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Abstract

The use of Acousto-Optical Tunable Filters (AOTFs) is well known in ground- and space-
based applications. These devices are used in several optical instruments and payloads
for monitoring and other purposes. To make use of the filter capability of the AOTE, a
dedicated Radio Frequency (RF) chain, consisting of an RF generator and RF amplifier, is
needed. An RF generator can be designed in several ways. However, the design of these
steering devices for space applications comes with several difficulties and limitations. The
mechanical stress due to shock and vibration, the temperature variation, as well as the
vacuum environment and radiation levels in which these devices have to perform limits the
selection of possible techniques. This paper aims at giving an in-depth overview of space-
qualified RF generator techniques using Commercial-Off-The-Shelf available components
that usable in the harsh environment of space and applicable in driving AOTFs. Several
analog as well as digital generator principles are discussed, substantiated by test results.

Keywords: Acousto-Optical Tunable Filter (AOTEF); Radio Frequency (RF); space-qualified;
imaging; phase-locked loop (PLL); Single Side Band (SSB); Direct Digital Synthesis (DDS);
Application-Specific Integrated Circuit (ASIC)

1. Introduction

Acousto-Optical Tunable Filters (AOTFs) are used in many different ground- and
space-based applications for different purposes [1-7]. The device can act as a filter in order
to select optical wavelengths of interests at a high spatial and temporal resolution [4,8-11].

The working principle of an AOTF is based on the interaction between soundwaves
and light, having birefringence and consequently creating the filter capability. This
sound-light interaction occurs in an area called the acoustic column (Figure 1). Due
to the photo-elastic effect, the refractive index of the AOTF is changed. The velocity of
these soundwaves, propagating through the AOTE, depends on the used material of the
crystal [12,13]. The soundwaves inside the AOTF are generated using an RF signal, which
is applied to a transducer, mounted at the side of the crystal (Figure 1). The transducer,
which includes a piezoelectric layer, is able to convert this RF signal into acoustic waves
that propagate inside the AOTF’s crystal. In order to convert the applied RF power effi-
ciently, the transducer needs to be matched in two ways. On the one hand, the mechanical
matching has to be carried out on the optical crystal, but on the other hand the electrical
matching should fit on the RF side. In order to activate the filter capability of the AOTF in
an efficient way, the pure sinewave RF signal has to have a specific frequency and power
level. This RF signal is generated by an RF chain, consisting of an RF generator and RF
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amplifier (Figure 1). The RF generator generates a single-frequency RF carrier, having a
certain amplitude. The level of this signal is additionally increased in amplitude by the
RF amplifier.

Acoustic absorber

Incoming light beam

—f——, order +1
T order 0

Transducer

RF amplifier (== RF generator

Figure 1. The setup of the AOTE, together with the RF driving system, applied to the transducer.
Reproduced and adapted with permission from reference [14] by OSA Publishing.

The generation of the RF carrier can be achieved in several ways. Nevertheless, if the
RF chain-AOTF setup is used for space-based applications, the design is prone to several
limitations. The latter are related to the space environment in which these devices have
to function. In order for the setup to survive in space, a wide variety of environmental
tests is carried out prior to launch: I.c. thermal-vacuum tests, shock, vibration, radiation,
and EMC/EMI tests. Hence, the selected RF generation designs have to be in-line with
this approach. The selection of components needs to take into account the limitations
listed above and additionally, and the design has to be aligned with the ECSS (European
Cooperation for Space Standardization) standard of ESA and comparable rules imposed by
other agencies. Consequently, existing RF designs applicable in commercial applications
are not one-to-one transferable into a space-grade design. This severely limits the feasibility
of RF generator techniques to those who can fulfill these specific requirements and rules.

In this paper, five space-grade RF generator techniques, based on Commercial-Off-
The-Shelf (COTS) components, are addressed, both digital and analog in origin. The
approach is carried out in such a way that the design uses COTS components that have an
exact comparable space-grade counterpart available. Hence, each technique is one-to-one
convertible into a space-grade model, having the same performance as the COTS based
version. All of the proposed techniques are discussed, additionally supported by analysis
and, if possible, physical tests.

