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Abstract— The measurement of NO2 abundance in the air is of
interest for monitoring pollution sources and air quality. A new
instrumental concept has been recently introduced, which makes
use of an acousto-optical tunable filter (AOTF) as the main
component of a spectral imager. With the capability of resolving
the absorption spectrum of NOz, and a high spatial and temporal
sampling, this instrument can be seen as a NO2 camera. In this
instrument, the selection of different optical wavelengths by the
AOTF is done by applying an RF signal to the AOTF. The selected
frequency and the applied amplitude are key parameters for the
quality of the measurements. The design and assembly of an RF
chain, consisting of an RF generator and RF amplifier, will lead to
an electronics bench capable of driving the NO2 camera. In view
of a potential spaceborne application of this instrumental concept,
the design of the RF generator is only making use of space-
qualified components. The current study focuses on the
development of this part of the electronics bench.

Index Terms— AOTF, radio frequency (RF), PLL, NOg,
imaging system, spectroscopy.

I. INTRODUCTION

ITROGEN DIOXIDE (NOz) forms in combustion

reactions, such as the ones taking place in vehicles’
engines, oil firing heating systems, or coal and oil firing power
plants. Due to its relatively long lifetime in air, and because of
its harmful effects on respiration [1], it is a key species to air
quality. In urban areas, air pollution is traditionally sampled and
monitored by networks of air analyzers. However, these
networks, although valuable for triggering pollution alerts,
provide too much localized information to grasp the global
picture of the air pollution at the city scale. On the other side,
space-borne air quality sensors of the latest generation (e.g. the
ESA Sentinel-5P mission) still do not achieve the necessary
spatial sampling either. To a large extent, the question of how
to best monitor urban air pollution remains open.
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Apart from densifying the current air analyzers networks,
another approach is to rely on remote sensing instruments. So
far, most of these instruments have been relying on grating
spectrometers offering a high accuracy, but a limited spatial
resolution [2]. In order to improve on this aspect, a new type of
remote sensing instrument has been developed. It is a spectral
imager based on an acousto-optical tunable filter (AOTF)
which is efficient at detecting the distribution of NO, with a
high spatial and temporal resolution. Applying an AOTF in a
spectrometer is a technique already used before [3], but also
other applications are feasible [4].

The instrument principle and its application to the
measurement of the NO2 plume released by a coal-burning
power plant has been described in Dekemper 2016 [5].

The development of this instrument originates from the ESA
ALTIUS mission (Atmospheric Limb Tracker for the
Investigation of the Upcoming Stratosphere) [6, 7]. This
mission has the aim to measure atmospheric trace species
concentration profiles with a high spatial resolution. Three
independent channels will be responsible for the acquisition of
spectral images of the bright atmospheric limb at specific
wavelengths in different spectral ranges, namely ultraviolet
(from 250 to 400 nm), visible (from 440 to 800 nm), and near-
infrared (from 900 to 1800 nm). The visible channel was
breadboarded at an early stage of the project [8] using a TeO;
AOTF and served as the basic idea for the NO, monitoring
instrument. Several adaptations are introduced compared to the
previously designed ALTIUS visible channel breadboard. The
used spectral range is reduced to 430 - 470 nm, the used camera
is changed from a mechanical shutter principle to a CMOS
based design, the applied steering electronics are changed and
the total length of the instrument is reduced. The aim is to
translate this ground based instrument into a space based
payload on board a spacecraft platform in a later stage. For this
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Fig. 1. Setup of the instrument (optical and electronic bench).

reason, the used electronics has to be in line with approved,
qualified and available space grade components.

The purpose of this study is to clarify, from a technical point
of view, the working principle of the instrument and more
specifically the driving electronics as a whole and the PLL
(Phase Locked Loop) RF generator in particular.

Il. INSTRUMENT PERFORMANCE REQUIREMENTS AND
GENERAL INSTRUMENT SETUP

During the design phase of the instrument it became clear
that the design would be constrained by practical and scientific
requirements. Several design parameters were imposed, each
flown down from the scientific requirements. In Table 1 the
most prominent parameters are listed. In the following the
necessity of these parameters is discussed.

