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I. INTRODUCTION:

The FLITES projet seeks to image pollutants the exhaust plumes of hidilypass aerget enginesusing
chemical species tomography (CSBY providing windows oncombustion process this imaging capability
enablsi) development ofigh-efficiency enginesii) bio-fuel mixture development ariid) reduction in pollutants
such as Carbon ibxide (CQ), the oxides of Nitrogen and Sulphur (Né&nd SQ) and snall-chain unburnt
hydrocarbonsin turn, these goals are mandated by stringamissons legislation I]. CST using nonintrusive
nearinfrared (NR) measuremerdantarget multiple parametersuchas concenéation, pressure and temperature
of exhaust plume gas speciEfements of the technique haveen deployed successfully forG$ T inautomotive
engines b) TDLAS in commercial jeengines using singleeams 2, 3] and ¢ small development jetngines
using both CST4] and hyper-spectral imaging cameraS][ Compared with previous methoff§, this project
aims to increase the tomographic imaging rate towards 100 framesdstaade spatialesolutiors of srHsr

cm throughout the 1:4.7 mdiameter crossection of theplume [7, 8]. By obtaining videerate imagesand
showing scalability tavards>200 fps the dynamics of gas mixing within the plunig anstart to be observed
and will complement existing, intrusiesting.While optical andnechanical challenges have been addressed [
8] and issues surrounding tomographic reconstruction with a small number of beams and angular views have been
targeted algorithmicallyd, 10], the increase isize and complexity of thisetup has presented issues for electrical
designs 7, 8] and data acquisitioriLl]. Someof these have been covered iBGL18 I2MTCprelude to this paper
[12]. The systenis hosted at aaereengine testing facility operated bystituto Nacional de Tédara Aerospacial
(INTA).

While the specifics of thenechanicaketup are discussed elsewhéefed] 10, 11], the harsh environment raises
numerougdata acquisition challenges. The specifics are covered hedmg a topdown discussion of system
requiremerd, however higkthroughput, hard redlme, fully-synchronized DAQs are well researched with many
solutions now becoming standard in tomographic systeifis 14, 15, 16, 17], many of which use field
programmable gate arrays (FPGAs). Hoe nealR CST modility, the noise characteristics of photodiode
preamplificatiorhavebeen investigated.B], specifically to optimize the gain, bandwidth and noise performance.
Likewise, data acquisitiohas been achieved usingpdular, parallel channels with-gitu FPGA-based lockn
amplification specifically for lowcost and high signab-noise ratios (SNRs)13]. This latter technique is
employed elsewherd , 20, 21, 22], where the common theme is measurement of a modulated carrier giving the
neartotal rejecton of outof-band noise. The disadvantdgawever is often the signaprocessingwhere a high
purity homodyneeference is required alongside analog or digital multiplication. Taking the HRR6&&d methods
further, Xu R3] extended the DLIA principle tovards reatime computation of the first and second harmonic
peaks and the normalization of thgrsl to assesthe temperatureof a gas Methods of data management
including firstin-first-out (FIFO) memories and direct memory access (DMA) are highlightgidy], while the
concepts of i) hierarchical processing and ii) modular DAQs are exemplified by Hetflemnfl Hjertaker 16].

Both show the merits and system desigrtarying outdigitization as close as possible to the analog detector,
and the useof digital nodes with data buffering, FPG#ardware signal processing and software control
capabilities. For Ethernet transfer, which i® thnly viable, higkspeed, longlistance transmissiomedium
suitable Humbert [17] re-implemened the transmission control protocol / internet protocol (TCP/IP) with
hierarchical embedded FP@#ased microprocessors while utilizing hardware blocks to offload fesksthe

CPU. While TCP/IPguaranteepacket arrival and ordering, the user datagranopmtUDP) is of lower network
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overhead but may require a data interleaving strategy to alleviate {askéssuesl[l]. Towards the backnd
of a DAQ, it was found thapre-allocatingping-pong data buffers suitable for DMA within retéthe operating
systens (RTOS)[24], guaranteed input dateandling interrupt behavior.

