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Abstract EChO is a three-modules (VNIR, SWIR, MWIR), highly integrdtspec-
trometer, covering the wavelength range from Ot58, to 11.0um. The baseline
design includes the goal wavelength extension tohwhile an optional LWIR
module extends the range to the goal wavelength of &0

An Instrument Control Unit (ICU) is foreseen as the main &tatic subsystem
interfacing the spacecraft and collecting data from alltligoad spectrometers mod-
ules. ICU is in charge of two main tasks: the overall payloadtml (Instrument
Control Function) and the housekeepings and scientificdigttal processing (Data
Processing Function), including the lossless compreggsiimm to store the science
data to the Solid State Mass Memory of the Spacecraft. Thesertain tasks are
accomplished thanks to the Payload On Board Software (P¥DB8nning on the
ICU CPUs.
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1 Introduction

The Exoplanets Characterisation Observatdry [1] is desigrs a dedicated survey
mission for the study of the atmospheres of a selected saofi@gtra-solar plan-
ets. This main scientific goal can be achieved by using thesifrand eclipse spec-
troscopy method, to observe exoplanets for which the cehtretween planet and
host star can be as low as 1) and will be typically of the order of 1¢%. As a
consequence, the main aim of the EChOs payload instruniemtaill be to perform
time-resolved spectro-photometry (no angular resoluseaquired as no imaging is
foreseen on FPAS) exploiting the temporal and spectraatiaris of the signal due
to the primary and secondary occultations occurring betvike exoplanet and its
parent star. Moreover, in order to extract the planet spesignature and probe the
thermal structure and the physical and chemical propeofiéts atmosphere [2], it
will also be necessary to have a large and simultaneous eraytl coverage to detect
as many molecular species as possible and to correct foothtarninating effects due
to the stellar photosphere at the same time.

To fulfil all these requirements, the EChO scientific payl¢@ldhas been con-
ceived as a multi-modules highly integrated spectrometegiing the baseline wave-
length range from 0.5fm to 11.0um. An optional long wavelength channel extends
the range to the goal wavelength of 1@, while the baseline design of the visi-
ble and near infrared channgl [4]] [5] includes the goal weavgth extension to 0.4
um. A Fine Guidance Sensor (FGS), necessary to provide closgdfeedback to
the high stability spacecraft pointing system (AOCS, Atlié and Orbit Control Sys-
tem), is also included in the EChO payload instrumentatsee (~ig.[IL).

Fig. 1 EChO Payload optical bench hosting the Science Modules.

The spectrometer modules share a common field of view, wétsglectral divi-
sion achieved using a dichroic chain operating in long-pasde. The five core sci-
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ence channels include a cross-dispersed spectrometdil§ifisear Infrared channel,
VNIR) operating in the range from 0.4 ta2.5 um, a grism spectrometer (Short Wave
InfraRed channel, SWIR) operating between 2.5 andibn3a prism spectrometer (2
Mid Wave InfraRed channels, MWIR) covering the long wavegkrrange from 5.3
up to 11um, and a long (optional) wavelength spectrometer operdtetgeen 11
and 16um (Long Wave InfraRed channel, LWIR). All science moduled Hre FGS
are accommodated on a common Instrument Optical Bench. dylead instrumen-
tation and the detectors proximity electronics are pabsiveoled at~45K with a
dedicated instrument radiator for cooling the FGS, VNIR 8WIR detectors to 40
K. An Active Cooler System based on a Neon Joule-ThomsoneZgubvides the
additional cooling to~28 K which is required for the longer wavelengths channels
(MWIR, LWIR).

The overall EChO payload design, as well as its electriaglitecture, has been
conceived to maintain a high degree of modularity. This epph helps both techni-
cally and programmatically in allowing for independent el@pment of the different
modules.

In this paper we provide an overview of the EChO payload sdeats and on-
board software. The presented architectures are a restiieafade-off processes
driven by the mission science requirements, aimed at gatisboth the need to min-
imize the overall system complexity and the requirementheroverall system bud-
gets.

2 Payload electrical architecture overview

The EChO electrical architecturiel [6]./ [7] has been logicdivided into two main
segments: spectrometers detectors and proximity (codd}reinics on one side, and
a spectrometers data handling warm electronics on the sither

The cold segment hosts the Focal Plane Arrays (FPAs), th€R®(Read Out
Integrated Circuits), the active thermal stabilisaticecéionics and the cold front-end
electronics (CFEES). The warm electronics contain the wiaomt-end electronics
(FEEs) and implements the unique payload instrumentsfauerto the spacecraft
On-Board Computer, hosting nominal and redundant cormesfior all the digital
data links (telemetry, telecommands and housekeeping)umh implementing these
functionalities is called Instrument Control Unit (ICU).

The baseline scientific focal plane arrays are MCT (MerdDagimium-Telluride)
detectors for the short wavelengths channels and Si:Ashiar(éptional) longest
wavelengths channel. A block diagram of a spectrometer heoelectrical archi-
tecture (e.g. VNIR channel) is shown in Fig] 2. The detecsigrals are readout
by the Analog/Digital CFEEs ASICs, operating at a temperatf ~50+-55K and
located at a distance 0.5 m from the focal plane arrays. The digital signals are the
handled by the warm front end electronics (WFEES), whichaoated at a-2.5+-3.5
m distance from the FPA, and sent to the Instrument Contrdl Un

The ICU provides the main functionalities to manage all therument subsys-
tems implementing detectors commanding, science and keeging data acquisi-
tion, calibration sources and mechanisms handling and ¥beath on-board com-
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EChO electronics chain:
Detectors - CFEEs - WFEEs - ICU
(VNIR module case)
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Fig. 2 EChO VNIR module electrical architecture.

munications management. In the present baseline desigrEd/Bipport the ICU in
performing the distributed digital pre-processing of dagming from the CFEEs and
in generating their control digital signals. ICU and WFEBRsing warm electronics
units operating at-273=-300 K, shall be located inside the SVM (Service Vehicle
Module), a module thermally decoupled from the telescopialbench.

The ICU electronics will rely on a cold-strapped redundachéecture with
some trade-off solutions removing or mitigating any elecics single-point failure.
Presently the full cold redundancy is foreseen at board eywoiting the ICU pas-
sive back plane as the main support for the cross strap gouthis baseline solution
will be studied in more detail in the following phase takimga account FMECA
(Failure Mode, Effects, and Criticality Analysis) and FD{Rault Detection Isola-
tion and Recovery) studies at electronics subsystems. |&gehlternative solution
the full cold redundancy could be implemented duplicatithghe electronic boards
in a cold-spare cross-strapped configuration.