2. AOTF Working Principle

Depending on the applied power level and frequency, a different optical wavelength
is refracted at the output of the AOTFE. Having a linear polarized light beam at the entrance,
the birefringence causes two light beams to exit the AOTF at a specific angle (Figure 1).
The diffracted and undiffracted light beams are created if the applied light beam is at
the specific Bragg angle 6 [15]. Only those wavelengths of interests (diffracted beam
under Op) can be used for analytic purposes (e.g., imaging). The other beam under 05 is
optically blocked.
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The intensity of the output depends on the material of the crystal and on the Diffraction
Efficiency (DE) of the AOTE. The latter can be approximated by

. 2 M> LPA
DE = 2\/7, 1
sin A2 @)

in which L and H are the dimensions of the transducer, A the optical wavelength, P,
the acoustic power inside the crystal, and M, the figure of merit [16]. The latter can be
calculated as 3 3 o
M, = ning p

/ (2)

pvl
in which n; and ny are the refractive indices of the incidence and diffracted light beam,
respectively; v is the velocity of the acoustic wave; p is the photo-elastic coefficient; and p is
the mass density of the material of the crystal.

In order to increase the DE, an optimal RF power needs to be applied to the transducer [12].

A2 H

Pyt &
oPE= 2L M,

3)

For the selection of a specific optical wavelength, a dedicated frequency has to be
applied to the transducer. This frequency depends on v, A, 83, the difference An between
the diffraction indices, and the angular direction n of the acoustic propagation [17].

f An v sin®(0g + 1)
A sinfp

1

(4)

Specifically for space applications, the crystal material is typically Tellurium-Dioxide
(TeO,), Potassium Dihydrogen Phosphate (KDP), Mercurous Bromide (Hg,Br;), or
quartz [18-20]. Depending on the used material of the crystal, and the selected opti-
cal wavelength domains (e.g., Visible (VIS), Near-Infrared (NIR), or Ultra-Violet (UV)), the
applied frequency ranges can vary between 45 MHz and 250 MHz [12].

3. RF Generator Requirements

Several requirements are imposed on the RF generator, all related to the optical
wavelength domain and the used AOTE. In Table 1, an overview is given of the driving
parameters in the design of an RF generator setup from a general point-of-view. Addi-
tionally, in Table 2 specific requirements are listed related to the selected optical domain A
distinction has been made between general requirements, which apply to all optical ranges
(VIS, NIR, and UV) and specific requirements related to certain optical domains.

Table 1. RF generator general requirements.

General Requirements Value Unit
Unwanted spectral component suppression <—30 dB

Accuracy 1 kHz

Resolution 5 kHz

Long term stability (10 s) 5 kHz
Stabilization time <5 ms

Output power uncertainty 1 mW

Nominal load 50 Ohm

Output power level >0 dBm
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Table 2. RF generator specific requirements (depending on the optical domain VIS/NIR/UV).

Specific Requirements (Optical Domain Specific) Value Unit
Frequency range (VIS domain) 60-120 MHz
Power level (VIS domain) 0.3 W
Frequency range (NIR domain) 4590 MHz
Power level (NIR domain) 0.3 \%Y
Frequency range (UV domain) 125-250 MHz
Power level (UV domain) 3 1%\

This list of requirements flows down from scientific requirements in the frame
of ground- and space-based imaging and polarization instruments in which AOTFs
are used [3,4,8,21-24].

The two key parameters that drive AOTFs are the applied frequency and power level.
E.g., the driving of a Tellurium-Dioxide (TeO;) AOTF in the VIS and NIR range is achieved
by applying an RF power of approximately 300 mW and a frequency between 45 and
120 MHz, while a potassium-dihydrogen—phosphate (KDP) AOTF active in the UV needs
around 3 W of power in the frequency range 125 to 250 MHz [12].

These requirements serve as the baseline approach against which the RF generation
techniques, listed in the next paragraph, are designed and tested.

4. Space-Qualified RF Generator Techniques

Several RF generator techniques can be used in order fulfil the requirements listed in
Table 1. Five different techniques are described, each able to work in the harsh environment
of space and using Commercial-Off-The-Shelf components (Table 3). The components
used in these generator setups have to withstand tests such as radiation, vibration, shock,
thermal cycling, and vacuum. Commercial electronics are not capable of surviving these
tests. Hence, the selected components linked to the RF generator techniques are all available
in a space-grade package or have a space-qualified version.

Table 3. RF generator techniques and type classification.

RF Generator Technique Type
Integrated PLL design Analog
DDS inside an FPGA Digital
SSB mixing Analog
DDS and DAC chip repackaging Digital
ASIC Digital

The different solutions can be analog or digital, each with their own pros and cons.
These five techniques are listed and tested in the following paragraphs. For each technique,
the design is described, test results are discussed, and a conclusion is drawn in the frame of
implementability for space applications.

