the ser®@Fe¢;| ) leads to a subtraction from the emitted

ux of the surface. Note that no thermal interactions with the Iter window have been con-
sidered, and it is assumed that the Iter will perfectly block radiation outside its transmission
windowt (I ).
The generated voltage at a thermopile can now be derived by including the sensor characterist-
ics: zZ,
2
U = SApn H( )(eB(T;l) B(Tes;l))dl (2.16)
[

1
hereSis the sensor sensitivity in [U / W] and; the absorber size of the sensor.

2.3.5. Brightness Temperature Deviation

To determine the brightness temperature of a surface, the emitted radiated electromagnetic
energy is measured by a thermopile. To then derive a brightness temperature from that meas-
urement, the internal temperature of the instrument has to be measured as well. As seen in

Eq. 2.12, only a temperature difference between the junctions can be measured by a thermo-
pile. Therefore it is needed to know the temperature of the cold junction. This is achieved by

a dedicated temperature sensor, like a Pt100, which is placed close to the cold junction. Each
thermopile sensor has therefore an integrated temperature sensor in its housing. In the present
radiometer design, there is an additional resistance thermometer in the form of a Pt100 integ-
rated in the aluminium body surrounding the sensors. This measures the temperature of the
thermally coupled aluminium body, which acts to stabilize the cold junction temperatures.

As seenin Eqg. 2.16, it is possible to calculate the voltage expected by the thermopile. This
voltage can be compared to the measured voltage from the radiometer to determine the surface
brightness of an object. In practice, it is more useful to calibrate the device and compare the
measured data with the calibrated values, rather than the theoretically calculated ones. The
reason for this is that there many parameters of the calculation, i.e., the sensor sefsitivity

the absorber siz&d4 and the instrumentation throughgt€l ) which introduce a degree of
uncertainty and variation.
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2.3. Thermopile Sensors
2.3.6. NETD and Performance

The Noise Equivalent Temperature Difference, short NETD, is a measure for the thermal
sensitivity of an infrared sensor. It is measured in [K]. The higher the NETD, the lower the
sensor's resolution of smaller temperature differences. The NETD can be calculated as fol-
lows: [15, pp. 1441-1442]

Unoisd T) _ Unoise(T)

DT em
Here,T is the temperature of the object which is measu&) is the temperature dependant
sensitivity,U (T) describes the measured voltage dRdis{ T) is the noise of the measure-
ment. It combines noise from the electronics as well as thermal noise. The NETD is a good
measure for comparing different radiometer performances. To given an example of the mag-
nitude of a NETD, the MARA radiometer for the Hayabusa 2 mission has a NETD for it's > 3
pm channelat T > 123 Kof 0.1 K [8, p. 7].

NETO(T) = K] (2.17)

2.3.7. IPHT Thermopile Sensors

For the present radiometer design, already chosen sensors for tradidmeter were used.

HP2 was launched in 2018 as part of the InSight mission [7] and used sensors provided by the
Institute of Photonic Technology (IPHT) located in Jena. Mueller et al. describe the calibra-
tion of the HP radiometer in detail [16]. The HRradiometer integrates a total of six thermo-

pile sensors, here each sensor type is integrated twice with individual elds of view. Due to
size and weight constraints for the Mars balloon radiometer, it was chosen to use each sensor
type only once, so in total three sensors are integrated in this design.

Each sensor has the same underlying foundation. These are TS-72 thermopile sensors from the
IPHT. Differences are then achieved with choosing a different Iter window for each sensor.

Due to the different Iters, each sensor has then a different sensitivity over the spectral range,
and generates a different voltage when observing the same surface. This is illustrated in Table
2.1. The material combination chosen for the hot and cold junction is a pair of Bismuth and
Antimony (Big.g7Shy:13 / Sb), which generates a voltage of 135 pV / K per thermocouple [7,

p. 23]. 72 of these thermocouples are combined, so the sensitivity is 9.72 mV / K.

The sensors are sealed using the noble gas krypton, which protects and insulates the junctions
from each other. Krypton is chosen because of its relatively high molecular weight, which re-
duces thermal conductivity and thus increases the temperature difference between hot and cold
junctions. This increases the signal-to-noise ratio. Additionally, each sensor has an integrated
platinum resistance thermometer (Pt100) with a nominal resistance Mltd0neasure the
temperature of the cold junction. The integrated Pt100 is placed as close as possible to the
cold junction, and is thermally coupled to it. The three Iter windows are different band pass
lters. When exposed to an irradiance of 38 W 7 they generate a thermal voltage as seen in
Table 2.1.
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Sensor Number Filter Range Generated Voltage

1 8 um - 14 pm 0.82 mv
2 8 um - 10 pm 0.37 mV
3 15 pum - 19 pm 0.05 mVv
Signal voltage generated for the different thermopile sensors, when exposed to an irradiance of 38 W /
m2.

Table 2.1.: Filter characteristics of used sensors and their corresponding sensitivities

Knowing the sensor response is important when choosing the gain of the signal ampli ca-
tion, as well as interpreting measured results from the radiometer. As shown in Table 2.1, the
largest signal will be generated by the 8 um - 14 um Iter, which will also provide the highest
Signal-to-Noise ratio.

2.4. Analog to Digital Conversion

Since the detection of radiation with thermopiles generate an analog signal, this signal has to
be digitized. This is done with an analog-to-digital converter (short: ADC). Many different
kinds of ADCs exist, here a delta-sigma converter is chosen that has also been used in pre-
vious radiometer developments, like the upcoming MMX mission [9]. Because of that, the
implementation and behaviour of the ADC is known, and choosing the same ADC contributed
to a faster development time and known performance of this radiometer.

In analog-to-digital conversion, there is always a trade off between the precision and the num-
ber of measurements per time. The higher the number of measurements per time (also known
as the sampling rate), the lower it's measurement uncertainty, and vice versa. For radiometric
measurements, it is expected that the measured temperatures are not changing within seconds,
since atmospheric temperature changes are generally slow. For this reason the focus is more
on precision rather than on a high sampling rate. A low sampling rate of 1 s per channel was
chosen, increasing the precision of the measurements and reducing the noise. This increase
can be observed in Chapter 4.1.1, where a 0.1 s sample length and 1 s sample length of the
same measurement con guration is compared. Since the used ADC doesn't support 0.1 s or
higher sample lengths, oversampling on the rmware side was implemented to achieve these
rates.