2.1 Detectors

Within the Consortium, detectors development and testityyiies are presently
aimed at increasing the technology readiness level of thegean candidate MCT
detectors operating in the IR range (e.g. arrays of 512 x Bdlqwith 15um pixel
pitch coupled to an ASIC for CFEEs from the Dutch SRON) andeaetbping MWIR
new devices. In the present baseline, however, the desdotothe VNIR, SWIR and
FGS modules will be Teledyne HgCdTe arrays with 512 x 512 ut8pixel pitch
(H2RG device< [8]/9],110]/111]). These arrays are progiim US and are presently
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the only ones at the required TRL level with an expected neelewithin the EChO
requirements.

Sikcon AOIC
maact-out amay

Fig. 3 An example of a MCT detector from Teledyne: a H2RG hybrid yamath 18 pum pixel pitch.
Courtesy Teledyne.

One key outcome during the Assessment Phase was the idatidifiof an MCT
detector with TRL approaching 5 that worked up toidrh at an operating tempera-
ture of ~40 K. Due to the lack of a MCT European solution for the MWIR rchel,
the Teledyne NEOCam device was selected as the baselirelethio a change in
the instrument baseline with the expectation that we coalettan all-MCT solution
with operating temperatures no lower than 28 K (a constraiatto the desired lower
dark current at longest wavelengths). The advantage ofttigion is the simplifica-
tion of the payload cooler by avoiding the use of an active- stage cooler otherwise
required to operate the currently foreseen Raytheon Siedesctbrs down to 7 K.

Following these considerations, in the baseline payloaibde all spectrometer
modules will host MCT-type detectors (Fig] 3) from Teledyalectrically and me-
chanically bonded with their ROICs.

All ROICs will have at least four or more analogue outputspéhfied and inter-
faced with their own CFEE (i.e. the SIDECAR ASIC[1Z], [13]here analogue to
digital conversion will take place.

2.2 Cold Front End Electronics (CFEES)

Baseline configurationAs described above, the foreseen baseline solution adopts
SIDECAR ASICs from Teledyne as CFEEs for the VNIR, SWIR, MWARd FGS
modules. This solution is the best one to drive properly tiseNUCT detectors and

to save mass, volume and power at the same time. To greathlpuaBensor Chip
Arrays (SCASs) integration by reducing size, overall sysfgnformance, Teledyne
developed the SIDECAR (System for Image Digitisation, Erdeanent, Control And
Retrieval) ASIC [14], [15]. SIDECAR is a SCA interface chipat provides clocks
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and biases to the SCA, and performs amplification and analatigital conversion
of the SCA analog outputs. It can run with up to 36 ADC with a maxn sampling
frequency of 500 kHz. In Fig[14 the ICU is interfaced to the BIDAR ASICs by
means of WFEES, one per each scientific focal plane arragtfgmpeeter), which is
connected to the CFEEs and detectors modules by meansatflsuityo-harness as
described in the harnessing section of this paper.

EChO electronics chain:
Detectors - ASIC - WFEEs - ICU
{VNIR module case)

SIDECAR-like solution with the use of WFEEs

T=270-300 K

Fig. 4 EChO payload overall electrical architecture (baselifatem with SIDECAR ASIC and WFEE).

SIDECAR standard version has 36 analog input channels, ayitisdtion can
be done with 12 or 16 bit resolution. SIDECAR presents ajitdl interface to the
external world, providing the following advantages to eystdesign:

e Simplifies the overall system architecture and reducesuhger of wires within
the system;

o Eliminates the risks and problems of transmitting low-e@®ialog signals over
long distances;

o Offers high flexibility and redundancy due to broad prograabitity;

¢ Digitises 16-bit data at 500 kHz (per port) or 12-bit data jptte 10 MHz (per
port) for a maximum total of 12-bit pixel rate at 160 MHz.

Fig. [3 shows a schematic electrical diagram of the SIDECARCA& its in-
terfaces with the H2RG detector (i.e. ROIC multiplexer) émelhost (external) elec-
tronics. A new version of SIDECAR ASIC has been recently giesil by Teledyne
[16]. The EChO Consortium will evaluate this new productidgrPhase B in both
its I/F configurations with 37 pins microD connector and 9faspnanoD Airborn
connector, if available.

The overall power consumption of a system composed by a H2ZR& thr read-
out by a SIDECAR ASIC by means of four 16 bit ADCs (4 channels) fiequency
of 100 kHz is measured to be less than 10 mW [17]] [18]. Thedtetse FPAs +
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Fig. 5 Left: SIDECAR electronics block diagram. Right: JWST fligistckage: ceramic circuit board with
ASIC die and passive components, shown without and withlIrhetgsing. The dimensions are about 74 x
38 x 10.4 mm. Courtesy Teledyne.

CFEEs overall power dissipation allocation is a functiomalvelength in order to
limit the total thermal load from cold module ta 75+-80 mW for the VNIR, <
25+30 mW for the SWIR anck 15+-20 mW for the MWIR one. These values will
include dissipation from the single detector and its théstebilisation electronics,
CFEE, parasitic loads (conductive and radiative) and &kotoads caused directly
by the cold-part modules. An alternative design for the pagllelectronics has been
proposed in which the SIDECAR ASICs are directly interfatieel ICU, negating
the need for the WFEESs. This architectural change will belistiin more detall
in EChO project Definition Phase (Phase B) and finalised kefoe SRR (System
Requirements Review).

Alternative configurationThe CFEEs alternative solution adopts the SRON CFEE
ASIC (Fig. [8). It host up to 4 A/D converters at 16 bits outpwith input VGA
(Variable Gain Amplifiers) able to perform offset and gaimrections on the video
input signal and at least an externally DAC-controlled fimeslgenerator, as base-
line, to feed the detectors ROICs. A/D converters outpugsidferentially interfaced
(LVDS) to WFEEs to remove the common mode residual noise.