A. Portability

The instrument has to perform a full-day measurement on
battery power, which automatically imposes a low power
consumption. Additionally, the setup has to be light and
portable to reach remote measurement locations such as roof
tops, volcanoes and high mountain tops.

For the reason of portability and lightweight, the setup of the
instrument consists of two parts: one part is known as the
optical bench and the other contains the driving electronics
(Fig. 1). Both benches are housed inside two separate boxes and
combined onto a baseplate which can be mounted onto a tripod
for azimuthal and elevational optical alignment of the observed
scenery. The splitting of the instrument into two boxes
originates from the avoidance of any heat transfer from the
electrical towards the optical bench. Due to additional heat, the
optical alignment of the instrument can be perturbed.
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Fig. 2. General RF system overview.

TABLE |
RF GENERATOR DESIGN PARAMETERS

Requirement Value
Frequency Range 130 - 160 MHz
Unwanted spectral components in RF <-30dBc
output
Nominal load 50 Ohm
RF generator accuracy 1kHz
RF long term (10 s) frequency stability 5 kHz
Phase noise < -120 dBc/Hz at10 kHz
RF resolution 5 kHz
RF generator output power >+3dBm

RF output power at AOTF transducer
side

Stabilization time RF system

RF output power uncertainty

100 MW (+ 10%)

<5ms
1mw

B. Optical design

The imaging aspect of the instrument is one of the features
that makes it better adapted to capturing 2-D fields of NO;
above cities or emission sites. The optical setup consists of a
pupil and a lens to bundle the light into the AOTF which is
surrounded by two polarizers. The first order of diffraction of
the AOTF is collected by relay optics which eventually focuses
the spectral image onto the CMOS detector. The undesired part
of the optical spectrum is filtered out by the cross-orientation of
the polarizers, and a beam stop.

C. Framerate

In order to leave as much time as possible to the signal
integration at detector level, the tuning of the AOTF driving
frequency was required to take less than 5 ms. A dedicated
software was developed in order to orchestrate the different
steps of an image acquisition. The final frame rate depends on
the scene luminosity, but the target is 10 Hz.

D. Tuning range and optical wavelength selection

The AOTF serves as a filter to select different optical
wavelengths. The working principle of the AOTF is based on
the interaction between sound and light inside a birefringent
crystal [9, 10]. The applied RF signal is translated into an
acoustic wave inside the crystal (made of TeO,) by the use of a
transducer. Additionally, the acoustic wave interacts with the
incoming light waves inside the crystal so that by momentum
matching a narrow portion of the light diffracts in a different
direction.

The AOTF used in this instrument is a commercial product
from Gooch and Housego, which was described in detail in [5]
and [8]. Its transparency domain ranges from 350 nm up to 3.5
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Fig. 3. Fully electrical design concept.

pm. For the remote sensing of NO», most instruments select the
region between 400 and 500 nm because the absorption by the
molecule is the strongest and interference by ozone is at its
lowest (see [5] for the absorption spectrum of NO, measured
with this AOTF). For this NO2 camera, we focused on the
region 430-470 nm, which, according to the laws of acousto-
optics and for this particular AOTF, corresponds to acoustic
frequencies ranging from 130-160 MHz.

The advantage of using an AOTF compared to a filter-based
solution, is that any optical wavelength within the given range
can be selected simply by tuning the acoustic frequency. For
our application, we needed an instrument capable of resolving
the structures of the absorption cross-section of NO,. These
structures are adequately sampled at 0.1 nm. The corresponding
sampling in the frequency domain is given by the derivative of
the tuning curve as in (1):

df = Mf(n) .dA. )

For A=450 nm, and f=150 MHz, one obtains df~=30 kHz.
Taking some safety margin on this number, the RF tuning step
was required to be smaller than 5 kHz.