4.1. Integrated PLL Design

The RF generator in which a Phase-Locked-Loop (PLL) design is used, which already
has space heritage [21,25,26]. The top-level topology of the PLL design in shown in Figure 2.
The design uses a reference oscillator (frgp), generating a stable reference signal against
which the feedback signal (fpry) is compared in the Phase-Frequency Detector (PFD). If
both signals are out of phase, an error signal is generated by the PFD aligned to the phase
difference. This signal is converted by a Low-Pass Filter (LPF) into a voltage level capable
of driving the Voltage-Controlled Oscillator (VCO) towards the requested frequency. The
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latter generates the RF output but also feeds back a divided signal (1/N) to the PFD
for comparison.

fRL, Low Voltage four
PFD Pass Controlled
7 ilter Oscillator
fDIV Fi
1/N

Figure 2. PLL principle.

In order to translate this design into a space-qualified setup, the selection of the
components has to be carried out in a rigorous way. In Figure 3, the LMX2694 of Texas
Instrument (Dallas, Texas, USA) [27] is used as the core of the PLL design. This device has
limited space heritage but offers many features. The PLL setup is a fractional N-PLL, using
a delta-sigma modulator. The chip houses all the key blocks mentioned in Figure 2. The
LMX2694 only needs a reference oscillator of 100 MHz and a 3.3 V power supply, which is
common in space designs. The output signal needs additional filtering in order to fulfil the
unwanted spectral component suppression requirement of <—30 dBc. The LMX2694 uses
several internal VCOs, which create the possibility to generate a wide variety of frequencies
at the output (foyr). The internal VCOs operate between 8.1 GHz and 14.7 GHz. By using
internal dividers, the frequency is downscaled to a value between 39.3 and 15,100 MHz,
which includes the frequency domain 45-250 MHz, applicable for the VIS, NIR, and UV
optical range.

f

Clock REF R R
f
100 MHz LMX2694 our Fiiter  |1rour,
Texas Instruments

33V
Power
Supply L

Micro
controller

Figure 3. LMX2694 PLL outline for space applications.

The chip ‘as is” generates harmonics at the output pin, which need further filtering.
As an example, the output spectrum of a 100 MHz signal is shown in Figure 4. The
results show that especially the third harmonic level needs additional attenuation. The
necessary filter design for a third harmonic suppression is less complex than for a second
harmonic suppression. Tests also show that the resolution of the device is 1 Hz, which
is much more accurate than requested. The output power level of the chip can be varied
by changing the output power setting of the chip. The latter can be programmed, using
the external microcontroller (Figure 3). The output power level variates depending on the
selected frequency.
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Ref Level 0.00 dBm
Att 10 dB
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Figure 4. LMX2694 PLL output spectrum at 100 MHz.

In Figure 5, the frequency is varied between 40 and 300 MHz. The internal current
setting, which stipulates the output power, can be set at a value between 63 and 0. The
results show a variable output power level between —6 dBm and +5 dBm for the first
harmonic. The output power uncertainty is less than 0.01 mW. The power consumption of
the chip is around 1 W. The accuracy between 40 and 350 MHz variates between 32 and
115 Hz. The frequency stability is better than 1 Hz, and the stabilization time is less than
5ms.

6
. —_—
2
=
[a1]
=
o ©
E 40 90 140 190 240 290
]
3
o
2,
3
5
o

-6

Frequency [MHz]

Figure 5. LMX2694 PLL output power level for different current settings (0 up to 63).
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4.2. DDS Inside an FPGA

The use of a Direct Digital Synthesis (DDS) RF generator is already established due
to multiple space missions [28-30]. The principle consists of a of DDS core implemented
inside a space-qualified Field Programmable Gate Array (FPGA). The core is written in
a hardware description language like Verilog or VHDL. The output frequency RFoyr
depends on the tuning word M and on the N-bits wide phase accumulator (Figure 6). By
adapting the value of M, the RF output frequency can be changed [31,32]:

M-
RFour = 72]]\(]@[( ()

in which fcy  is the system clock frequency. The output of the phase accumulator is applied
to the Lock-Up Table (LUT), in which the phase information is converted into a digital
sine wave. The output of the LUT is applied to a Digital-to-Analog Convertor (DAC),
which generates a differential output signal. Based on the Nyquist theorem, a minimum
of two digital sinewave period samples need to be sent to the DAC for appropriate ana-
log sinewave reconstruction. Practically, the RF output frequency is limited to 30—40%

of fer [31,32].