In order to prevent from and minimising all the likely condiue thermal leak-
ages between the detectors and the CFEEs stages operaing aff about 16-15
K, the FPAs and the CFEEs shall be electrically connectedamgidssing ranging
from few cm to about 50 cm. The increasing distance betwe#s could represent a
potential issue for pixels clocking and video signal driyfrom the detectors outputs
to the CFEEs, likely requiring an intermediate current ériffg stage between the
two units, especially when operating the detector at higldoet frequencies. This
solution would also increment the overall module elect@ral electronics complex-
ity leading to a revised basic solution adopting more thao owtputs to operate
the detectors (e.g. the VNIR channel one) in a low speed mbelew 500 kpx/s
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Fig. 6 Functions implemented in the SRON ASIC are Gain offset shiobn and A/D conversion as well
as bias and voltage regulation. Clocking, addressing aneipeegulation will not be done by this unit but
inside the WFEE FPGA (courtesy SRON).

@ 16 bits/px) to limit power consumption/dissipation anelotfical noise. The final
adopted solution with the SRON ASIC should be a compromisedrn available
budgets and the chosen sampling frequency to meet theificieequirements.

2.3 Fine Guidance System (FGS)

The main task of the FGS is to ensure the centering, focusidggaiding of the
satellite, but it will also provide high precision astromyeand photometry of the
target for complementary science. In particular, the datenfthe FGS will be used
for de-trending to aid in the data analysis on ground [19].

The FGS optical module is designed for a 20 arcsec squaredieltgw using
50% of the flux of the target star below 1tn wavelength. The optical module
provides for internal cold redundancy of the detector chiaiough the use of an
internal 50%/50% beam-splitter and two independent detedftannels with their
own cold and warm drive electronics.

A consortium designed FGS Control Electronics (FCE) uriivtes the control
and processing of the FGS data and deliver centroid infoomab the S/C AOCS.
The assessment of the FGS accuracy for the faintest targkstgo defined for EChO
(considering the effective collecting area of the telescaficiency parameters of
optical elements, beam splitter and QE of the detector)ti@adhotoelectrons count
of more than 16 per second. Combined with a pixel scale of 0.1 arcsec and an
FWHM of 23 pixels, the centroiding accuracy will be less than 0.1 Ipixebet-
ter than 10 milliarcsecs, well in line with the required pséan (PDE - Pointing Drift
Error of 20 milliarcsecs -@- over a period of 90 s to 10 hours).

2.4 Warm Front End Electronics (WFEES)

WFEEs are equipped with digital LVDS transceivers to comivate with CFEEs
(to send/receive digital commands and collect digitised)dand host a digital logic
(mainly an FPGA and/or a microcontroller) to produce comdchamd control signals
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and digital clocks to manage the detectors ROICs and CFEBslyrthe Master
Clock and Sync signals for the SIDECAR ASICs).

In the baseline design A/D conversion will be performed oarbdahe CFEEs
ASIC as well as detector clocking, wave shaping and filteriige acquired spectra
pre-processing (e.g. digital masking and image croppinfi)be implemented on
board the WFEEs by means of a suitable FPGA (Fih. 7), as a sugpthe ICU
processing.

Signal processing

Anmnsamnsoocoooon
]
7
- Low-lavel
4 3| Peosssting
q

Bias generators data r
farmatting |
| 1
Command 1 F
decoding

Clock genarators

Fig. 7 Warm Front End electronics block diagram. The scheme isregfeo one channel only.

WFEEs also generate precise secondary voltage levels dattieeCFEES elec-
tronics, which, in turn, produce fine-regulated biases lier detectors FPA assem-
blies. Also analog housekeepings A/D conversion is peréoiron board WFEEs
before sending digitised values to the ICU, where monitpand packetisation will
take place.

Fig. 8 WFEEs mechanical design (the number of connectors and lgwgition are only indicative and
will be better defined and fixed in the next mission phases).
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Description Bagic Nominal (20% cont) Margin
Power <T&W <ITHEW <Z4W
Mass 35kg 4.2 kg Tot. electr. < 25 kg
Volume 224 x 164 % 80 mm® - 26 % 76 % 100 mm’

Fig. 9 WFEEs box mass and volume budgets (for four WFEEs units) wittestimate of the power
consumption.

WFEEs shall be connected to the ICU by means of a nhominal ptegandant
SpW link or a LVDS I/F. These interfaces will be implementgtheans of IP cores
inside the FPGA (e.g. RTAX1000 rad-tolerant device fromefctThe preliminary
design for the WFEE electronics boards (FGS excluded) nméchlaaccommodation
is represented in Fid.] 8. The aluminium alloy box dimensanes224x164x80 mf

The preliminary WFEEs box mass and volume budgets (for foEE®S units)
are reported in Fig.[]9 with an estimate of the power conswmpfrhe provided
overall dimensions are not taking into account the box miagrfeet.

3 The Instrument Control Unit

The EChO payload electrical architecture is designed t@l#iyrnthe interfaces be-
tween the integrated spectrometer and the spacecraft aaditably perform the
required on-board scientific-data digital processing amp@r instrument manage-
ment. As described in the previous section, a single Ingnir@ontrol Unit is fore-
seen, implementing all payload instruments control flortiand all detectors digital
signals acquisition and processing.

3.1 ICU architecture

In the EChO ICU block diagram reported in Fig.] 10 the main IQUddtional blocks
and their interfaces are shown.

The cold proximity electronics are interfaced to the detecROICs bonded to
the MCT sensors arrays in the VNIR, SWIR, MWIR and LWIR modulthe latter
hosts a Si:As detector as baseline). These proximitiestenddtectors thermal con-
trol modules shall provide the buffered analogue HKs (terafoees, voltages and
currents) to the warm front-end electronics and ICU, wheuttiplexing and HKs
analogue to digital conversion will take place.

The proposed payload architecture has been designed tmisénand simplify
the number of interfaces. In particular, the ICU will be thaimpayload interface
with the spacecraft Power Conditioning and DistributiontlRCDU) and the On-
Board Computer (OBC) and Solid State Mass Memory (SSMM). E&h0O EID-A
ESA document).