10 Luca Moritz Jungnickel, # 406963



2.5. Signal Path and Conditioning

2.5. Signal Path and Conditioning

To increase the resolution of the measured signal, it is important to amplify the measured sig-
nal from a thermopile into a range which matches the conversion range of the ADC. As seen
in Table 2.1, the generated voltage of a thermopile is small. The analog-to-digital converter
has a measuring range of -2.5V - 2.5V, so the signal should be ampli ed by an external in-
strumentation ampli er, to tit's range. All thermopiles are measured differentially, therefore
the instrumentation ampli er must also operate differentially and amplify this difference by a
constant factor.

The signal ow is presented in Figure 2.2. The ADC has an internal multiplexer, which se-
lects the sensor which should be measured. After multiplexing, the signal is routed again to
the outside of the ADC and into the external signal ampli er. This ampli er has a constant
gain. After that, the ampli ed signal is routed to the ADC and is digitized.

Care has to be taken not to distort the measured signals and insert non-linearities. Addition-
ally, the ampli cation circuit should be small and light, adding only the smallest possible num-
ber of additional circuit elements, since each additional circuit introduces another source of
uncertainty into the measurement chain.

Figure 2.2.: Block diagram of signal ow and signal ampli cation of the measurements taken
in the developed radiometer

Each sensor is measured differentially, the multiplexer in the ADC choses which sensor is measured.
The differential signal is routed to the external ampli er, ampli ed by it and routed back to the ADC,
where it is digitized.

For the instrumentation ampli er a circuit with two operational ampli ers was chosen. Import-
ant criteria for choosing a tting operational ampli er for this appliaction are low bias currents
and a low offset voltage. The chosen operational ampli er, the 1ISL28227, is also available as

a radiation hardened device and the design can easily be adapted for space application. In this
radiometer prototype, the industrial equivalent of the same operational ampli er is used, but it
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can be easily replaced with it's corresponding space graded variant.

It should be noted that the research to nd this operational ampli er is not part of this thesis
and the part comes from the heritage radiometer designs which are used. In Chapter 3.3.1 the
implemented ampli cation circuit is explained in detail.
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3.1. Design Overview

In this chapter, the design and development of the radiometer for the Mars weather balloon is
presented and explained in detail. The radiometer, also called Mable-Rad (standing for Mars
Atmospheric Boundary Layer Radiometer), is one payload of the weather balloon besides oth-
ers. More details about that can be found in its concept paper by Witte et al. [1]. The ight
computer consists of one single microcontroller, the ADUCRF101 [17], which controls all

of its attached scienti c instruments. The radiometer is commanded through the ight com-
puter and all rmware is executed on the microcontroller. The radiometer does not store any
code. All EEE (electrical, electronic and electro-mechanical) components of the radiometer
are selected, so that there is an equivalent space graded or military graded version, which is
suitable for space application. In the prototype developed here commercial equivalents were
used because it will not be deployed to space, therefore, more expensive radiation-hardened
components are not necessary. This design decision does not affect or alter the performance of
the radiometer in comparison to their space graded variants.

The developed radiometer is designed around its analog-digital converter, the ADS1258ep by
Texas Instruments. The "ep" in its name stands for enhanced product which has better prop-
erties, like a higher temperature range, than its base component ADS1258. Both chips have

a similar functionality. In this thesis, the name ADS1258 will be further used. The ADC is
available in a relatively small package, a HTQFP 48 pin package [18, pp. 50-52], which is
around 10 mm x 10 mm big. This allows a good degree of miniaturisation, but is still suitable
for hand soldering. That way, changes of the prototype are easier to make in workshops of the
institute. The chosen ADC has 16 single-ended channels which are multiplexed before the
measurements are taken. Differential measuring, which is used here, reduces the amount of
available channels to 8. The designed radiometer houses three thermopile sensors, each meas-
uring ux in a different wavelength range. Each sensor has one thermopile and one resistance
thermometer Pt100 to measure the temperature of its cold junction. An additional external off-
set circuit is used to correct for electrical offsets when a measurement is taken. With this addi-
tional offset measurement, the uncertainty of the radiometer measurements can be increased.
A resistance thermometer, integrated into the aluminium body surrounding the sensors is also
measured by the ADC. In total, 8 differential measurements are performed, which occupy all
16 channels of the used ADC. An overview of all channels is given in Table 3.1. Here, the left
column shows the combination of channels used by the ADC. The column on the right de-
scribes the corresponding measurement. It becomes visible that the channel assignment is set
by the PCB layout, therefore, matching thermopile and Pt100 channels are not always situ-
ated next to each other. This does not affect measurements. Only another assignment must be
made in the rmware when matching the channel number combination with its measurement
function.

A system overview is given in Figure 3.1, which shows all component groups, their connec-
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tions and their used power rails. For presentational reasons, the visible connections do not
show the real number of electrical connections. The measurements are all done differentially,
therefore two connections are needed for each measurement. The signal ampli er has a total
of four connections: two inputs and two outputs. The communication between ADC and mi-
crocontroller takes place via the Serial Peripheral Interface (SPI) and additional signal lines.
The peripheral connection can be seen in more detail in Table 3.2 in the next sub chapter.

Channel Number Combination on ADC Description
0,1 Thermopile 1
2,3 Pt100 of Thermopile 3
4,5 Thermopile 3
6,7 External Pt100
8,9 External Offset
10, 11 Thermopile 2
12, 13 Pt100 of Thermopile 2
14,15 Pt100 of Thermopile 1

Table 3.1.: Channel numbers on the ADC and it's corresponding measurements

The radiometer is powered by two external supply voltages coming from the ight computer:
3.3V and5 V. The 3.3 V power rail only supplies the digital core of the ADC, whereas the