The accuracy of the RF tuning was required to be as small as
1 kHz, ensuring that the wavelength uncertainty would be much
smaller than 0.1 nm

A typical exposure time of 1 second is used for the imaging.
Adding margin, the requirement of 5 kHz in a time interval of
10 seconds is taken as the RF long term frequency stability. The
5 kHz value is based on (1) and on the wide bandwidth of 0.7
nm (or 200 kHz) of the AOTF. This also means that any phase
noise appearing in the RF signal won’t have any effect on the
performed imaging.
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Fig. 4. PLL RF generator principle.
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Fig. 5. Measured VSWR curve of the implemented AOTF.

E. RF amplitude

The efficiency of the acousto-optic interaction can be
controlled by the acoustic power sent into the crystal [10]. For
this particular AOTF, and in the region around 450 nm, the
optimal acoustic power should be around 100 mW. This value
varies smoothly as a function of the wavelength. As it will be
later explained, the analysis of the data always uses a
normalization step either with some reference area in the image
itself, either with another image acquired at the same
wavelength. Therefore, what really matters is the repeatability
of the setting of the acoustic power in the crystal. An
uncertainty of 1 mW is tolerated for the reproducibility of the
driving power. In second position comes the achieved acoustic
power, which is 100 mW £ 10 %. With the latter requirement,
one makes sure that most photons are indeed captured in the
acousto-optic interaction.

F. Spectral purity

The instrument design was made robust against RF
generation harmonics by using an optical band pass filter
centered at 450 nm and delivering a bandwidth of 50 nm. By
doing so, one makes sure that potential frequency harmonics
will not find the corresponding photons in the AOTF, as they
will be extinguished by the band pass filter beforehand.

Other spurious frequencies are required not reach an
amplitude larger than -30 dBc, which guarantees that only the
requested frequency has the necessary amplitude to drive the
acousto-optic interaction. For this the RF-zero power filter is
implemented.

1. ELECTRONIC DRIVING SYSTEM

As mentioned, an RF-driving mechanism is needed to make
the birefringent crystal distinct between two optical beams. In
general, this system is composed of an RF generator combined
with an RF amplifier coupled to the transducer of the AOTF by



ek Prevu [T ——— ————
]
Start point End point
+4 ms
o
| g
v v
-
(@ 1.00v @ s0mv e )
Value Mean  Min Max Stdbev | FT T
3 S00ps (250075 Hm
@) Frequency - \[ﬁ*'&ﬁﬂﬂooms |20M points J

Fig. 6. Stabilization time switching from highest to lowest frequency.

an impedance matching network integrated into the AOTF-
housing (Fig. 2).

For the driving electronics bench, two RF generators are
combined together with one RF amplifier to have a partially
redundant system. One RF generator is based on the PLL, the
second on a commercial of the shelf DDS-DAC (Direct Digital
Synthesis - Digital to Analog Convertor) principle.

In Fig. 3 the full electrical design is shown. The PLL and
DDS-DAC RF generator, together with a switching mechanism,
the RF amplifier, the digital control devices, the temperature
probe and the voltage conversion are indicated on the block
diagram.

The core of the driving system is PCB 2 and 3 containing the
PLL and DDS-DAC RF generator respectively. The possibility
exists to switch between both RF generators. The output of the
RF generators is attenuated to fulfill the allowable input power
level of the Minicircuits RF amplifier [11].

The signal enters a so called ‘RF-zero power filter’ (PCB 4).
This filter is a third order hourglass band pass filter in which
only the requested frequency range (130 to 160 MHz) is passed.
The filter has a pass band attenuation of 6 dB and a stop band
attenuation of 20 dB. The attenuation obtained by using this
passive filter is compensated by the output power of the RF
generators. The RF amplifier increases the amplitude of the RF
signal to 100 mW so that an optimum diffraction efficiency can
be maintained in the AOTF. The temperature probe, mounted
in the vicinity of the AOTF, monitors the ambient temperature
during measurements so that the temperature variation can be
taken into account due to thermal drift in the AOTF. The USB
driving of the microcontrollers for both RF generators, as well
as the temperature probe readout are all connected to a single
chassis mounted USB connection at the outside of the electronic
box. The power handling (PCB 1) is done by the use of several
DC-DC convertors. driving each electronic module in the
system. The input voltage is a battery of 24 V DC, converted by
the DC-DC-convertors to 1.8V, 12V, 15V, -15V and 3.3V.