ICU is mainly a digital unit with processing and data buffeyicapabilities in-
terfacing both the spacecraft electronics and the digitetien of the payload warm
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\  ICU: 5 PCBs + BP
Thermal Cmd/His
Manitoring & ———eely
Control |
Calibration Unit(s) Cmd/HKs S;C
& Mechani PCDU
Control
HKs! 1 | Data, cmd, HKs \_’J
& Buses
Spectrometer SJC
ma DMS
&
Cold FEEs OBC+S5MM
SIDECAR ASICs
EVE-PrOGEss ICU + WFEEs
Cold electronics Warm electronics S/C electronics

Fig. 10 EChO ICU architecture block diagram (baseline solution).

front-end electronics for commanding, data and housekgspiHKs) acquisition,
A/D conversion and dispatching, data packetisation andtsp@re-processing, as
well as providing finely regulated voltage levels to all itdhsystems and FEEs.

Cold front-end electronics ASICs send digitised data aradagnHKs to WFEES
for packetisation in CCSDS format before sending them taGhéeby means of N+R
Spacewire (SpW) or, alternatively, LVDS links. A Data Presiag Unit (DPU), a HK
and Calibration source management Unit (HCU) and a Powepl@unit (PSU) are
the main blocks of the ICU. The currently adopted ICU ardhiiee interfaces 3+1
warm front-end electronics (1 optional module for LWIR) aomomicating with an
on-board ICU digital subsystem with processing capaéditithe Data Processing
Unit (DPU) and the Housekeeping and Calibration source gemant Unit (HCU)
both based (as baseline) on a rad-hard space qualified pov@asl devoted, respec-
tively, to the Data Processing Function and to the Instrur@emtrol Function. Both
processors (CPUs) run the main Application SW suitablyglesd to perform sep-
arately the two functions, to manage the payload operatiode® (instrument man-
aging) and the overall data acquisition procedures andegsieg. The modularity of
this design, in which the data processing and instrumentalosub-units are well
separated will allow for the possibility to have differembpiders for the sub-units
and will ease the integration and test activities at ICUlleve

DPU and HCU. The data processing function at pixel level is supportedinyrad-
hard FPGAs working @ 80 MHz (assumed frequency for the psiicgsesources
evaluation) acting as co-processors to perform on-boak {fhiplemented func-
tions) pixel-based data processing procedures.
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The DPU will implement the digital data processing, the dataage and packeti-
sation, the telemetry and telecommand packets handlintheraock/synchronisation
capability to temporally correlate the scientific data cognirom the different spec-
trometer channels.

As baseline, DPU is composed by a processing board hostrggtantific digital
data processing CPU and the two ancillary FPGAs working as-precessors and
a memory board (or section) hosting all the memories needléaat] and run the
Application SW (PROMs, EEPROMs and SRAMSs) and buffer theiming scientific
data (SDRAMs or FLASH memories) prior digital processingl alata formatting.
Memories addressing functions are performed by one of tbed-fAGAs that also act
as a memory controller for data buffering.

DPU and HCU will host and share an internal PCl interface &1 bus includ-
ing data, address and control buses. Alternatively an AMBA dould be used. The
PCI bus is connected to the rad-hard processors (an ITARHEON2 AT697F and
a LEON3 from ATMEL running at 60 MHz were considered, as biasgto evaluate
the processing and instrument control power needs) andetontkin digital logics
hosting a PCI I/F (AMBA I/F).

ICU manages both processors and logics to perform all thanexdjtasks as dig-
ital processing (pixels sum, average, digital binning, d@wing, spectra cropping
and masking, pixels deglitching -if needed-, data and HKepm®@ssion) and mem-
ory management.

PSU. A Power Supply Unit (PSU) distributes the secondary volsatgethe instru-
ment subsystems by means of rad-hard DC/DC converters a¢ne HCU will
provide instrument/channel thermal control, calibratsmurces (the common Cal-
ibration Unit represented by the integrating sphere on @@ &nd the calibration
source owning to the VNIR module), mechanisms (the refoxusairror and the
steering mirror if included) and HKs management.

PSU will be feed by two (N+R) +28V power interfaces and will éguipped
with two (N+R) BSMs (Bi-Levels Switch Monitors) to report the S/C the unit
status (switched ON/OFF) as defined by two Main (ON/OFF) plus Redundant
(ON/OFF) High Voltage - High Power Pulse Commands (HV-HP@hvnterface
characteristics as defined by ECSS standards.

DC/DC converters are hosted by two boards of the PSU in oodéged all the
ICU subsystems and provide the basic voltage levels to thERgFso the present
ICU design foresees as baseline 5 Extended Double Eurdzasd4(mm x 220 mm)
electronic boards in a fully redundant architecture abdlaedsame PCBs in a cold
strapped configuration exploiting the ICU back panel boaterfacing all the elec-
tronics subsystems.

The ICU redundancy policy is based on a trade-off solutiomaéng or reducing
to an allowed level the impact of any single-point failurarks to its cross-strapped
fully cold-redundant architecture. The two DC/DC boardshaseline, are separately
used in a cold-spare redundancy scheme.

The ICU power, mass and volume budgets are reported il FigTHelpresented
overall dimensions are not considering the box mounting fee
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Dascription Basic Nominal (20% cent.) Margin
Power 20W 24W [1]
Mass T5kg 9 kg Tot. electr. < 25 kg
Voluma 250 x 240 x 150 mm” - 0 x 0x 30 mm*

Fig. 11 ICU power, mass and volume budgets.

3.2 Electrical IFs to the Spacecraft

The ICU is interfaced to the SVM OBC and SSMM through a +28V epline
(Nominal + Redundant), two discrete high voltage - high-ppeommand lines HV-
HPC (N+R) for switching on/off the unit and a (N+R) SpaceWi&pW) interface
for commanding, HKs and data transfer to the OBC, configusedadrk at 10 Mbps
(see Figs[112 an@13). The SpW interfaces are implementetitiee DPU service
logic FPGA as an IP core that, in turn, is bridged to the PCldiuhe AMBA bus.
The same FPGA or a dedicated FPGA controls also the Bufferdfgsection used
to store data for digital processing and as a temporariliebb&fore sending them to
the OBC.

28Y Regulated Bus Instrument *
ov .
| = | Power
LCL Class n —! Switch
Tk l

onl o]
HPC =+ |_<Instr> power 1 on

|_<inste> power 1 oft

Al

BSM + cinate> power 1 status
=
LCL Classn | switch

{Hpc uw =

HPC * dnate power 3 off
BGM v |imair> power ? statua

Spw

Fig. 12 Electrical IFs between SVM and the instrument.

In Table 1 the power supply and control lines presently assufar the EChO
payload electronics are indicated.