5V power rail supplies the analog part. In more detail, all operational ampli ers, the voltage
reference and the analog core of the ADC are powered by this 5 V rail. To improve the voltage
stability of both power rails, each is ltered by a passive LC Iter before being available as a
voltage for the radiometer. In addition, the 5 V rail powers a voltage reference, which gener-
ates a precise and stable 2.5 V. Furthermore, this reference is used across several parts of the
radiometer. For digitization, this voltage is used by the ADC for comparing it with the voltage
of the measurement. The ADC measures a voltage and returns a number proportional to the
voltage of the voltage reference. Therefore, the voltage reference has to be very stable and pre-
cise, since in the later calculation a constant 2.5 V of the voltage reference are assumed. An-
other task of the voltage reference is to provide a bias voltage to the thermopiles and provide
a measurement current for the Pt100. These circuits need to have a voltage level for it's bias
level, here it is best practice to use the same voltage the ADC is comparing the measurement
with. This is presented in Chapter 3.3.2 about the used Pt100 circuitry in more detail.
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Figure 3.1.: System overview of the radiometer with its component groups and corresponding
power rails

The ADC is the main component of the radiometer and is in the center of the diagram. It connects to
the measuring probes. This includes three sensors, the Pt100 integrated in the aluminium body and the
external offset measurement, visible on the left. Below, the external signal ampli er is represented and
connected to the ADC, which handles to ampli cation of the measured variable. Above, there are the

three different voltage levels: a 2.5 V voltage reference generated by the 5V rail, passive Itered 3.3 V
for the digital core and passive ltered 5V for the analog core. On the right, the ADC communicates
directly with the microcontroller, which is the ight computer of the weather balloon.
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3.1.1. Electrical Interface

The radiometer is connected with a 12-pin connector to the ight computer. An overview over
the connections is given in Table 3.2.

Pin Number Description Type, seen from Radiometer
1 3.3V Power Input
2 Reset Digital Input
3 Ground -
4 SPI Clock Digital Input
5 Ground -
6 SPI Data In Digital Input
7 Ground -
8 SPI Data Out Digital Output
9 Data Ready Digital Output
10 Start Digital Input
11 SPI Chip Select Digital Input
12 5V Power Input

The radiometer is connected to the ight computer via a 12-pin ribbon cable. Mainly controlled by a
SPl interface, it also contains several digital control pins. All connections shown here are seen from the
radiometers perspective, which has a male connector.

Table 3.2.: Peripheral connection of radiometer with the ight computer

Because of the mechanical design of the used connector, a Molex Picoblade 12-pin through-
hole connector, it cannot be plugged in the wrong way. This increases safety when connecting
the radiometer to the ight computer, since the radiometer itself does not have any form of
reverse polarity protection. In order to save space in the design, the components are connected
via a matching ribbon cable, which is lightweight and at. For a slightly better connection of
the ground planes which are on both sides of the circuit board, a through-hole connector is
used instead of a surface-mounted device (SMD) connector. This way, the incoming ground
connections are directly connected to both sides of the circuit board, because of it's through-
hole mounting. As it can be seen in Table 3.2, multiple ground connections are used. These
are placed next to digital SPI pins with a high data rate. This way, the ground pins improve
shielding of these digital data pins.

3.2. Mechanical Design

In the beginning of the development phase, the mechanical design was decided in close co-
ordination with the engineering team at the Institute of Space Systems in Bremen, since they
were in charge of designing the ight avionics system and the Mars weather balloon. The size
constraints were prede ned by the outline of the already existing mechanical concept. At this
point of development, the ight avionics consist of a stack of printed circuit boards at different
platforms: There is one battery platform, one power managing platform, one board computer
platform and a nadir-looking camera platform. Because the radiometer has to be nadir-looking
as well and should point towards the surface of Mars, it needs to be situated on the lowest plat-
form of the balloon. Therefore, it was decided that the radiometer should sit next to the nadir-
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looking camera module.

To tthe radiometer next to the camera module, a maximum size of 70 mm x 30 mm was
available. The connector with it's ribbon cable is placed on the smaller 30 mm side and points
away from the PCB (compare Figure 3.6a).

For the connection between the radiometer and the avionic platform, it was chosen to use four
corner-based M2.5 bolts. For optimal weight distribution across the bolts, they are placed
symmetrically to the PCB center in each corner. Figure 3.2 gives an overview of the system
design and how the radiometer is integrated as a payload of the Mars balloon.

(a) Isometric rendering (b) Side view

Figure 3.2.: System design and integration of the radiometer in the weather balloon
The electronics of the weather balloon consist of stacked printed-circuit boards. The lowest platform
contains the nadir-looking radiometer. Below this platform a foam insulation is attached, in which the
sensors and the aluminium body are integrated. The other platforms are not shown in detail here, only
the radiometer integration is highlighted. The side view in 3.2b highlights the view angle of each sensor
in yellow. Each of the three sensors has a similar view angle in a different spot, which results in the
seen view angle of the radiometer.

3.2.1. Temperature Stabilization of the Sensor Heads

For best results of radiometric measurements, it is important to have a stable temperature at
the cold junctions of the thermopiles. Previous radiometer design like the thealdidmeter

in 2018 with NASASs InSight mission have an active temperature stabilization with the help of
an integrated electrical powered heating system next to it's sensor heads [16]. This requires the
availability of additional electrical energy, as well as more space. For the radiometer design
presented in this thesis, these resources were not available and the engineering budgets were
limited. This is due to the fact that the Mars weather balloon is only powered by a battery and
does not have the possibility to recharge energy, for example with the help of solar panels [1].
Therefore, saving energy is critical for the radiometer. Because of that, it was chosen to rely
solely on a passive system for the sensor head temperature stabilization instead.

Due to this design decision, the thermal inertia of the sensors housing becomes important. If
the cold junction in a sensor responds too quickly to a change in environmental temperature,
the measurement may become unstable and imprecise. To counter these effects, it is possible
to stabilize the cold junctions by adding more mass to it, since objects with a higher mass re-
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spond slower to changes in temperature. In this presented radiometer design, this is done with
the help of an aluminium body, which is thermally connected to each sensor housing. Addi-
tionally, each sensor is placed symmetrically with the same distance to each other, in order to
evenly distribute the heat between each them. This increases thermal stability.

The aluminium body itself is designed symmetrical to it's center, as it can be seen in Fig-

ure 3.3. It is connected via three M2.5 bolts directly to the circuit board of the radiometer,

and houses the sensors. The sensors are then connected to the aluminium body with a heat-
conducting paste. The paste further increases thermal conductivity between the sensor heads
and the aluminium body. Inside this aluminium body, a cutout is integrated which contains the
Pt100 responsible for measuring the temperature of the aluminum body itself. In order to at-
tach it, the Pt100 is glued into the aluminium body with the help of a thermal paste. It should
be noted that the design of the aluminium body was made by Matthias Grott from DLR and is
not my own contribution to this project.