This papediscusgsenabling technologies atkle measured performanoéa DAQdesigned specifically for the
imaging requiremestand the industriaénvironment intavhich thisdiagnostic tool is to be usede note, that
despite availability otommercial DAQsystemsthe cost becomes prohibitive if those systems are to meet the
complex requirements for this instrumeifihis assessment uses the likely dbdiasing the DAQ uporihe
Nationallnstruments FlexRI@nd systems available from both Amplicon and Spectrum Instruniergsction

Il the necessary gasensing TDLASWMS details are introduced whilgection Il gives a summary othe
mechanicastructure of thé-LITES CST systemln sction IV, a specifications presentegshowingthe needor
custom design. In sectiov, we overview the design of the DAQ, pointing towards solutitwag deliverthe
specifications. The results of characterization of the prototype BAf@sented in sectionl\while we conclude
that full parallelism, higkspeed and lowoise can be achieved by the DAQ nopes/iding system readiness for
gas concentration imaging

[I. TDLAS-WMS GAS SENSING AN OVERVIEW:
To measurapecified gas speciesncentrationthis system uses tunable diode laser absorption with wavelength

modulation spectroscopy (TDLA®/MS) [2, 3, 9 25], which has been previously applied to-¢etgine research
[26] and gassensing application2f, 28]. By applying a current ramfL0-100 Hz sawtooth) to a narrew
wavelength laser, an optical beam is repeatedly wavelengitned across a previously measured absorption
feature R, 3,29, 30]. For WMS, a secondary 1800 kHz sinusoidal dither is applie8il] allowing phase sensitive
detection B2] and digital lockin amplification (DLIA) [19, 20, 21, 22]. The gas parameterg,[3,11,29, 30, 33]

and ultimately the path concentration integral (PCI) of the target gas along the®)&a®,25], can be inferred

by using a spectroscopic curfiting model based upon the Beleambert law and the known properties of the
gas. Thissystem target€0O; absorption 2, 3], which requires a 1997 nm seed lague to the requirementsr
tomographytdiscussedelow tthe seedlaseris amplified using a 1:2.0-Watt Thuliumdoped fiber amplifier
(TDFA).

I1l. THE TOMOGRAPHIC SET®. AN OVERVIEW:

To image the exhaust plume of commercialgegines, a rojection angle, 2beam/projectior(126-beam)
array is formed using a custom 7 m diameter, dodecagonal mechanical ring stffjcflinis[requires the light
from the seedaser and the TDFA to baistributed to transmit modules mounted on planar, parallel alignment
plates [, 8]. Thisappraach reduces costs and allows simpler chanohahnel synchronizatidoy utilizing splitters

with ratios 1:6 and 1:21, rather than 126 laser diodes of narrow and tunabiédihg29, 30]. The regulagrid

produced by this geometajlowsa 1.8 m dimetercentral imaging space (~1147 m exhaust plumes expected),



Fig.1. An overview of the imaging structy@apted from [6 showing the
central 12ébeam array, dodecagonal mounting, therfi.éxhaust plume,
the distribution (red) of 2im lase light using a TDFA and spliced fibel
network, the 1zhode DAQ and the baeénd data network to the control Pt
(blue).

shown in Fig.1.To capture theTDLAS-WMS wavelength and amplitude modulated light after it passed
through the plume, receiver elemeloisated on the alignment platese extended InGaA$ptodiodes withocal,
differential transimpedance amplificatiglA). This modularstrategy,(where lases; photodiodes and signal
processing can each be easily replaced), gives the advantegptrwientscalability to other gas species. For
example, for the current G&pecific wavelength, very few changes would be required to allow water vapor
(H20) imaging.By carrying out thedemodulationprocessof TDLAS-WMS upon the captured datand by
generatingCO, PClIs for the many separate beam paths, #patial distribution of gas concentrationcan be

obtained by data inversion [9]o date, this system has been proven by phantom tests replicating the expected

Fig.2 Detail (top) of an alignmentplate showing mechanically supporte
fibers (yellow/black) to the transmit modules, and the preamplifier P(
ZLWK ULEERQ FDEOHV EOXH &XVWRP RS
during onsite build and fiber 1:21 splitter boxes are also sh¢aettom).