Finally, an additional MIL1553 BUS use is under evaluatior &ould be ex-
ploited at payload level e.g. to interface the Fine Guidaé@ystem to the S/C.
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Fig. 13 TM/TC communications IFs and Power IFs.

Table 1 ICU Power supply and control lines (a cold redundancy isragsl).

Line type From/To Nom. and/or Red.
Power line: 28V + RTN (From S/ICPCDUto ICU) N+R
Switch On HPC (Signal + RTN) (From S/C DMS to ICU) N+R
Switch Off HPC (Signal + RTN) (From S/C DMS to ICU) N+R

Switch Status BSM (Signal + RTN)  (From S/C DMS to ICU) N+R

3.3 Electrical IFs to WFEEs

Electrical IFs to the WFEEs are implemented by a nominal angdandant SpwW
link (or an alternative LVDS serial link) for every modulednder to transmit digital
data and HKs telemetry and telecommands. The possibiliaséoadditional analog
links to transmit to ICU analog HKs to be multiplexed and tiggid by the HCU unit
is currently being taken into consideration. Their impleation is subordinated to
the final design of the WFEESs and to the final definition of thedmitoring needs.

3.4 Grounding, Isolation, Bonding and Charging Control

The present EChO ICU grounding concept is a Distributed I8iRgint Grounding
(DSPG), see Figl_14, involving all the 5 ICU electronics latsar

The principle is to realise a single point ground for eacteehdent power net-
work and provide isolation between those networks. In otd@natch this goal, any
primary power and return input lead of equipment shall hab€asolation of at least
1 MOhm (shunted by no more than 50 nF) to equipment chassibetmgen power
input lead and secondary power leads. In order to avoid gliogrioops, secondary
power distributed inside the equipment shall be galvalyidgasulated and decoupled
by DC/DC converters.

The ICU box will be bonded to the platform bench via its mongtieet. In ad-
dition, the unit shall provide a bonding stud/hole for berglvia a bond strap. All
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Fig. 14 ICU grounding concept.

sensible surfaces will be treated to be electrically cotideign order to mitigate and
control charge accumulation phenomena.

This concept will be revised to guarantee the compatibiith the overall space-
craft grounding scheme, as soon as the spacecraft SVM desdligre finalised by
the prime contractor.

3.5 Mechanical design

The ICU preliminary mechanical design is presented in[B8y The ICU box dimen-
sions are 250x240x150 miymounting brackets and feet excluded. All the electron-
ics boards are fixed by means of space qualified card lockertaand are reinforced
by an aluminium structure hosting the connectors as depintthe figure.

Fig. 15 ICU mechanical design (the number of connectors and thedtilan are only indicative and will
be better defined and fixed in the next mission phases).
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The ICU box, made by aluminium alloy, will have an externahtimg stud to
connect analog and digital grounds to the unit chassis,derao implement an al-
ternative configuration for testing and external noiseldirig.

3.6 Thermal design

The present ICU thermal design is based on a simple radiatideconductive heat
transfer analysis performed on similar units, that leadh&oaverall thermal load dis-
sipation to maintain all the electrical components in tlogierational and survival
ranges and will be refined during the Definition Study (Phasefihe project. Ther-
mal straps could be foreseen inside the unit to manage pydpeat flows between
the hottest components and the ICU chassis.

3.7 Harnessing

ICU IFs harnesses will be divided into EMC classes. All cadplvill have an overall
screen to provide an EMC shield against radiated emissindsasceptibility and
to avoid charging of the cabling dielectric materials. Narfty harness is foreseen
-as baseline- inside the ICU. No harness dielectric will beatly exposed to space
plasma environment.

Cryogenic harnessing from WFEEs to CFEEs is presently wstddy and its def-
inition requires a close collaboration between the SysteamTand the Science Team
as the speed of acquisition and detectors driving signais &aimportant impact on
the cable design in terms of wire size, electrical propsrthielding configuration
etc. All these requirements will then be evaluated in terfrigeat leak between ther-
mal stages and, if needed, the design tuned to meet heatloeatimns and electrical
requirements. At this stage of the study the analysis carabedonly on a series of
assumptions that shall be reviewed in the next phases oftijecp [20].

It is clear from a first quick evaluation that typical stardifiat cables or flexi-
harness used in such applications (AWG26 37 pins or AWG30rs) pased purely
on Cu are not a viable solution due to the high parasitic |daalsthey induce on the
stages w.r.t. the allocations on the S/C. Custom made raimésrms of materials,
AWG, and shielding, based on standard connectors, shadidwéred for EChO.

At this stage of analysis the material combination that beis the EChO set of
requirements from both the electrical and thermal pointiefnare the following:

e CuZn (Brass) for bias control and power supply (the expeetdtges/currents
should be low enough to avoid, for the moment, Cu wires);

e PCuSn (Phosphorous Bronze) and/or stainless steel (Sa&nh&bog and digital
I/0 and all other signals;

e SS (Stainless Steel) braid for cable shielding.

The baseline harnessing between cold and warm electranpresently consid-
ered as a standard round bundle cable configuration (fla¢ ¢alslssumed only for
the connection between Sidecars and detectors and venaladed).
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4 Electronics simulators

The experience gained during the preparation of the Her§2hfand Euclid [22]
satellites instruments has shown the great importancesrignaubsystem simulators
as soon as possible during SW development. The electrdnictadors are intended
to provide an independent functional platform for testing aimulations. They allow
to test the communication protocols, data packetisatioplémentation of autonomy
functions; without good simulators, all these test adgégihave to be postponed after
the AIV phase with high risk of delay due to the need to corbergs found in the
SW. They can also provide useful data and metrics to analyderenitor sensors,
FEEs electronics and ICU performance.

The present simulator, used as an early testing environmentides TM and
HKs acquisition and is virtually controlling two emulate@vices retrieving ran-
domly generated data.

The development of the simulator is based on a FPGA, whicragemall house-
keepings, telecommands and telemetry data. All the aadjinfermation is sent to
a computer via Ethernet connection for further analysie Bbard containing the
core of the simulator is GR-XC6S, manufactured by Pendegtilpics. The FPGA
model is a Xilinx Spartan-6 XC6SLX75.