(a) Top Side (b) Bottom Side

Figure 3.3.: View of the aluminium body
The aluminium body sits on top of the thermopile sensors and is thermally coupled to their housings.
This helps to stabilize the thermopiles and reduces measurement uncertainty. Connected directly to the
radiometer circuit board, a Pt100 is glued inside the aluminium body to measure it's temperature. The
surface is at, the structure seen in the pictures comes from the manufacturing process.

3.3. Schematics Design

The schematics design for this radiometer heavily relies on previous developed radiometers,
in particular the radiometer for the upcoming MMX Mission by JAXA [9], and the® iR

diometer for the InSight mission [7]. In this chapter, the most important aspects of the schem-
atic design for this development are presented in detail, as well as the implemented testing
strategy, which is integrated in the schematic design. All schematics are appended and can be
found in the appendix in Figure A.3.1.
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3.3.1. Instrumentation Ampli er

The external signal conditioning of the measured signal is done by an instrumentation ampli-
er. Instrumentation ampli ers are characterized by their high input impedance, their differ-
ential ampli cation and low output impedance [19, pp. 1-2]. Their key components are oper-
ational ampli ers. Several different designs of instrumentation ampli ers exist, mainly with
three operational ampli ers, but designs with only two operational ampli ers are possible as
well. For this application case, an instrumentation ampli er con guration with two operational
ampli ers was chosen in order to save space. For the operational ampli ers, the 1ISL28227
[20] were chosen due to their low input bias currents (typical 1 nA), low offset voltage (typical
10 pV) and low offset voltage drift (typical 0.1 pV / °C). Additionally, this operational ampli-
er exists as a space graded footprint equivalent and can be directly replaced in the future.

Figure 3.4.: Schematic of the external signal conditioning circuit
The signal ampli er is situated between the ADC's multiplexer which selects the sensors and the
analog-to-digital conversion inside the ADC. Before the signal ampli er, the signal is multiplexed
through the internal multiplexer of the ADC. The ampli er has a xed gain of 11 and its common mode
input and output voltage is 2.5 V. For the operational ampli er the 1ISL28227 was chosen [20].

Input signals shown in Figure 3.4 are routed from the multiplexer of the ADC. This routing
can be seen in more in detail in the previous chapter, Figure 2.2.

C1 and C2 are stabilization capacitors for the corresponding operational ampli ers. They op-
timise it's feedback response for high frequencies. Capacitor C3 lters the differential output
signal and contributes to it's stabilization. Resistors R4 and R5 further stabilize the operational
ampli ers with their current-limiting properties. They also help decoupling the ampli cation
circuit from the traces which have to be driven by it.

R1, R2 and R3 determine the gain of the ampli er. R1 and R3 must have the same resistance.
The gain of the ampli er is then given by:

R1
G=1+2 - (3.1)

In this con guration and for this radiometer design the gain of the ampli cation is 11.

When choosing the electrical components, it is important to chose high precision resistors for
the gain determining resistors R1, R2 and R3, which are used in this radiometer design.
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3.3.2. Pt100

The developed radiometer measures a total of four individual Pt100. A Pt100, like any other
RTD, requires additional circuity to measure it's resistance, which is presented and explained
here. Since each Pt100 has similar functionality, the presented circuit is used for all Pt100s
across the radiometer. The aim of this circuit is to get a precise measurement of the Pt100's
resistance. Therefore, on one end of this resistor a buffered 2.5 V is applied, which is coming
from the voltage reference. The Pt100 is then connected via &#4@distor to ground. This

2.5 V voltage source is forming a current source together with theMigkistor and provid-

ing a nearly constant current, sined1l << R3.

Figure 3.5.: Schematic of Pt100 measuring circuit

The resistors R1 and R2 form together with C1 a RC low-pass lter, which has a time constant
of:
t = RC= Rl C1= 1KW 470 nF= 0:47 ms (3.2)

For calculating the resistance of RT1, the voltage drop across it is measured. Ohm's law is
used and for that current ow through the Pt100 needs to be known. The resistance of RT1 is
changing with the ambient temperature, but siRGd << R3, it can be assumed that RT1

is constant with 10@V, and any change in it's resistance will not affect the amount of current
owing through it. A temperature change of 25 °C leads to a change in resistafzR of

10W, therefore the relative error is:

DR_ 10W
Rai  47:1kW
This amount of error is negligible.

0:02% (3.3)

The owing current through RT1 is calculated as follows:

lai 47:1 KW (3.4)
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@ _ 25V
Rui 471 KW
The measured resistance can then be calculated with:

Ipti00= lan = 53.08 pA (3.5)

Uptioo _  Uptioo
lptioo  53:08 pA

With the help of the Callendar—Van Dusen equation, presented in Chapter 2.2, the temperature
of this resistance can then be derived.

Rpt100(Upt100) =

(3.6)

When choosing the electrical components for this circuit, it is especially important to choose

a precision resistor for R3. This resistor determines the current ow throw the Pt100, so it
should be precise, otherwise equation 3.5 cannot be assumed. Additionally, it is important

that this resistor has a low temperature drift, since it is only wanted to measure the temperature
drift of the Pt100 and not of the current-limiting resistor.

3.3.3. Implementation of Testpoints

During the schematics design phase, a testing strategy was created and later implemented in
the circuit board as testpoints. This enables easy testing of the circuit. Testpoints, later realized
as vias on the printed circuit board, are added across different circuit sections. Before and after
the ampli cation circuit testpoints are integrated. This way, the ampli cation circuit can be

veri ed and tested easily. Additionally, the voltage Itering circuit between the board's con-
nector and it's power rails are extended with testpoints. This allows the voltage Itering circuit

to be veri ed. Each measured signal by the ADC is also connected to a testpoint, these can

be used to control the measured voltage at the ADC with the voltage measured by an external
measuring instrument. These measured values should be be in the same order of magnitude of
the measured one by the ADC. Other signi cant points to measure are the signal lines between
ADC and microcontroller, but these are available at the connector of the radiometer. To meas-
ure these signals more easily, the testpoints are integrated on the development board, which
will be presented in Chapter 3.7 detall. It simulates the ight computer in order for easy test-

ing of the radiometer, therefore, it has access to all signal lines of the radiometer, which are
accessible on its PCB for testing.