Visible in the center of the ring (bottom) is a propanelgaser to provide
deterministic placement and concentration,@® phantom imaging tests.



Fig.3. Experimental gas phantom reconstructions, replicating a
phantom 60cm and 40cm tomographic imaging test from [8]. T
compare a smoothing algorithm (A) with iterations 5, 10 and 15 c
positivity-constraining algorithm (B to D).
CO; concentrations and air temperatsr¢8], while tomographic methodsave also been developetld]. The
detail of the mechanical structure, and the setup for imaging tests is sheigr2irwhile experimental validation
of gas concentration imagirand a preliminary invefgation as taconstrainedalgorithns areprovided in Fig.3
[8, 10]. The reconstruction results show that, while urdietermined due to costs, tomographic imaging can be

performed with reconstruction artefacts of leeverity[10].

IV. DATA ACQUISITION: STRATEGIES AND SPEGICATIONS:

There are several applicatitevel specifications necessiingacustom desigim this context. The first is the70

m distancefrom photodiode preamplifiers to the test cell control rgé2j. Naturally, noise pickup, cable costs
and scalability for256 beams requires a distributed DAQ architecture, simildr3dlp, 16, 17]. To solve this,
twelve or moredigitization nodescan behosted on the tomographic mounting rirdj. [As testing cells are
industrial, highvibration andhigh-contamination(oil, soot, water, fuel) environmentg][ a pathway towards a
rugged DAQ is needed. Likewise, equipment must not interfere with Heagite nor modify the aerodynamic
properties of the cell. Distributing the DAQ allows reduction in sydtmral costsand atsite digitization affords
advantages for digital signal process{B$P)[19, 20] and data communication$]]. For the intended 126eam
imaging system, the 12 nodes yield a requirement & @@annelsiode. Forcing dinary valuethat is suitable
for implementation.e. 16 channelabde allowsredundancy or expansi@ong withPCB simplificaton through

multi-ADC packagingThe presented t8ode DAQ thereforemplemens 192 channels.

The gas flow within the plume (18800 m/s) neessitates a parallel desjgaithough for suitable high sample
rate ADCs, lowratio time multiplexing could be used teducecosts TDLAS-WMS supplies many of the
specifications typical of DAQwutlinedin Fig.4. For low noise gas concentrations with mininsalibration,
spectroscopists suggest the use of a first (1f) and second (2fatmadnicnormalizationapproach 3, 30, 33].
Assuming a 500 kHz maximum WMS sinusoidal dither (1f), the second harmonic vétl bé&Hz (Nyquist

frequency of 2 MHz). ldwever,this assumes only two points per period rendering a triangular \ather than



Fig.4. At the top, the gas absorption feature under interrogation, and ¢
bottom, the laser ramp and dither modulation, showing discrete D
calculation periods and the single dittegcle waiting period betweer
measurements.

a high puritysinusoid. As suchan oversampling factor of 10 &9 is requiredjiving aDAQ sample rat®f 20-

40 MS/s/channelt has been suspected that the TDLAS wavelength ratp{Q Hz) also needs to be digé,

which suggests a frequenmquiremenbdf 6.3Hz to capture the loar @ #@d? a 10Hz sawtooth AC-coupling

allows the maximum input range and optimum kpat of an ADC to be used without biasing shiftge to

optical DC levels however it has also been suggested that the DC component needs to be measured for
characteriation of the laser parametei33]. While an AGcoupledrangeof 6.3 Hz to 2 MHz is specifiedwe

note that lower noisbandwidthscouldbe achievedby an analoghainwith -0.1 dBcutoff frequencies of ipC

to 63.6 Hz for alow-samplerate path(suitable for a 100 Hz sawtoo @ #@) Rndii) 100 kHz to 2MHz for a
high-samplerate path.The SNR is critical for tomographic reconstruction, where we aim for pixels giving
absoluteconcentration measurement with an SNR of 30 dB. However, this is the noise of the final PCI after
spectroscopicomputation of gas concentratidf/1f-normalisatiorand the action of lockn amplification.The