ICU simulator consists of four modules: one for H/W intedaand the three
remaining ones make up the S/W architecture (simulationfroband monitoring
and user interfacing). From this point of view, the systemusation is running the
ICU components loaded and provided by the control moduléwis also in charge
of stand-alone monitoring of every parameter of the systedhits operated through
the user interface, providing the user with the whole nedalectionality for practical
operation, configuration and inspection of the simulatigstem.

The FPGA integrates an IP core of LEON3 processor. The stonudgplication
running on the development board is coded in C++ and coattdly RTEMS, a
fully featured and open-source real-time operating systéaely used in embedded
platforms.

The software architecture is based on two main componertsc®Manager and
HK Manager, controlling Device data acquisition and HKsssersampling, respec-
tively. Everything is coordinated by a Core component, iarge of TC reception and
TM retrieving, and responsible for communication betweemagers and users.

For the following Definition phase the use of a TSIM LEON3 SWiglator from
Aeroflex Gaisler is also foreseen, in order to simulate thearpeocessing tasks of
the ICU. This will allow to split the SW and HW functionaliesimulations and to
cross-check all the results from simulations.

5 ICU software

The EChO Payload instruments On Board Software (P-OBS)mgron the ICU will
be composed by the following main blocks:
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e Boot Softwareit is installed in the PROMSs of ICU boards and allows for ley
the ICU application software (ASW) from EEPROM to RAM at bdbtontains
all the low level drivers for the CPU board and its relatee@ifdaces.

e Instrument Control Softwarét refers to the software performing the operations
of the EChO scientific payload. It implements the data-hiagdLinctions of the
payload and calibration sources and mechanisms (if preseahages the spec-
trometers operating modes and runs autonomous functionplements the in-
terface layer between the S/C and the instruments operation

e Data processing Softwarenplements the ICU science data on-board processing
and lossless compression (i.e. RICE). It also implemerggitita packetisation
for the transmission to the S/C Solid State Mass Memory (S3MM

5.1 EChO On-Board Software functional analysis

The ICU is responsible for the following main activities:

1. Telemetry and Telecommand exchange with the S/C CDMU;

2. Instrument Commanding, based on the received and ietexhi Cs;

3. Instrument monitoring and control, based on the Houggehkgedata (HKs) ac-
quired from the focal plane instrument units;

4. Synchronisation of all the scientific payload activities

5. Detectors readout data acquisition, pre-processing@maatting according to
the selected Telemetry protocol;

6. Science Data download towards the S/C Mass Memory.

These activities can be grouped into the Instrument Coaindl Data Process-
ing software: these two SWs will constitute the On Board Bafe (OBS) of the
EChO science payload (P-OBS). The On Board Software wilhiggdemented as a
real-time multitask application. The Block Diagram rejgakin Fig.[16 is a general
purpose functional diagram which is applicable to a gersgréce instrument control
and processing software and therefore well representsaivel@U functional archi-
tecture. The two different colours indicate the differerdugps of functionalities of
the Instrument Control and the Data Processing software.

5.2 Software layers

The EChO Payload instruments On Board Software layerstateics presented in
Fig.[1. The boot software component refers to the start ftvace described in the
previous section: it is installed in the PROMSs of the ICU ltsaand allows for the
application software loading. It contains all the low ledeivers for the CPU and its
related interfaces.

The physical layer includes all ICU HW components with a clitevel of inter-
action with the on board software.

The Runtime environment includes the Real Time Operatingte®y (RTOS)
layer, necessary to provide multi-tasking support. In dagebaseline architecture
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based on the LEON processor will be confirmed, the RTEMS dipgraystem is a
good RTOS candidate, being already used for applicatiortsoand ESA satellites.
The other indicated operating system services include tiverd for the on-board
memories, the on-board HW timers and the local data bus. Tier ©S services
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mentioned in the structure of Fig.]17 are those not directhvided with the OS
kernel. An OS abstraction layer has then been included, iochwdil middleware li-
braries have been considered. The middleware serviceasee lbon the use of RTOS
function calls. They include all library functions dediedtto the low level handling
of the ICU HW devices/interfaces. All the middleware libegrwill be developed in
house and will provide a mean for developing an Applicatioft\8are virtually in-
dependent from the HW and OS below it. This layer is very ingrarand will ease
the testing activities.

The Application Layer includes both the ICU Instrument Gohsoftware and
the Data Processing software. The ICU Instrument Control@Mmplement the
functions listed in points from 1 to 4 of the list in sef._15.k.ithe TM/TC S/C
interface handling, the payload housekeeping data atigmisand monitoring, the
instruments operating modes management and the autondomai®n execution.
The present assumption is that the application softwatdwilritten in C++, though
some functions may need to be coded in assembly to optimegerformance.

In case stringent timing requirements have to be met foryatbs command-
ing, an interrupt-driven command sequencer (On Board phures, OBP interpreter)
can be included into the ICU on board software. Based on ther@&nce of Her-
schels HIFI and SPIRE instrument control software, this flexible and effective
solution to implement time-critical commanding procedui®ome preliminary tests
on the performances of a simplified implementation of suckcusencer on a LEON
3 based SOC implemented on an FPGA development board (GR5X6G80) have
been already carried out. A 1 MHz timer has been used to tritpgehighest priority
interrupt of the system. Under normal workload conditiomsly two tasks running,
CPU load< 50%), an average time jitter of the order ofi% (for an overall test du-
ration of more than 1 hour) has been measured, as expectegrdposed sequencer
offers high flexibility and re-programmaubility possibiéis, thanks to the straightfor-
ward way in which scripts can be reloaded during in-flightragien; this feature can
be exploited to modify instrument control or measuremeatedures in response to
changed mission requirements. The sequencer is descnitj2@liand [27].

5.3 Boot SW

The boot software is stored in a PROM device, while EEPROM orgrdevices are
used to store two or more images of the Application Softwére Board Software,
OBS). The boot software is started automatically after gy on. The boot pro-
gram is in charge of loading and starting the applicatiorgpam (OBS). The boot
process is driven by command packets coming from the Spaitethe boot SW
will be able to load and start:

— one of the OBS images stored in EEPROM (when the boot from EBPRom-
mand is received);

— an OBS image received by means of specific commands; in pkarti@a series
of memory management commands (memory load) are used ®ist®AM a
complete new OBS image, which is then started at the reaepfia boot from
RAM command.
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The boot procedure described above offers good relialgitijyments because:

1. If the EEPROM is corrupted, the boot can still load an OB&gmvia Memory
Load commands.

2. If any RAM cells in the area to be occupied by the OBS are émpk new OBS
image, which does not use that memory location, can be builground and
uploaded via telecommands.