3.4. Circuit Board Design

For the designed circuit board, it was decided to use a conventional rigid four layer PCB. In
more detail, a FR4 - TG 150 PCB with a total thickness of 1.55 mm and a copper thickness

of 35 um, manufactured with an ENIG surface nish was chosen. These are comparatively
cheap to manufacture and therefore suitable for a prototype development. The electrical com-
ponents were not assembled by the PCB manufacturer, but rather by technical personnel at the
DLR. This way, it was possible to create a custom assembly procedure and to assemble several
component groups step by step. Each component group was then tested independently. This
made troubleshooting easier. This accelerated the ef ciency of the development phase. The
assembly procedure is presented in Chapter 3.6 in more detail.

Regarding the grounding concept, it was chosen to use a shared ground plane for both digital
and analog signals. The four layer composition consists of these layers:
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Layer Description
Outer Top Layer Signal Layer
Inner Top Layer Ground Layer
Inner Bottom Layer Shared Power and Ground Layer
Outer Bottom Layer Signal Layer

Table 3.3.: Chosen circuit board layers and their functions

Each designed circuit board layer can be found in the appendix from A.3.2 to A.3.5.

All signal traces for measurements are routed on the outer top layer, as directly as possible to-
wards the ADC. This layer is where the ADC is located as well. Therefore, this layer contains
all critical analog signal paths which require a high degree of shielding. Because of that, the
inner top layer, which is the layer below, was chosen as a ground layer. This helps reducing
electromagnetic interference and helps to shield the signal traces by providing a better current-
return path for the signals.

The inner bottom layer distributes the two different voltages, 3.3 V and 5V, across the circuit
board. Since these voltages are only needed in certain areas of the circuit board, this layer is
not only lled with power planes, but also with ground planes.

The outer bottom layer is again a signal layer, which contains the external ampli cation circuit
and the passive voltage Itering of the power rails. Surface-mounted devices are placed on
both outer top and bottom layers, due to the small size of the radiometer and the lack of space.

The manufactured prototype of the radiometer is shown as a computer generated preview with
component placements in Figure 3.6.

3.4.1. Handling of Sensitive Traces

As already pointed out brie y, some traces need special attention when designing the circuit
board. The traces for all thermopiles to the ADC, and for all Pt100 to the ADC were regarded
as sensitive and special care was taken while designing this circuit board. For each measure-
ment it was chosen to perform a differential measurement. These traces are laid out as differ-
ential pairs. This way, each pair has a constant distance of 0.2 mm while the width of a trace is
set to 0.28 mm. The differential pair distance of 0.2 mm is based on the manufacturing capab-
ilities of the PCB manufacturer and chosen to be as small as possible. Furthermore, care was
taken to route a differential pair with the same length for each trace. This way, each trace has
approximately the same impedance which in uences the measured signal similarly to the other
trace in this pair.

Another point to increase shielding of these sensitive traces is to shield each differential pair
with a shielding track next to the it. The shielding tracks then surround the differential pair
where space permits it. As it will be pointed out in Chapter 3.4.2, the shielding tracks are all
on one potential and can be tied to ground, to 2.5 V or left oating. This is a placement op-
tion for later development and testing. The shielding of this design is shown in more detail in
Figure 3.7.

To further minimize disturbances to the measurement signal, the traces from the source to the
ADC were routed as directly as possible. Care was taken to not use vias, which would route
the signal through the circuit board and add more interference. Finally, the clearance between
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(a) Top Side (b) Bottom Side

Figure 3.6.: Computer generated view of the radiometer
Top side and bottom side computer generated view of the developed radiometer, already assembled
with components. The real radiometer looks similar, differences are the assembly of the crystal clock
X1, the external Pt100 at the top side at RT1 and the aluminium body, which will surround the sensors
on the bottom side. These reference images are used by technical personnel at DLR in order to
assemble the PCB.

a differential pair of traces to the next one was maximized. This further decreases inducting
capabilities and crosstalk between the different pairs of traces.

3.4.2. Grounding and Shielding Options

Two placement options have been added for this prototype radiometer. This allows for an op-
tional con guration of two aspects with different placements aWV@esistors: the voltage level
of the signal-shielding track and the grounding concept of the whole radiometer.

For the signal shielding track there are three different placement options available: Tying it to
ground level, to bias level (2.5 V) or leaving them oating. This can be set with the resistors
R31 and R32 as follows:
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Figure 3.7.: Detail of circuit board trace design with three differential traces, surrounded by
shielding traces
Each measurement is taken differentially and routed directly to the ADC, which is located to the
upper-right. The differential traces are next to each other, they are surrounded by a shielding trace,
which are highlighted in blue for better visibility. Therefore, three to four traces are visible here, which
corresponds to one measurement. Each differential pair is laid out in a way that it has a big distance to
the next differential pair. All shielding traces are connected to each other and are on the same potential.

Signal Shielding Track Voltage Option Placement of Resistor
Ground (0 V) R32
Bias (2.5V) R31
Floating do not place either of the resistors

Table 3.4.: ONresistor placement options for setting the signal shielding track voltage of the
radiometer

At this point of development a system-grounding concept of the weather balloon was yet to be
decided. Therefore, the radiometer is designed to support all mounting holes as either oat-
ing or grounded. This can be set by assembliMyr@sistors for grounding the corresponding
mounting hole. If it is wished to leave them oating, the resistors should not placed.
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Mounting Hole

Placement of Resistor

MHZ1 (upper-left corner of PCB) R1
MH2 (upper-right corner of PCB) R2
MHS3 (lower-left corner of PCB) R3
MH4 (lower-right corner of PCB) R4
MH5 (aluminium body, upper hole) R30
MH®6 (aluminium body, lower-left hole) R33
R35

MH7 (aluminium body, lower-right hole)

Table 3.5.: Resistor placement options for choosing the grounding concept of the radiometer
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3.5. Firmware Design

3.5.1. Overview

An integral part of the development of this radiometer is not only to develop and layout the
electronics, but to develop the rmware for it as well. The purpose of the rmware is to con-

trol the radiometer, its startup, its measuring routine and to provide an interface for the ight
computer to interact with. The control between the ight computer and the radiometer is primar-

ily handled via the SPI interface, as well as with additional digital control pins. An overview

about the hardware interface is given in Table 3.2. The software interface of the radiometer
should be as small, easy and safe as possible to use for other engineers and software developers,
on which focus was laid in this development.