SNR specificatiorof the DAQis thereforemodest at 5@B acknowledging thathe gas plume itself is expected

to be the dominanwide-band measuremenhoise contribution The minimum efective number of bit®f the

ADC can beestimatedrom the 50 dB SNR requirementhere an &it ideal ADC achieves 49.9B. A 2-bit

design margirfor nonideal behaviorcan be used to establish the minimum ADCwiith required, i.e10-bit.

As the DLIA algorithm uses diredligital-synthesis (DDS) of a reference signal, the spectral purity of this signal
is also key. Matching the DDS hitidth to the 1€bit ADC, yields aminimumDDS spurioudree dynamic range
(SFDR) of60.2 dB.Of higher importance are i) a low gain noniformity between frequencies used for the 1f
and 2f harmonic analysis, ii) low harmonic noise, *80 dB SFDRand iii) a linear gain response so that laser
nortlinearities within thespectroscoijs models R, 3, 29, 30] do not need to be augmentwith electrical non

linearities

Being a multichannelnode asked with asite digitization, signal processing ahdtdirectional communication,
this custom DAQ must provide i) retime DSPfor in-phase (I) and quadrature (Q), first (1f) and second (2f)
harmonic lockin amplification (32bit), ii) output of at leat O L v r rdiscrete wavelengtrasnples per ramp, iii)
synchroniation to the seed laser ramp and dither moduldtequencies (5 4 2nd (x gug aiv) Software control
as to the lockn frequency, R, 4 aophase, 61, 4 4-time constant i,, x aand experiment start, stop and reset
commandsand V) pernode output data ratebetween 58.6 Mb/s and 78.1 Mb/$2]. A long-term design



Fig.5. A custom digitization nodeith a central FPGA (A), two octal ADC
packages (B), main clockinghase lockedoop (PLL) (C), Ethernet
communcations (D) and initial analofjitering (E). Also included are i)
SDRAM and FLASH memories, ii) PROM for FPGA configuration ai
bootloader, iii) a 3axis accelerometer and iv) a-bR temperature sensor
Belowthe main PCB is a secondary pawegulation PCB deliverings V

1 A for up to 16 photodiode preamplifiers.

requirement of this system is that software cordral inthefield tuning of variables can be leveraged to allow

adaptability of the instrument for different measurenrmeethodologies12, 33].

To aidsampling of the absorption feature, using the DLIA methqukrdDAQ-nodestate machineonceptcan
be used with time periods equilent to integer multiples of thdither period, € yug L S2(x uag a This allows
short start, 5L sr) and end, © L 5E9) periods for laser settling and ramp -Bgck, andO L vrr
measurements made up ofmaximumacqusition period #; g zand an inteimeasurement waitingeriod 9 L
t. The number of dither periods within a ran6 L (x gug £(36azL wrrrcan then be used with Eqn.2. to
calculatethe maximum acquisitior #;35s L st The maximumDLIA time constant would then bi,, 3 5L
#i0eCuugal trr Q.QVhile DAQs often use the precisidime-protocol (PTP) to allow highly accurate time
synchronization of multiple units, in this case, the ramp and dither signals are bufferatistidited
symmetrically to all DAQ nodes. This allows synchronization when using thBA€+node state machine and

allows synchronization with a laser driver that does not have PTP support.

6L5E0:#6sE9;F9 E" -Eqn.2.