IV. RF GENERATOR CONCEPTS

The generation of an RF-signal is a crucial part in the driving
of the AOTF. For this, and testability reasons, two RF
generators are implemented in the design to obtain redundancy.
One generator is based on a PLL approach, the other on a
commercially available DDS-DAC AD9910 evaluation board
[12].

As mentioned earlier the idea is to translate this instrument
into a possible future scientific space mission. This means the
used components have to have a space grade model available
on the market. To select the appropriate RF generation
technique, a trade-off is performed between different RF
generation techniques suitable for space applications such as
SSB-mixing (Single Side Band) and PLL [13, 14]. Also other
possibilities were investigated such as repackaging of a
commercial DDS-DAC chip into a space grade package, as well
as using an ASIC (Application Specific Integrated Circuit).
Based on this trade-off, the PLL based RF generation technique
came out as the best setup to be in line with low costs, agency
(e.g. ESA European Space Agency) approved, qualified and
available on the market space grade components.

Notwithstanding this, two RF generators are implemented
from a redundant as well as from a testability point of view. A
long term testing of the transferable space grade PLL RF
generator can be performed and compared to the commercial
implemented DDS-DAC RF generator. This latter is a
commercial evaluation board and is built in the instrument as
such. In this study only the PLL based RF generator is
discussed.

The design originates from a preliminarily designed RF
generator for ALTIUS [15]. The used components are hence in
line with the space qualified components proposed in the
preferred part list of ESA. Although this is less relevant for the
proposed ground based instrument, having a space qualifiable
setup gives a good starting point for a possible transfer of the
instrument concept in a space mission.

The design of the PLL core consists of a space-qualified
frequency synthesizer of Analog Devices (ADF4108) [16], in
combination with a VCO (Voltage Controlled Oscillator) of
Minicircuits (ZX95-2500W+) [17] (Fig. 4). A custom-designed
active loop filter is connected to the charge pump of the PLL.
This filter is built around an operational amplifier of Analog
Devices [18]. An active version is selected instead of a passive
due to the requested high input voltage range of the VCO.

The output frequency of the VCO is too high for the
requested frequency range, so two additional space-qualified
dividers of Peregrine Semiconductor/E2V [19] are used. By the
use of an 8-bit PIC microcontroller (PIC18F46J50) of
Microchip [20] the PLL is controlled via the programmable
frequency synthesizer.

V. MEASUREMENT RESULTS

To calibrate the final RF system different output power levels
were measured at the transducer of the AOTF, taking into
account the VSWR behavior of the transducer of the AOTF.
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This VSWR was measured (Fig. 5) and subsequently, the final
output power of the amplifier was calculated.

In the next paragraph, the compliance with the design
parameters (Table 1) will be examined. The spectral output,
resolution, phase noise, stability and unwanted spectral
component suppression of the used PLL RF generator concept
is already investigated in previous papers [13 — 15].
Nevertheless, these measurements were redone on the current
designed setup. As a summary the measured values are given.
The phase noise measured at 10 kHz offset is -101 dBc/Hz over
the complete frequency range. Like stated above, this value has
no effect on the performed NO, measurements. By
programming the frequency synthesizer at different
frequencies, a spectral output resolution of 5 kHz is achieved.
The long term frequency stability of the RF signal (5 kHz) is
also within the requested limit of 10 seconds. The reference
signal generates harmonics which are out of the range of the
applied frequencies (130 to 160 MHz). The additional use of
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Fig. 9. Camera current peak at initial startup.

the RF-zero power filter (band pass between 130 and 160 MHz)
will remove the generated harmonics.

A. Stabilization time

To achieve a high framerate, a quick switching between two
frequencies is necessary. For this the requirement of generating
a stable RF output frequency has to be checked. The
measurement starts from the moment a command ‘providing a
specific frequency’ is sent to the frequency synthesizer by the
microcontroller. This is indicated as the start point (Fig. 6) from
which the stabilization time is measured. The end point
indicates the point where the RF generator has a stable output
frequency. Adding some margin, the results show that around 4
ms are needed to have a stable signal, after switching from the
highest to the lowest frequency. The software which drives the
switching of the frequencies takes an additional 1 ms tolerance.
By this, the requirement of 5 ms is fulfilled.