Clockfoy, [ T % —]

RF,

Low Pass

: : Phase 3 i

[V - LT T T

i M i index " v ! ! " DAC " Filter
P R A

out
>

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 6. DDS principle.

The generated output spectrum of the DDS technique is a sampled stepping wave-
form, having an output amplitude (Amployr) with a sin(x)/x dependency. The latter is
calculated as [31,32]:

sin (7" ' RFOUT)

feik

CLK
The spectrum consists of many different harmonics and spurs, which need to be removed
in order to generate a pure sinewave. The combination of a balun and a low-pass filter at
the output fulfills this task.

Components applicable to be used in space applications, based on the abovemen-
tioned technique, are the rad-tolerant DAC5675A-SP of Texas Instruments (Dallas, Texas,
USA) [33], combined with a space-qualified Virtex 4 or Virtex 5 FPGA of Xilinx [34]. Taking
into account size and power consumption, the Virtex 4 is the preferred choice. This device,
having a clock frequency of 400 MHz, is capable of covering the VIS and NIR optical ranges.
For the UV range, a frequency doubler is needed. This will impose additional harmonics
and spurs that need to be filtered in an adequate manner. As an alternative, the RTAX of the
Microchip can be used [35]. A huge disadvantage is the low clock frequency at which this
device runs (127 MHz). This will limit the output frequency of the DDS to 50 MHz. This can
be circumvented by using a pipelined DDS setup. However, this could possibly cover the
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frequency range up to the VIS range but certainly not for the UV. A third possible candidate
is the RTG4 of the Microchip [36]. This device is able to generate a clock frequency of
400 MHz (comparable with the Virtex 4) but consumes more power, PCB area, and mass. A
fourth option is the NG Medium FPGA developed by NanoXplore (Sevres; France) [37].
This device is also able to cover the frequency up to the VIS range.

Based on the availability, mass, power consumption, and used PCB area, the Virtex
4 FPGA, combined with the Texas Instruments 14-bit DAC5675A-SP, was used in a test
setup (Figure 7). Due to the limited clock frequency of 400 MHz, the VIS optical range (and
partially the UV range) can be covered by using a steerable double switch at the output
of the setup. This switch is necessary to cover a frequency range of more than one octave
(45 up to 180 MHz). Two seventh-order passive Cauer filters (a low-pass filter with a cut off
at 90 MHz, and a bandpass filter 90-180 MHz) were used, in combination with an AD8001S
RF amplifier of Analog Devices [38]. The latter is used to increase to output power level
up to an acceptable level (>0 dBm). In order to communicate with the Virtex 4 FPGA,
a Universal Serial Bus to Universal Asynchronous Receiver-Transmitter (USB-to-UART)
transformer is used. All necessary supply voltages are generated based on a +5 V input.

USB to
UART
+5V—>m DC_D(_: — Local voltages
conversion
— DDS 14bit | DAC5675A
Reference programmed ) Texas > Balun
clock ™ inside Xilinx Instruments
40 MHz Virtex 4 FPGA
» LowPass || RF-amplifier ||
—J Filter AD8001S ‘
” RFOUT
—> Switch Switch —
>
% T* Band Pass L ,| RF-amplifier J %
i Filter AD8001S ‘}
! ‘:
! :

Figure 7. DDS RF generator setup—Virtex4/DAC5675A-SP.

The results show an output power level between +0.5 dBm at 180 MHz and +7 dBm
at 45 MHz, depending on the output frequency. The generated harmonics and spur
levels are shown in Figure 8 for different generated frequencies. As can be seen, many
different spurs and harmonics exist, depending on the selected fundamental frequency. The
intensity varies as a function of frequency selection. The power consumption of the setup is
4.1 W for the complete frequency range. This is mainly due to the FPGA-DAC combination.
The output power uncertainty is less than 1 mW. Although not necessary for the AOTF
application, this setup has the advantage of having a high resolution and accuracy (up
to the Hz-range). Also, the requirements of long-term stability and stabilization time are
easily met.
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Figure 8. DDS RF generator harmonics and spur levels for different frequencies.