For the Mars weather balloon, it was chosen to use the microcontroller ADUCRF101 by Ana-
log Devices as a ight computer. This features an ARM Cortex-M3 processor at the core, as
well as an integrated RF transceiver, which supports transceiving data in the ISM radio band
of 431 MHz to 464 MHz [17]. The ight computer controls multiple different scienti c in-
struments, like pressure, temperature, humidity sensors and accelerometers [1]. Currently
the ight computer is not a real-time operating system but a bare-metal system. Therefore,
scheduling or multi-threading is not supported at the moment. Instead, data from each sci-
enti c instrument is polled sequentially and each poll should only last a prede ned time. At
the moment every driver of a instrument needs to ensure that by itself, since the microcontrol-
ler has no possibility to intervene due to the lack of a real-time operating system. Because of
that, special care was taken to prevent the developed rmware from being blocked. This is ex-
plained in more detail in Chapter 3.5.6 about the handling of errors and timeouts.

The development of the rmware was done in the programming language C++. The rmware
has to be easily recon gurable via static code changes, as well as maintainable and follows
DLR's internal C++ coding standard for avionics systems. It cannot be recon gured while the
ight computer is running, and therefore provides safety against unwanted recon guration.
For the design of the software, the principle of object orientated encapsulation was followed.
Therefore, two classes were creatdds1258the driver for the ADC anéRad an extension

of the ADS1258 driver with custom con guration and measurement procedure.

Additionally, two integration tests were created in order to test the radiometer. Both integra-

tion tests are directly ashed to the ight computer, either to the one used during ight opera-
tions, or to the development board of the radiometer. The rst and smaller test, oadlale-
rad-one-channel-tessets up the radiometer and continuously measures one channel. It formats
the output as a CSV (comma-separated values) table, which can be directly exported and viewed
by a spreadsheet program. The sample length, the number of measurements and the measured
channel can be con gured before the test case is ashed to the microcontroller.

The second test case, nammadble-rad-complete-tesiesembles the complete measurement
procedure taken by the Mars weather balloon during the mission. Here, each channel is meas-
ured with a duration of one second, then the driver switches to the next channel. If all 8 chan-
nels are measured once, the measured data is returned to the ight computer together with cor-
responding timestamps and other instruments can be polled. In this test case, it is only possible
to set an amount of repetitions of this measurement routine. Con guration of the measurement
routine itself is not desired since any change here could alter the measurement uncertainty of
the radiometer.
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3.5.2. Internal Oversampling

In order to explain the upcoming algorithms, the procedure how sampling in the ADC works
must be explained rst.

The radiometer performs oversampling at different stages - internally and externally. Internal
oversampling is done by the ADC itself, external oversampling is performed by the ight com-
puter.

Internal oversampling of the ADC is shown in Figure 3.8. The ADC is set to oversample 64
samples internally, which is the maximum amount it can oversample. Additionally, a 384

ps delay is set to be performed after each channel switch. Since the ADC is set to chop the
measurement, an inverse measurement has to be performed. The ADC starts with switching
to the channel to be measured, then it pauses for 384 us. After this 64 samples are taken and
averaged. When this is completed, the same procedure will be repeated, but with inverting
the channel to be measured for chopping. These measurements will be averaged again with
the previously taken measurements. The whole measurement takes around 2 ms, the result of
this measurement is returned to the ight computer. From the view of the rmware, this is re-
garded is one sample. The rmware itself performs oversampling with these samples, which
will be presented in the upcoming algorithm part.

Figure 3.8.: Composition of internal oversampling of the ADC

3.5.3. Measurement Procedure

The following owcharts show the measuring sequence of the radiometer and the algorithms
used in this rmware. Their procedures and the occurrence of possible errors are shown here.

At the beginning the radiometer is initiated with an initialization routine, caRed::init. This

writes the register settings shown in Table 3.6 to the ADC and con rms them. When the ra-
diometer driver is initiated, it initializes the ADC. First, it is being reset via a digital pin, then

all registers are read and checked if they contain the default values. If successful, the driver
writes the custom register settings to the ADC, which is then read back and checked. This pro-
cedure returns whether it was successful. This routine is shown in Figure 3.9.

After this initialization phase, data from the radiometer can be polled by callinBalde measure
function, whose routine is shown in Figure 3.10. This procedure oversamples each channel of
the radiometer sequentially. The functiBad::measurés the main function of the radiometer
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and handles its measurement procedure. First, it switches to the channel which should be read
and checks if the switch was successful. If not, the procedure immediately aborts, otherwise a
prede ned number of samplesare fetched and discarded (called sample discard). This num-
berx is con gured such that signals are stable after switching of a charmlegpends on the

time constant of the low pass Iter and should not be recon gured. It is checked again if an
error occurred and eventually the function aborts. After this sample discard, the set channel is
oversampled a prede ned (and in the owchart unspeci ed) number of times. If no error oc-
curred, this procedure is repeated for the next channels until all eight channels are measured.
Then, all samples are returned with corresponding timestamps to the calling routine at once.

The functionRad::measureelies on two other subfunction8ds1258::getSamplg-igure
3.11) andAds1258::getDataAndOversamleigure 3.12).

The sample functiohds1258:.getSampletrieves one sample from the ADC, here a timeout

is implemented so it cannot block the central processing unit (CPU) for too long. First, it ac-
tivates the "Chip Select" pin of the SPI interface, then it polls the "Data Ready" pin until it is
active or an timeout occurred. If a timeout occurred, the "Chip Select" pin is deactivated and
the procedure aborts with an error. If the "Data Ready" displays a valid sample, this sample
is read from the ADC and the "Chip Select" pin is then deactivated. The sample is returned to
the function caller and marked as successful.

The oversample algorithids1258:.getDataAndOversampgiderforms oversampling of a

channel. Additionally, this function takes a timestamp before the measurement is taken, which
is returned besides the sample. First, it saves a timestamp and starts sampling. The function
takes a number afumTotalSamplesamples, given as a function parameter. It holds a counter
variableX, which contains the current number of samples which were already taken. On every
execution of the loop, the counter variaBdés incremented. The function takes a sample with

the Ads1258::getSampleinction and adds it to thallSamplessariable. This loop is repeated

until all samples are collected successfully. Otherwise, if an error occurs, the function imme-
diately aborts. If no error occurred, the average is calculated by dividing the two variables, and
the sample and timestamp are returned.