3. Such an approach has been successfully proven duringettset€l in-flight op-
erations.

Of course there still remains the risk of a broken cell in PRGN the portion
of RAM used by the boot SW, which can lead to unrecoverablaris of the boot
process. The drawbacks of this procedure are:

1. Complex Boot program, it needs to handle the exchange\W jsgckets (even if
only a very limited set of packets is to be supported);
2. Big code size, it may be challenging to fit it into PROM devic

5.4 Data processing

Fig.[18 reports the expected ICU daily data volume, the datiesrto the S/C, the
CPUs expected processing power and memories usage. Towifals assumptions
have been taken into account: the averaged number of clebdstglementary opera-
tionis 3 (1 MIPS = 3 Mega clock cycles); the number of elemsnt@erations/pixel
takes into account the OS background activity overheadtatlidata are stored in
memory (SRAM and SDRAM/FLASH) before CPU processing; magkis per-
formed by an FPGA aboard WFEEs before sending data to the g&jlipad con-
trol refers to TC execution activity between ICU and the (Barfodules instrument
including calibration units management. Once pre-prasscientific data are tem-
porarily buffered and then sent to the DMS Solid State Massbty.

Our basic assumption is that we sample up-the-ramp pixedsnion-destructive
manner with a sampling rate8 Hz. There will be destructive readouts after different
integration times for bright, normal and faint sourceshvihie length of the ramp
determined either by the saturation limits of the detectord particular target or
by the expected maximum length of a ramp, estimated by talkittgaccount the
expected cosmic hits rate. This will be determined on-gddaynsimulations activities
and in flight by dedicated calibration procedures. The sathphmps are fitted and
the pixels photocurrent extracted. These data are theregsed for pixels cosmic
rays deglitching, lossless compressed and transmitteaet&AC in CCSDS format
according to the instruments operating Mode.

The average allocated data rate is 35 Gbits/week or 5 GajtsAkssuming an
HK production rate of 0.2 Gbits/day, a realistic duty cycl&56--90% and a lossless
compression ratio of 2, then spending 10% of the mission igtBrtargets mode,
80% in Normal targets mode and 10% in Faint targets mode givizda rate of 4.72
Gbits/day. All the ICU processing and buffering capal@btare presently evaluated
taking into account a 50% of margin, as usually adopted atideof the Assessment
Study (Phase A) and as required by EID-A.
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Scientific channel: VIS4NIR SWIR  MWIR-1 MWIR-2 LWIR
Detector pliels covering the spectra BLIx512 1024x13 6313 E7x13 50wk
Pixel pitch (wm} 18 13 25 25 25
Binning 5x5 1xl 1kl 1xl Ixl
Digital masking Lo 100% 100% 10o% 100%
it it/ 16 16 la 18 16
Primary rate (Hz) - Bright targets case B B B E &
Ramp lenght {5} - Bright targets case i i 3 3 3
it Samples per ramp 4 24 24 24 24
Housekeapings TM (Gbit/day) 0.2

Efficlency |R-PERF-DB0) 5%

Contingency (EID-A R-2430) 504

Avallable lossless compression factor [CR) 2425

it CPUs (LEON-like running @ &0 MHz) 2 {Processing & Instrument Control)

it FPGAS (RTAN 2000-lke running @ B0 MHz) 3 ipre-process,, mem. manag. and aus fnc)
SRAM needed (MBytes) 16 {4 x 4 banks}

SDRAM or FLASH needed (MBytes) 0

EEPROM/PROM [MBytes] - BOOT 5W, BIOS SW, ASW B {4 x 2 banks)

Dally averaged data rate < B0 kbit/s

Peak data rate (burst mode, [f needed) < 10 Mbitfs

Selence TV (Ghbit/day) =5

TOT. expected daily data volume - science +

His (Ghitfday) <5

Fig. 18 ICU processing power, data rate, data volume, required atrajunemories.

Note Fig.[1I8 values strongly depend on data processing reqtmreon-board
(ICU) deglitching procedures, compression task and ppedsprocessing. Presently
pixels deglitching operation is foreseen on-board but@belavoided given the short
integration times for bright targets and the very low likelod of cosmic rays hits on
pixels [28].

5.5 On-board processing steps

The most demanding module from the point of view of digitalgessing is the VNIR
spectrometer, which is based on a MCT panoramic detectoposed by 512 x 512,
18 um pixel pitch, on which the VNIR spectra is spread on the twzd®r halves.
Therefore, the main design steps and the system processiug ihave been mainly
evaluated for this channel. The detectors pixels will bétdily binned (on-chip bin-
ning is also possible, as baseline) to produce spaxeld\kMd.binned pixels along
the spatial and spectral dimensiohs=5 in the baseline VNIR design).

In order to perform on board DPU data processing and pixelitdeing from
cosmic rays hitting the VNIR FPA, the two FPA halves (VIS antRMnes) will
be digitally masked and cropped. This pre-processing talbwused to reject all
pixels that don’t contain any useful information, reducthg overall pixels number
to be processed for a factor of the order of 70% of the entir@yabDigital masking
and image cropping will be performed aboard WFEEs FPGAsaaslime, in order
to reduce the overall DPU processing load.
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The main processing steps are illustrated in[Fig. 19 (mdastithe VNIR channel

one, but useful also for all the other channels):

Bias correction: an internal bias is subtracted to bringsathples to the same
ground. This is necessary for later binning of the data dawsptxel resolution;
Pixel reordering: pixels are extracted from the readouttedaics output serial
stream and reordered, to increase the effectiveness olitteegquent data pro-
cessing steps. History and ancillary data buffers can baddrat this level,
Saturated pixels identification, by defining a cut-off vafaethe upper limit of
the linear region of the detectors response curve. Satupatels will be flagged
and rejected,;

Responsivity correction, based on radiometric calibrgtising an array respon-
sivity map, will be applied if necessary;

e Spatial and spectral pixel binning to build spaxels;
e Temporal samples co-addition: depending on the ramp fitllggrithm, scans

and groups have to be formemh 6cans per group) if needed;

Rejection of the data that dont satisfy the noise requirémetihe beginning of
the ramp, when necessary;

Non-linearity correction: if necessary, the ramps will beebrised, even during
the multi-accumulate processing);

Progressive linear least square fit to calculate ramps sjoigels/spaxels pho-
tocurrents);

Note The above last four steps could be necessary to decreasmutawmise to

specifications. Frames in a group must be contiguous an@inumber necessary to
reach the required total noise performance limit after ddion (assuming a multi-

accumulation readout mode [23], [24], [25]). These proicgssteps must run at the
spaxels readout speed. Using a fixed very simple paramegieriqto be optimised

during calibration and algorithm tuning procedures on gdjuit can be conveniently
performed in hardware.