V. SYSTEM-LEVEL AND SUB-SYSTEM DESIGN

This paper disusses the digitetion node shown in Fig.$12]. This implements 16 fulhdifferential channels,
each with a $order 10 Hz higipass and a"2order 3MHz low-pass respons&/hen combined with the 3 MHz
pole of thepre-amplifiers a 3¢ order antialias filter is formedThisis suitable for the 14it 10-40 MS/s ADCs
when the frequency rebff of the signal itself isonsideredThe octal ADC package (Analog DevicesD9257)
provides significant systetevel cost savings above a baokindividual packagesnd in this case, this was
sufficientto changefrom 10-bit to 14bit. The clocking anddata transfer stratedy shown inFig.6, where each
ADC provides lowvoltage differential signals (LVDSat 560 Mb/s to a central FPGA using a serili-
deserialzer (SerDes) standard@ihe node therefore requires design for a raw data rate of 8.9 Gb/s, while the full
12-node system has a raw data rate of 107.5 Gb/s.tAfwaghputs too large for realime transmission and as

such, requires the use of embedded-tiea¢ DSP that must decate these data ratésr available Ethernet



Fig.6. Clocking and ADC SerDes data architecture for a single digitiza
node. Each ADC provides 4t 10-40MS/s data using soureynchronous
low-voltage differential signaling (LVDS) to the central FPGA.

protocols €.g. 100BASETX) [11]. The FPGAdesignfor simultaneous acquisition and signal processing of
multiple highspeed input channeis shown in Fig.7The data, both raw from a selectable channepancessed
via the DLIAs is stored in two FIFOs before being passed to an embedded microproddssse. FIFOs
implement a 2vay wavelengthmeasuremerihterleaving procesalleviatingthe effects of packdbssobserved
within enginetest cell§11]. TheFPGA is used to implement the digital leckamplification method19, 20, 21,

22]. This generates a local higturity sinusoidal referece using DDS. The advantagetbis is that within this
measurement scenario, the reference can retaiméise and suitable timing to the lagEig.4.), independent of
the long cable distanceThe lockin method shown in Fig.8uses this reference as a multiplying homodyne
oscillaor tocreatethe sum and difference frequency components. Choosing the difference usingasofilter,

the input signal can derought down to a DC magnitude and phase, with the ADC input data rate being decimated
by the number of digital loypass coefficients (tapsfhe number ofinity-weighted coefficients within the DLIA
low-pass accumulation filte C; 4 5 for a sampling frequenc ({40 MS/s) a WMS dither frequency ¢ (x yug a
(500 kHz),and an integer number of dither peric #; ¢ s within a measurementan bfound from Eqr3. While

the number ofrequiredDLIA output bits O, 4 4 €an beestablished usinggn4, where C, gig the bitwidth of

the ADC input signa(14-bit) and C4 g is the bitwidth of the DDS reference signéll4-bit). For examplefor
both Ccoak sxrfor #3066 L t) and Ccps L zrr(for #5566 L s, a bitwidth of 38is suitable The lower6-

bits can be truncated with minimal loss of precision.

Fig.7. The ADC data capture, digital logk signal processing providing
fundamental (1f) and"2harmonic (2f) inphase (I) and quadrature (Q)-3:
bit data. A secondary signal chain allows capture ofr&i#é raw ADC data.



Fig.8 A singlechannel digital lockn amplifier (DLIA) shown with the
shared direetligital-synthesis (DDS) units. A sharezbntrolling state
machineallows a) synchronization with the laser and b) provides
accumulation sampling signal once the DLIA time constant is reached.
multiplication, Eand accumulationGare implemented using the multipl
and accumulate (MAC) whin the Xilinx DSP48A1 DSP slices.

Ceoalk #aoé((&vyxméA - Eqn3.
Ol/zAAL OEEL,E OéQUE H%I’Ogoag -Eqn.4.