B. Output level

The final requested output power at the transducer of the
AOTF is set at 100 mW fix for the complete frequency range.
A tolerance of 10% is allowed. The attenuation imposed by the
VSWR of the transducer has to be taken into account.
Measurements have been carried out to check the output level
of the RF system as a whole. For this the RF generator output
power is measured at different frequencies. Additionally, the
RF amplifier is coupled to the RF generator and the same
measurements are performed.

In Figure 7 for example the output level of the RF generator
at 130 MHz is shown, and is at +3.5 dBm.

This output value is attenuated by 5.5 dB due to the use of the
RF-zero power filter. Additionally, an 8 dB attenuator is used
before entering the RF amplifier to achieve the requested output
power level. The output power after the RF amplifier can be
seen in Figure 8, and is at +22.3 dBm. The vertical scale of
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Figure 8 is offset by the 20 dB of the attenuator inserted at the
entrance of the spectrum analyzer.

This is the final value needed to compensate for the VSWR
behavior of the transducer, the cable length between the
electronics bench and the attenuation due to the used connectors
in the RF path.

The same measurements are done at different frequencies.

C. Peak current measurements

In the frame of the selection of applicable DC-DC convertors
and batteries, the peak current of the different submodules had
to be investigated. Especially the peak current of the high power
consuming submodules, i.e. the camera and RF amplifier, were
measured.

The initial startup of the camera imposes a relatively high
current peak after which it stabilizes around 600 mA (Fig. 9).

For the RF amplifier around 1.8 A is consumed at startup after
which the level declines to a more acceptable level of 500 mA
(Fig. 10).

D. RF output power uncertainty

As explained above, the applied RF power towards the AOTF
can have a maximum uncertainty of 1 mW in order to use the
normalization step in the data analysis. By applying a dedicated
power meter and performing several tests at different
frequencies and time intervals, the variation of the output power
was measured. No exceedance of 1 mW was detected.

E. Scientific data

In order to illustrate the principle of the instrument, we
pointed the NO, camera outside of the Author's office and
inserted in the camera field of view a glass cell containing a
given concentration of NO; (Fig. 11). The control software was
operated such that spectral images of this scene were acquired
successively by steps of 0.1 nm from 445 nm up to 455 nm. For
each image, the exposure time was set to 4.5 seconds.

The Beer-Lambert extinction law (2) predicts that the
transmission of the glass cell (I(1)) varies exponentially as a
function of the optical thickness encountered by the light:

1(2) = To(A) . exp[~Tnoz(})] (2)

Fig. 11. NO; cell placed in the observed scene.
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The optical thickness 7no2(1) caused by the NO; contained in
the cell depends on the concentration of NO» (Nno2), the length
of the cell (d), and the absorption cross section of a molecule of
NOz (on02(2)) (3) [21]:

TnoZO\f) = Cnozo\) . NMno2. d (3)

This optical thickness is measured directly from the spectral
images by taking the natural logarithm of the ratio of intensities
seen inside lo(4) and outside of the cell I() (4):

Tno2(0) = In(lo(h) / 1()) )

Figure 12 compares the shape of the measured optical
thickness of the cell with the NO, absorption cross section
convolved to the instrument spectral resolution (approximately
0.6 nm). Clearly, the measured optical thickness spectrum is
almost completely determined by the NO; absorption features,
such that retrieving the abundance in the cell is straightforward.



VI. CONCLUSION AND FUTURE WORK

The discussed instrument, capable of imaging NO; fields,
consists of two parts; an optical bench and an electronic driving
bench. The steering of the optical bench by using the electronic
driving mechanism, is presented in this study. More specifically
the PLL RF generator is highlighted. The development of a PLL
RF generator for the ALTIUS ESA space mission is taken as a
baseline for this instrument. Having the possibility of
converting the used PLL RF generator concept into a space
qualifiable generator can lead to a possible space instrument.
This can be subject of future research.
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