Cosmic rays and other glitches identification: proper gldetection and rejection
strategies will be implemented, if necessary, with a prapgorithm still to be
defined,;

e Bad spaxels correction and linearisation;
e Frame generation: processed science frames created Hefgeweceived on

ground;

e Frame buffering;
e Lossless Compression (compression of the data to save datae and band-

width);

Packetisation according to the required TM format: all geitaducts will be pack-
aged;

Storage in mass-memory (SSMM) and scheduling for transomiss

The listed steps refer to the processing of a single focalepkpectrometer. It

is a standard on board processing chain, and a parallel ggiogeof more than one
instrument operating simultaneously at the focal plandl §ieataken into account.
Each detector HK and scientific data owning to a module skeedtbred in a different
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Fig. 19 Scheme of the data processing steps: green blocks refexabppe-processing activities; purple
blocks refer to processing steps at spaxel level and yelloakb identify frame level processing activities.

packet store of the S/IC SSMM and each payload ASW procedsbghidientified by
a proper APID (Application Process ldentifier).

The final overall processing of EChO data will be defined dyRhase B and tai-
lored for each one of the focal plane spectrometers. Dezticsimulated data flows
will be used to verify the effectiveness of the data redurctteps. In particular the
deglitching algorithm performances should be verified agjahe expected data re-
dundancy, the data acquisition rate and the spaxels dioenésee next section for
more detailed considerations about onboard deglitchirgisle Finally, the need to
implement lossless compression on-board is strictly edlab the results of the on-
board deglitching study. If confirmed, a dedicated tradeacfivity to evaluate the
performances of different standard lossless compresgjonitams on the on-board
CPU processor shall be planned.

5.6 On-board deglitching

Deglitching detectors pixels arrays from cosmic rays lstsammonly an operation
to be performed at pixel-level [29], [30], [31]. Operatingnbing on-chip (e.g. on-
board the VNIR detector ROIC) would lead to lose any pixeddzhinfo on cosmic
rays hits that would blur the spaxel integrated signal atsémae time. Taking into
consideration the predicted cosmic rays flux for the JWSRMhstrument at L2,
and an integration time from 1.5 to 3 seconds for bright t&,genly less than 0.02%
of pixels would be interested by cosmic rays hits, so an oftidoe considered could
be discarding any on-board deglitching operations basquid@fs processing at least
for bright targets.
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The classical deglitching pixel-based procedure is a déimgmrocessing task
for the DPU CPU that would require the heavy use of the pracdsBU (Floating
Point Unit) for the second derivative calculus needed ferglitches recognition and
correction. Probably it would be better to perform degiibchat spaxel level (i.e. 25
px/spaxel for the VNIR channel) by detecting cosmic rays &itd discarding them as
outliers w.r.t. a median operation performed on sub-arf@yls affected by cosmic
rays hits should be flagged and not considered for the resteofamp production
but properly replaced. A possibility to be explored couldtdwg@erform this kind of
simplified deglitching procedure at FPGA level (HW-level).

The number of pixels belonging to a spaxel and affected bysmaoray hit
should be determined by the hit geometry and particles gnafgst likely they
would affect the detector array in the direction parallethie optical axis and the
angle defined by the optics F number and baffles, if the detexpyoperly shielded.
So just few pixels should be interested by a single cosmichiagnd it should be
possible to operate deglitching only for the faint targétsi¢eded) which require
longer exposition times with a bigger and not neglectindikédihood.

Deglitching from cosmic rays hits has surely a big impact loa overall ICU
processing architecture and should be carefully evaluiatedspect of the overall
system budgets. Deglitching is presently foreseen at C&J ile the ICU processing
needs evaluation procedure.

5.7 Data compression

Once performed pixels and spaxels on-board processingeadidientific data related
to spectra will be compressed, before sending them to th&SSMM. Lossless data
compression techniques such as zip, gzip, and winzip arelyiged for compress-
ing files residing on PCs. These techniques are all basedeobaimbel-Ziv-Welch
(LZW) [B2] algorithm or its variations, and would generajligld poor compression
ratios on data originating from spacecraft instruments.

A second well-established technique is arithmetic codB®j.[ This technique
works on most types of data, but exhibits relatively slowespdue to the need to
update statistics along the process. The Consultative Geenon Space Data Sys-
tems (CCSDS) has adopted the extended-Rice algorithm asdhexmendation for
international standards for space applications [34]. Résommendation defines a
source-coding data compression algorithm and specifiesdlatavcompressed using
the algorithm are inserted into source packets for retrieve decoding.

Our present assumption is to implement a SW Rice-like lesst®mpression.
The preliminary tests on very simple simulated spectra teddssless compression
ratios (CR) well above the needed factor of 2. The procedsimg and overall per-
formance is strictly dependent on the target CPU, see fanplathe results of the
compression tests on the EUCLID VIS simulated images desdrin [26]. An ac-
tivity to assess the feasibility of the lossless compresaging a HW compressor is
planned for the next mission phase, where the implementaticthe compression
algorithms at FPGA level (HW-level) in VHDL language or theeuof a dedicated
ASIC will be evaluated.
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6 Conclusions and future developments

Atthe end of the Assessment Phase the baseline EChO Pajdcaibal architecture
has been defined and a preliminary design has been providet: §ill open issues
as e.g. the ICU overall processing capabilities dependiaimiynon the adopted on
board deglitching procedures shall be addressed by fuathaysis. These shall take
into account the mission requirements and the availablgdtsdthermal, mechanical
and power dissipation) on a side and the overall system exfiiigi and reliability on
the other side.

Future developments and analysis during the next phaseavilider these open
issues from the different perspective of the more detailefirlion Phase design.
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