To provide software control ammmmunications with a server wih the control room, the backend of this design
uses an embedded -8 RISC microprocessdrl2]. The design of this is detailed in Fg.where the FIFOs
within Fig.7 SURYLGH UHJXODU p),)2 )X eda§ intenhps/ VB arFitterFupt@s bk V
the data is passed intworking memory via direememory access (DMA)he data is then packaged into two
dataframesand passed to the transritffer of the Ethernet mediwaccessontroller (EMAC). The receive
bufferis periodically polled to allowvaiting commands tbe serviced. Bwever at present a basic taskquatial
scheduling system is used

VI. DATA ACQUISITION: CHARACTERIZATION RESUTS:

Each optical receiver uses an InGaAs photodiode direotiyected to austompreamplifier and line driveto
ensure goodmmunity to electrical interference from the test cell environm@ig.10. inset) A differential
structurH LV XVHG ZLWK D WUDQVLPS H G BiqzFikstardet IQuwiass. This MNsu@<Qg@in
flatnesgfor the dither and to start the frequemoif-off required for antalias filtering. Whilethe presented DAQ
is generic ad can be usefr other applications, the pamplifier design is driven by the optics aignal specifics

of TDLAS-WMS. However, athe quantum efficiency tracklseory overa large wavelength range (966+2100

Fig.9. The structure of the ba@nd gatdevel design An intellectual
property interfac€IPIF) streams data from either a mwdtiannel DLIA
FIFO or a singlehannel raw data FIF@ the MicreBlaze heap/stack
memory using the DMA engine. Control registers are provided for fa
enables, resets, triggers and control parameters (DDS frequency/f
DLIA filter taps etc.).



Fig.10. The noise equivalent power of theéended InGaAs photodiode pre

amplifier showing a comparison to the Thor Labs PDA10OCS. Inset

VFKHPDWLF Rl WKH GLIIHUHQWLDO NY
nm), gas detection becomes a function of the las&elength and interrogati@pproach. This ensures this DAQ
is applicable to a wide variety of chemical specid® intrinsic mise performance of the maplifiersis similar
to that of the popular Thorlabs PDA10(¥8g.10.)butrejection ofsome, presumably common modsggerferers
(e.g. thoseappearing at 13 kHz) is greatly enhanced. The differential linpubunterfaces directly to the
differential signal path sed in the digitization nodeBig. 3 showshat the photodides and custom pamplifiers

function correctlywhile D PDQXIDFW X8 U@ Y H© W Dhds @dBietreld

The analogront-end of the digitization nodg(i.e. differential operational amplifier, higtass andow-pas$,
frequency performance has been verifiethere-3 dB cut off frequencieat 10 Hz and 3 MHz are observed. A
premanufacture simulation showed an overall gaif0of dB, while the measurd®2-channel(12-node)median

gain was-0.59 dB.A 100% @erational yield (i.e. correct frequency response) and a gain spread of 1.3 dB (at 100
kHz) are exhibitedThe capture gparallel multichannel (16analog signalat the data rateequired(560 Mb/s),

proved to be an area requiring significant complewiith respect tdit-capture andieserializatiorclocking and

the correct framing of the 1Hit serial dataWith correct highspeed dia capture from the ADCs, Fig.1¢hows

the result of amplitude linearity testing of a single channel (node #7, chiéialising pure 200 kHz sinusoids

at 40 MS/s. As this is AC coupled, it acts to test all ADC codes within thet tdnge and allowassessmerats

Fig.11 Input linearity with amplitude for a 2€Hz singletone sinusoict
40 MS/s. A linear fitting to the measured data shows agreement, in this
to the minimum gain observed within the i&#annel testsThe residual
between the data and the linear fit is presented inset
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Fig.12 Longterm (2 hours) tests dfie SNR(red), and SFDRblue) for
two channelsf node #8 The input was a 1000 naé¢pp 200 kHz sinusoid.
Each point is taken every 5 minutes and is formed of a 1000 sai
acquisition at 20 MS/s.

to linearity issues within the analog chain. While the ADC has an input range of 2000, fgdd showsa

slight departure from linearity once the amplitude exceeds 1750 mVpp. Plotted alongside the measured data are
lines representing the minimy mediarand maximum gain terms from tigain uniformity statistics of all92

channes. While lineaity is important for the TDLASWMS spectroscoijgs modelling, the slight departures from
linearity here will represent an error contribution far lower than that expected tyribléenceof the jetengine
plume.Here,nonlinearity can be avoided by tuning the iopt output power of the Thulium fiber amplifiérhe

DC offset created after the input AC coupling, fusde #7, channell# has also been measured at 3.0 mV. This

can be removed using a pdrannel longerm averagetestedwith the differential inputs shorted together. The

resulting calibration value can be subtracted from the data prior to the DLIA.