4.3. SSB Mixing

Another more unconventional technique is the use of the Single Side Band (SSB)
approach. This mixing principle is a proven technique [39-41] and can also be used in the
frame of space applications [42]. In this approach, a reference oscillator signal f. is used,
shifted by 90° and applied to two separate mixing devices (Figure 9).

V\ycos(2mtf \t)

Ref.
Osc. f,

V\\sin(2mf \t)

Figure 9. SSB principle.

VCCOS(ZchL,@ s
[ S

' s
Vsin(2mf t) "‘ 2

—

Y
| b3 . Sout

A

The incoming signal [V ycos(27tfint)], in which Vi represents the amplitude of the
input voltage and fiy the frequency of the input signal, is also shifted by 90° and applied to
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the two mixing devices. Both outputs (s; and sp) are summed, which creates the requested
RF output signal spy.
The signal in the upper chain can be written as

s1 = Vin- VC'COS<27Tf1Nf)' COS(ZT[fct) 7)

in which V¢ is the amplitude of the oscillator signal and fc the frequency of the oscillator.
For the lower chain, the following signal is formed:

sy = ViN- VC'Sin(Zﬂlef)' sin(27rfct) (8)

Rewriting these formulas generates

_Vin'Ve

1= {cos[27t(fc + f )] +cos[2m(f - — fin)E] } 9)

2= TVE feoslam(fe — f )] — cos[2n(f ¢ + fi) 1)} (10)

Adding up or subtracting both signals generates the RF output signal soyr:

sour = Vin-Vc - cos[27t(fc — f )t (11)

or
soutr = Vin-Vc - cos[27t(fc + f n)t] (12)

Equation (9) is known as the Lower Side Band (LSB) signal, and Equation (10) as the Upper
Side Band (USB) signal. Hence, the output frequency can be generated from f- — fiy (for
the LSB setting) up to fc + fiv (for USB setting).

Based on this technique, a bread frequency range can be covered. An example of a
space implementable SSB design for the VIS range is shown in Figure 10. The fyy signal
can be generated using a DDS inside an FPGA. This approach is explained in paragraph B.
The selected space-qualified FPGA can be an RTAX, which runs at a frequency of 127 MHz.
Hence, an output signal can be generated after the DAC of 50 MHz, taking the theorem of
Nyquist into account [31,32]. The reference oscillator runs at a higher frequency compared
to the RTAX-DAC combination.

Digital to Low Pass
Analog [l "
Convertor
[
0°/90° .
Reference Summing Low Pass RF
FPGA Oscillator || fhr}?:; device Filter o
Digital to Low Pass
Analog Filter
Convertor

Figure 10. SSB setup for the VIS range.

For each optical wavelength domain (VIS, NIR, and UV), a dedicated reference os-
cillator and RTAX-DAC combination is needed. E.g., for the VIS range (Figure 7), the
RTAX-DAC runs at 30 MHz with a reference oscillator at 90 MHz. Hence, a frequency
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range generated at the output falls between 60 MHz (=90 MHz — 30 MHz, applying the
LSB setting) and 120 MHz (=90 MHz + 30 MHz, applying the USB setting).

The different building blocks in Figure 10 are all available as space-qualified components.

A clear disadvantage of this approach is the amount of building blocks. Hence, the
used mass, volume, and PCB area are rather high. In total, the power consumption is
around 2.2 W for the FPGA and DACs, while, due to the high amount of passive building
blocks, the attenuation is around 15 dB [42].

The generated output frequency at 90.001 MHz using a 90 MHz reference oscillator
and a 1 kHz DDS signal in the USB setting shows many different harmonics and spurs
(Figure 11). The suppression of these signals is at barely —30 dBc. The output power level
of the RF signal is rather low (around —15 dBm). This requires an additional RF amplifier
block at the output of the RF generator in order to fulfill the >0 dBm requirement. This will
again consume the PCB area, mass, volume, and power. The frequency resolution depends
on the resolution of the DDS inside the FPGA. Due to the small steps achievable in a DDS
setup (see paragraph 4.2), the frequency resolution can be met easily.

L

§9.990 MHz Center 30.000 MHz 50,010 MHz
Span 20.000 kHz

Figure 11. SSB output signal for the VIS range.

It can be concluded that this design, although a valid approach for RF genera-
tion in space applications, has many drawbacks compared to the other discussed RF
generation techniques.