It should be noted that for a clearer representation of the ow charts potential occurring SPI
read or write errors are not shown in the owcharts. If one of these errors occur, the algorithms
perform necessary recover steps, like deactivating the "Chip Select" pin in Figure 3.11, and
abort with an error.
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Figure 3.9.: Flowchart of function Rad::init in radiometer driver

Figure 3.10.: Flowchart of function Rad::measure in radiometer driver
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Figure 3.11.: Flowchart of function Ads1258::getSample in ADS1258 driver

Figure 3.12.: Flowchart of function Ads1258::getDataAndOversample in ADS1258 driver
3.5.4. ADC Con guration

The con guration of the ADC is shown in Table 3.6. Here all registers of the ADS1258-ep
are described with an explanation of why these settings are chosen. TheDpria xhe con-
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guration column stands for a number in binary representatixrepresents a hexadecimal
number. The rst rows separated by dashed lines are accessed by the I€QI8IEIGQ The
rows fromIDLMOD to DRATEare set with the regist€ ONFIG1

Since the ADC is set to Fixed-Channel mode, some register settings do not have any effect,
this is marked with "does not care". In these cases the default register con gurations are set.
More information about the functionality of the registers can be found in the ADS1258-ep

datasheet [18, pp. 37-41].

Register Name

Register
Setting Bit(s)

Con guration

Explanation

Timeout option for SPI interface reset,

COTHSR  seReT Y does not matter for this driver
MUXMOD Ob1 . _ Fixed-Channel mode,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, driver switches the channel manually
,,,,,,,,,,, BYPAS __Obl_____________ Activates external signal conditioning
CLKENB 0bO Disable generation of an exter.nal glock s_lgnal
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (not used in this design)
CHOP Ob1 Actl\./ates.S|gnaI chopplng', one sample is
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, measured twice with reverse polarity and averaged
Default settings, does not care
STAT 0b0 because of Fixed-Channel mode
Does not care,
conmer brweb e ADC does not idle i this design
Sets highest internal delay
,,,,,,,,,,, o % of3sdpsafierasample wastaken
SBCS 0b0O0 Deactivates sensor blas_ curr_ent source
U7l _________(teawreisnotusedin this design)
DRATE 0b00 nghest possible internal oversampling
with 64 samples for one oversample
. Sets the channel combination
MUXSCH al changing which should be measured
Default settings, does not care
MUXDIF al 0x00 because of Fixed-Channel mode
Default settings, does not care
MUXSGO al OXFF because of Fixed-Channel mode
Default settings, does not care
MUXSG1 all OXFF because of Fixed-Channel mode
Default settings, does not care
SYSRED al 0x00 because of Fixed-Channel mode
GPIOC all 0X00 All GPIO (g_eneral—purpose input/output)
pins are con gured as outputs
GPIOD all 0x00 All GPIO pins are tied to ground

Table 3.6.: Register con guration for the used ADC (ADS1258-ep)
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3.5.5. External Oversampling

The radiometer should sample a channel longer than the maximum internal oversampling
time. For that the previously presented oversampling algorithm in the rmware is implemen-
ted. Oversampling performed by the rmware is called external oversampling. In this chapter
the number of samples for 1 s of external oversampling is calculated, as well as the integration
time of this sample. The integration time is the time the measurement is actively being taken.
This time is an important quantity when calculating the noise performance and is important in
future work.

For the calculation of number of samples for external oversampling, the equation given in the
datasheet is used to calculate how many samples per second can be taken by the ADC [18,
p. 19]

feik

Data Rate (Fixed-Channel Mode)128(40b11 bR+ CHOP(4:265625r TD)) 25H0P 3.7)

with the settingsCHOP= 1, DR= 0b00, TD = 48, fox = 15729 MHz.

These settings result from the con guration given in Table 3.6 in combination with corres-
ponding information from the datasheet. The internal clgkis given by the "clock out-

put frequency for internal clock” in the datasheet [18, p.T4D is the "Time Delay” which is
given by a table in the datasheet [18, p. 22, Table. 5].

This leads to:
Data Rate (Fixed-Channel Mode)528 Sps (3.8)

which is slightly larger than the 1075/ 2 = 537.5 Sps given in a reference table in the datasheet
[18, p. 22], which was calculated with a higher clock speed of 16 MHz. In this design a crystal
oscillator is directly tied to the ADC for clock generation, which results in a lower clock speed
of 15:729 MHz.

To reduce noise it was decided that the radiometer measures each channel for 1s, and discard
the rst 32 samples of this measurement. The decision was made because of measurements
results in Chapter 4.1.1. Here, different measurement procedures and settings were tested

to nd the setting which leads to acceptable noise and low offset voltages. Since the rst 32
samples are discarded and the ADC can take 528 samples per second, this leads to:

Nis = 528 samples 32 samples 500 samples (3.9
for measuring a channel around 1 s. Therefore the rmware is set to oversample 500 samples

into one sample.

Note that 1 s is not the active time the channel is integrating the measurement because after
each measurement a pause of 384 ps is done. This delay is con gured in the @gistEee
Table 3.6) and it was chosen to have the highest possible delay value. This gives the channel
time to settle after switching of a channel.

To calculate the time a channel is integrated if the measurement is performed one second, one
has to subtract the waiting time for this measurement from one second. The ADC waits twice
for one sample, once before the rst measurement is taken and once after the channel is inver-
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ted in order to perform chopping. A diagram of this can be seen in Figure 3.8. This then leads
to:
t500active Samp|e: 1 S (2 500 tde|ay) = 1 S 384 ms= 616 ms (311)

This time is an important quantity when calculating the noise performance and is important in
future work.

3.5.6. Error Handling

While the radiometer is operated by its driver, different errors could occur and should be handled.
This chapter gives an overview of potentially occurring errors and describes strategies for
handling them.

One potential error source is the SPI communication. Here, reading or writing might not work
or timing errors could occur. Therefore, timeout functions have been implemented, so the SPI
communication cannot block the ight computer with waiting forever for a signal to occur.