With TDLAS-WMS being dock-in frequancy analysis methodthe spectral purity and noise pmrhance of an
input frequency arerucial applicatiorspecific performance metgdor this DAQ. In Fig.12 both the SNR and
the SFDR are plotted over the course of two hours for two channels ist&psnutes. Theeliability, in terms

of ADC to FPGA data transfer frame locking and the overall noise from these channels is good, wittsthe
caseSNR and SFDR beingt45 dB and 41.3 dB respectivebndbestcasevaluesbeing55.4 dB and 44.8 dB

Fig.13. Amplitude stability over 120 minutes, observed using a 200 k
1000 mVaepp sinusoid in 40 MS/s 1dit mode. A measurement 4000

samples per channel (approx. 10 periods, with 8 plotted) was repeatec
minute intervals. The mean amplitudes for two channels are 872 mV
866 mV, with standard deviations of 1.9 mV and 2.2 mV, respectively.



Fig.14 Frequency response of a 4@ DLIA running at 20 MS/s using

two DDS units for reference and a test sinusoid signal. Each point «

frequency domain is the mean of 500 DLIA samples with the two signa

phase. A FWHM of 66 kHz is obtainedbout the 100 kHz center. Long

term (5min) histogram, inset, shows suSB repeatability of the output

data at the frequency maximum, albeit with a slighit () deviation from

the expected maximum.
respectively. ldwever a shortertermtest with data takeat1-minuteintervals showed maxima of 56.5 dB and
50.8 dB. We notehat the prototype board itselicludes digitalswitching noise from a variety of highpeed
clock domains and does not yet have a djpatly noiseoptimizedanalogsignal chain. These noise figures are
prior to the frequency selectivitgnd hence noise reductibehaviorof the DLIA. The averagenative (no input
signal) noiséfloor of the systen{node #14, kamel #14) has also been measurat-60.4 dB for frequencies
betweerd2 kHz and20 MHz (at 40 MS/%. The histogram of this data shows that the noise is predominantly
Gaussian but witla low (1.3%) probability of noise spikes of 3V. This noise flooragreeswith the SNR
measurements of pusnusoidsacknowledginghat harmonic noise is also included in thassasurementsn
Fig.13 a histogram ofamplitude stability for a pure200 kHz 1000 mVa@p sinusoidis presentedor two
independenthannelsver the coursel20 minutes. This used a FIFO of 1e€dmples to capturgpproximately
10 dither periods for which the amplitude was calculated per period. This was repeat@ihate intervals.
While there is a slight offset between the channgl® [ x | 8), possibly caused by gain variation of the analog
circuits, both give low standard deviations of 1.9 mV and 2.2raspectively The gain offset from the 1000

mVac-pp input is 0.59 dB and 0.62 dB replicating the earlier mediantpass gain.

For use withinthe DLIA algorithm, the TDLASWMS synchronizatiodehaviorof the DDS locakine and cosine
referencedias been measuredth respect to their controlling state machine state signal progression and the data
readout chainThe two signalsemain exactly 90 degrees enftphase ensuring orthogomaliltiplication within

the DLIA andas expectedrom the analytic expressio 5 (& 4,5,,L 034 Uxdt L z iz @,%he DDS produce
references witl83 dB SFDR.