4.4. DDS and DAC Chip Repackaging

A fourth option consists in repackaging an existing commercial off-the-shelf DDS-DAC
integrated circuit. The technique offers a twofold benefit. On the one hand, this approach
offers the functionality of the commercial device, and on the other hand it protects the chip
against the harsh environment of space.

The principle in which the DDS is combined with a DAC is shown in Figure 12. An
external clock signal fcrk is needed, as well as additional filtering of the output signal
RFour and a digital interface.
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Figure 12. Principle of the DDS and DAC combination, repacked into one chip.

The die of the chip is embedded in a space-resistant enclosure, for which specific
repackaging techniques are available [43]. Several commercial devices exist that are able
to fulfil the requirements listed in Tables 1 and 2, e.g., AD9912 and the AD9957 from
Analog Devices [44,45].

Commercial components are known for outgassing generation in the context of low
pressures and high temperatures [46]. This could jeopardize a mission in which optical
elements are used. Hence, care has to be taken if this approach is selected.

4.5. ASIC

Although not tested or simulated in the frame of this research, for the sake of complete-
ness, the author would like to mention the technique of an Application-Specific Integrated
Circuit (ASIC) in the frame of space applications [47-49]. In this approach, intellectual
property cores are used from a space-qualified library and custom built in the ASIC [49,50].
The device is able to fully integrate the DDS, the DAC, the balun convertor, as well as the
low-pass filter, described in Section 4.2. Hence, a single-chip approach is possible, using
minimal PCB area, mass, volume, and power. The available market for building these
ASICs for space applications is rather limited. The disadvantage of using such a technique
is its very high cost, together with the long lead time due to the custom development
process and possibly ITAR/EAR restrictions.

5. Discussion and Future Work

Several RF generation techniques were discussed, specifically regarding their usability
for driving AOTFs in a space-based environment. The obtained results show a comparison
between different RF generator techniques, all capable of fulfilling the imposed require-
ments. The proposed techniques all use Commercial-Off-The-Shelf available components,
each having a space-grade counterpart available. This makes the practical conversion of
the proposed techniques into a space-grade setup straight forward.

A comparison is made between the different RF generation principles. Based on the
description in the previous subsections, Table 4 gives an overview of the pros and cons of
each generation technique.
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Table 4. RF generator techniques comparison table.

RF Generation Technique Advantages Disadvantages
fully digital design
Integrated PLL low mass output filtering needed
design low PCB area usage limited flight heritage
compliant with requirements
proven digital design for UV frequency range, a frequency
o flight heritage doubler is needed
DDS inside an FPGA compliant with VIS and NIR output filtering needed
frequency range) complex PCB design with FPGA
complex output filtering is needed
complex design
high power consumption
SSB mixing proven analqg deﬂgp h}gh PCB area usage
compliant with requirements high mass

low output power level
harmonic suppression < —30 dBc is
marginally achieved

DDS and DAC chip repackaging

fully digital design
compliant with the requirements

high cost
possible outgassing issues

ASIC

fully digital design

low mass

low PCB area usage
compliant with requirements

very high cost

limited market available
long lead time
ITAR/EAR restrictions

Further practical testing can be carried out, especially for the RF generation techniques

using DDS and DAC chip repackaging and ASIC design. This is part of future work.

Eventually, Artificial Intelligence (AI)-based RF control can help to improve the applied RF
signal towards the transducer of the AOTFE. Hence, the DE of the AOTF can be increased.
Additionally, using Gallium Nitride (GaN)-based drivers can help in miniaturing the RF

generator design and improving efficiency.
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Al
AOTF
ASIC
COTS
DAC
DDS
DE
ECSS
FPGA

Artificial Intelligence
Acousto-Optical Tunable Filter
Application-Specific Integrated Circuit
Commercial-Off-The-Shelf
Digital-to-Analog Convertor
Direct Digital Synthesis
Diffraction Efficiency

Field Programmable Field Array

European Cooperation for Space Standardization
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GaN Gallium Nitride

KDP potassium—-dihydrogen—-phosphate
LPF Low-Pass Filter

LSB Lower Side Band

LUT Lock-Up Table

NIR Near-Infrared

PCB Printed Circuit Board

PFD Phase-Frequency Detector

PLL Phase-Locked-Loop

RF Radio Frequency

SSB Single Side Band

TeO, Tellurium-Dioxide

UART  Universal Asynchronous Receiver-Transmitter
USB Upper Side Band

uv Ultra-Violet

VCO  Voltage-Controlled Oscillator

VIS Visible
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