Another possible error could be that the "Data Ready" pin is never toggled by the radiometer.
This could happen if there is a fault in the connection between the radiometer and the ight
computer, for example if the radiometer is plugged out while a measurement is performed.
Here the driver should have a timeout function implemented in order to detect this error.

Further, writing a con guration to the ADC could not be successful and the ADC may not
save it. Therefore, a write to a register is always followed by a read back of the same register.
If the read data does not match the written one, this is regarded as an error, since the ADC
should directly change it's register value to the intended one.

In the current driver design, each occurring error is handled the same way and aborts the whole
procedure. If an error occurs, the function which detected it returns an error to the caller of

this function. If this caller is again part of the driver, it throws the error again to the calling
function. This is repeated until the caller is the ight computer itself. The ight computer

should repeat calling the main measuring function until it is successful. If the function call

fails too often, most likely there is an electrical failure, and then the usage of the radiometer
should be completely aborted. Power cycling could also be implemented in the ight computer
in order to restart the radiometer properly.

Currently the caller does not know why the radiometer driver throws an exception and where
this exception originates. This can be improved in the future and is included in future work,
but for this prototype it is suf cient to know an error occurred.

In order to help debugging, each class can be set to a debug mode. This way, debug messages
will be printed via the serial interface whenever an event of interest happens. This is not suit-
able for use during ight operations and does not replace a logging system, but this debug sys-
tem could be modi ed into a logging system in the future.

At the current phase of development, the used microcontroller does not support multithreading
or has a process management system since it is a bare-metal system and not a real-time operat-
ing system. Therefore, it is crucial to ensure that the driver of the radiometer does not stay in a
blocking state for too long. To ensure this, blocking functions and code snippets are identi ed
and for each a timeout function was implemented.

Luca Moritz Jungnickel, # 406963 33



3. Design and Development

3.5.7. Data Processing

To evaluate the raw measurement data, two different rmware integration test cases, a python
preprocessing script and a MATLAB plot script, were developed for easier and faster data pro-
cessing. Each of the two integration test formats its output as a CSV table. Both test cases
work the same way, the CSV table stores the measured data, their corresponding timestamps
and their measured channels. The serial output of the microcontroller then is directly saved as
a CSV table.

After the complete integration test has been performed, the generated table must be addition-
ally preprocessed. For this, the developed python preprocessor script is used, which creates
eight tables, one for each measured channel, out of one input table. Besides that, the script re-
names the channels for easier interpretation of the data. After the le is preprocessed, it can be
plotted. Here the MATLAB script is used, which plot&Jdt) diagram as well as a histogram

of the measured voltages for each channel. The histogram is supplemented with the measured
average and the standard deviation &f Additionally, the script calculates the measured aver-
age and the standard deviation of the given channel and writes it separately to a le.

3.6. Startup Procedure

For better testing of the radiometer prototype, it was decided to not assemble all components
at once. Instead, each component group was assembled and tested with a previously de ned
test strategy. The next assembly step was only done if all previous tests were successful. The
assembly was done at the Institute of Planetary Research by technical personnel and each
component group was hand soldered to the circuit board.

Due to limited time for the thesis, the radiometer was assembled and tested until the point of
when the sensor simulators are attached. These sensor simulators consist of resistors with a
similar resistance than the real sensors, but have no functionality. They are high precision res-
istors with a low temperature coef cient, in order to measure the temperature drift behaviour

of the radiometer channels. This test and its results are presented in the next chapter. The last
step to completely nish the radiometer is calibrating it and gathering nal engineering budget
data about the project, like noise and NETD performance.

The rst assembly step regards all passive components like resistors, capacitors and inductors.
These are assembled to the PCB. As a result, the passively Itered voltages 3.3 Vand 5V are
applied to all corresponding traces and pins.

In a second step all operational ampli ers and the voltage reference are installed. After that,

the external signal ampli cation can be tested by applying an external signal to the signal

ampli er with the help of corresponding testpoints. Hergaanof 11 is expected. Addi-

tionally, the 2.5 V bias voltage generated by the voltage reference is applied and measurable at
the correct pins and traces.

The third assembly step regards the component group of the ADC. In this step, the ADC and
the crystal oscillator are assembled. Further, the external Pt100 channel inside the aluminium
body is substituted with a 108/resistor to simulate the Pt100.

Now, the radiometer can be tested with the development board. The driver is tested as follows:
Itis ashed to the microcontroller and should produce rst valid measurements of the external
Pt100 channel and the external offset channel. Since the other channels are not completely
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assembled yet, their measured data should not be overinterpreted. Still it is expected that the
measurements of the not assembled Pt100 channels should result in 2.5 V, and the thermo-
piles should oat around 0 V. This is due to their schematic designs and can be seen in Chapter
3.3.2in more detail.

The calculation of the current ow through the Pt100 channel was done in Eq. 3.5 and resulted
in Iprioo= 53:08 MA. Then, the voltage measured at the assembled Pt100 channel (substituted
with a 100N resistor) should be around:

Upt100= Ret100 Ipt1o0= 100W 53:08 pA= 5:308 mV (3.12)

Umeas= Upt1oo gain= 5:308 mV 11 5839 mV (3.13)

The voltage measured at the external offset channel should be around 0 V and should only be
of the order of pV, which represents the offset voltage introduced from the circuit board and
their components.

The next assembly step includes assembling sensor simulators instead of the real ones. These
sensor replacements consist of resistors with a similar resistance and a low temperature coef-
cientof 5 ppm/°C. The behaviour of each channel at different temperatures is then meas-
ured. With this data it is possible to determine the measurement uncertainty of each channel
and how this uncertainty drifts with temperature.

Figure 3.13.: Radiometer with assembled sensor simulators
The sensor simulators were installed in order to measure temperature drifts between -20 °C and +60 °C.
The sensors are substituted with high precision resistors with a low temperature drift ppm / °C.
More details about this con guration and its results can be found in Chapter 4.2.

The last step for nishing the radiometer would be removing the sensor simulators and the 100
Wresistor from the external Pt100 channel. Now, all thermopile sensors and the real Pt100
would be installed. After that, the aluminium body would be assembled and the Pt100 would
be glued inside it. Now the radiometer should be calibrated with a laboratory black body and
nally integrated into the prototype Mars weather balloon. This step was not done within the
scope of this thesis, but for completeness it is shortly described here.
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