While the temporal behavior of the DLIA has previously been tesgiétdinput TDLAS-WMS signals 19] and

the frequency behavior of the DLIA algitnm is well defined 20, 21, 22], Fig.14 shows characterization of the
14-bit DLIA frequency response. Thi®nfirms a symmetric banplass response with a fullidth halfmaximum
(FWHM) of 66 kHz anda high rejection of oubf-band signals (180 dB). Theagnitudestandard deviation of

éL rdazrt shows repeatability of the measurements overnairfite period. Tl complements bievel
verification of signal and reference multiplication and addition for a known period. There is a slight deviation
from the expected maximum of 8192, however this may be dusnwmlphase anglg( 6 L s& }, between the

reference antkst signals (both DDS generated).
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Fig.15. Interrupt handling for 88 Ethernet packets per TDLAS rai
(assuming all channels). The rolff above 1000 interrupts/s includes a
increasing probability of packets not beitrgnsmitted before the nex
interrupt, i.e. interrupt #2 supersedes and cancels interrupt #1. The p
rate reduces when dyoard diaanostic facilities. are enabled (Print = Y)

As this DAQnodeis intended for tomographic imaging, the rate at which it can acquire and process the data is
crucial For this purposewhenthe FIFOis full (Fig.7) it interrupts the microprocessor to triggerDMA
transactionEthernetpacket ceation and transmission. Fig.A5shows a plot of the interrupt rate vs thaput

rate of packets. This saturates @@ packets/second, whichssumindg8 packets peramp per node, is suitable

for 22.7fps imaging(0 L vrr 16 channels and 5 wavelength points per packeétpresent this processs
implemened in a sequential mann@fig.15B), however DMA is intended to be operated in parallel, while the
data buffers within the microprocessor working memory and the separate EMAC transmit buffer can be
configured asa taskparallel pipeline (Fig.1%). When combined with an increase in microggssor clock
frequency from 100 to 150 MHz, the limiting taskll becomethe filling of the FIFO by DLIA data and a
tomographic rate of 100 fps becomes achievadtalability to higher frame rates would be achievable with

higherspecification microproasors and a migration to standard 1Gb/s Ethernet networking.

VII. DiscussioN CONCLUSIONSAND FUTURE WORK

A custom data acquisition systemygresented for the quantification of-grtgine exhaust plume specigghile

there are several previous tomographic systems, such as Ma et al and Harley et al, that strive towards the same
aims, this design represents a significant increase in physizafor the quantification of exhaust plume gas
species in the largest civil aviation aget-engines, such as the ReRoyce XWB. The tomographic instrument

also includes a number of complexities with respect to optical, electrical and signal ppcasstiem
requirements. From a data acquisition viélere are three requirements that differentiate this systemtfrem

available commercial DAQs.hese are i) the scalability from 128 to 256 channels, ii)sth&bility for user

13



implemenedparallel, mstom signaprocessing running in retiilme at the native data rate, and finally iii) the use

of a true parallehcquisition architecture rather than the timaltiplexed methods employed by other multi
channel DAQsTheresults pertairio the analoganddigital performance of one digitition node providing 16

fully -differential 10-to-40 MS/s parallel acquisition channels withnative SNR 066.5 dB. The full 1znhode

system provides 192hannels, along with FPGBased lockin amplification and iscalable to larger numbers of
channels and different potant gags The analogerformance hadseen assessed and shown to rifeetliscussed

design specificationshowever there are two dominant factors that will affect the imaging quality, SNR and
measuement uncertainty within the final tomographic reconstructions. The principal noise term is expected to be
the natural uncertainty inherent within the-ggtgine exhaust plume (i.e. the tiwarying gas concentration over

a 7 m path). The principal imagjruncertainty *tmanifestedas artifacts and multiple solutions the inverse
problem xstemsfrom the underdetermined measurement geometry and low numbers of anguladvithis

paper, the noise and uncertainty of the data acquisition hardware hahhesmsterized. However, we note that a
complete assessment of uncertainty throughout the complex signal chain of optical, electrical and digital filtering
processes, compounded by spectrographic modelling and tomographic reconstruction processes o thetsid
scope of this current publicatioRuture work, installing this DAQ within the jeingine test cell is underway

while the presented DAQan be improved thoughseconedgeneratiorprototype Leveragingthe pipelining of

the digitatlogic, direct-memory access and software can be usé@tttease the maximum tomographic imaging

rate.
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