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Abstract

When HST/STIS resumedoperationsin July 2001using its redundant
“Side-2” electronics, the read-noiseof the CCD detector appeared to
have increasedby � 1e� due to a superimposedand highly variable
“herring-bone” pattern noise.For the majority of programsaiming to
detect signalsnear the STIS designlimits, the impact of this noiseis
far more seriousthan implied by a mere 1e� increasein amplitude of
the read-noise,as it is of a systematicnature and can result in � 8e�

relative deviations (peak-to-valley).

We summarize a method to robustly detect and remove this pattern
noisefr om raw STIS CCD frames (Jansenet al. 2003; Brown 2001).
We report on a Cycle16/17Ar chival Calibration Legacy program to
(semi-)automatically remove the herring-bone pattern noisefr om all
raw, unbinned Side-2STIS/CCD frames takenbetween2001July and
2004August — representinga gain in effective sensitivity of a factor
� 3 at low S/N. We also discussthe nature of the noise,and present
tr endsin characteristicsof the noisepattern.

Nature of the Pattern Noise

The superimposednoisesignal,due to analog-digital cross-talkor a grounding issue
in the STIS Side-2circuitry , is not a spatial signal, but a high fr equencysignal in
time. That signal manifests itself as a spatial “herring-bone” pattern (Fig. 1) that
can drift erratically — even during the relatively short time it takes to read the
CCD. The pattern tendsto be locally semi-coherent, however, and is bestdescribed
as a modulated � 14–18kHz wave. The amplitude of that high-fr equencywave is
modulated by the superposition of thr ee� 1 kHz sinusoidalwaveswith phasesthat
areshifted 120� fr om oneanother, and which haveamplitudesof 3–5e� (seeFig. 2).

Sincea 14–18kHz fr equencycorrespondsto a spatial period of 2.5–3.2pixels, the
valuesof adjacent pixels along a row tend to be affectedby offsetsof oppositesigns
(Fig. 2a), resulting in relative deviations of up to � 8 e� (peak-to-valley). Adjacent
pixels along columns experienceoffsets that are shifted in phaseby amounts that
vary fr om region to region in a single frame, and also fr om frame to frame. The
resulting impact on Side-2CCD data is therefore far more seriousthan implied by
a mere 1 e� increasein the amplitude of the read-noise,and is partly systematicin
nature.

Removing the pattern noise

Brown (2001)intr oduceda method to �lter out the pattern noiseby noting that the
sequentialchargeshifts during read-outof the CCD allow oneto convert a 2-D image
into a timed signal. That time-seriesmay be Fourier transformed to the fr equency
domain, where onecan search for the fr equenciesresponsiblefor the noisepattern,
and then suppressthem in various ways. This works well in imagesor portions
of imageswhere few bright and/or spatially very concentrated(sharp) featuresare
present,but requiresmanual de�nition of the fr equencylimits of the �lter . If the
�lter is chosentoo wide, or if many genuine high-fr equencynon-periodic signals
(e.g., stars,spectral lines,cosmicray events)are present,ringing may occur.

Jansenet al. 2003noted that the problem of automatically and robustly �nding the
fr equenciesthat correspondto the pattern is greatly reducedif the genuineback-
ground and sciencesignalsaremodeledand subtracted�rst. The resultingresiduals
image, ideally, only contains photon noise, read-noise,and the herring-bone pat-
tern. In practice, sincethe model won't be (and doesnot needto be) perfect, there
are systematicresidualsof genuinefeaturesin the data aswell. But the contrastof
the herring-bone pattern hasbecomemuch higher than in the original image. This
meansthat, in the fr equencydomain, one can blindly run a peak �nding routine
with much relaxedcontraints on the fr equencyinterval (or alternatively on much
poorer data — e.g., very long spectroscopicexposuresthat are riddled with cosmic
ray hits) and still correctly �nd, �t, and �lter out the pattern fr equencies.Also, since
most of the power fr om genuinesignal hasbeenremoved prior to constructing the
power spectrum,the problemof ringing is effectively avoided.

We further impr oved the method by replacing the power at fr equenciesassociated
with the noisepattern with white noiseat a level and amplitude that matchesthe
“backgr ound” power in two intervals that bracket the affected fr equencies.In the
original method, such fr equencieswere suppressedusing multiplicati ve �lters or
windowing functions, or weresetto zero. Replacementwith white noiseis lesslik ely
to intr oduceartefacts due to the absenceof power at fr equenciesthat should have
some,or which may result when many adjacent fr equencieshave identical or zero
power. The resultingmodi�ed power spectrum is inverseFourier transformed, con-
verted to a 2-D image,and addedto the previously �tted “data model” to producea
CCD frame fr om which the pattern noiseis completelyremoved.

Our optimized Fourier �ltering method, brie�y outlined above and summarized in
Fig. 3, was implemented in IDL procedure autofilet.pro . Several auxilliary
shell-scriptsprovide input andallow batchprocessingof multiple CCD frames,while
a compiled program generatesmulti-extension FITS datasetsthat are compatible
again with calstis . A comparisonof the pixel histogramsof original and cleaned
bias frames (Fig. 3f ) demonstratesthat the noisein the pattern-subtracted frames
approximates the theoretically expecteddistrib ution very closely and matches the
nominal “Side-1” CCD read-noisethat wasobservedprior to July 2001.

Ar chival Calibration Legacyprogram AR 11258

As part of AR 11258,all raw, unbinned, full-frame Side-2STIS/CCD data setstaken
between2001July and 2004August(eachcontaining oneor moreindividual frames)
were retrieved fr om the HST Ar chive and processedat ASU using autofilet to
remove the herring-bone pattern noise.The 75345cleanedframeswere quality ver-
i�ed and mergedback into 47192multi-extensionFITS �les and delivered to STScI.

For eachsuccessfullycleanedframe, we loggedthe detectedpeak fr equency, fr equency
drift width, and peakpower for a tr endinganalysis.Thr eeexamplesare shown in Fig. 5.
The removal of the pattern noiserepresentsa gain in effective sensitivity of up to a fac-
tor � 3 at low S/N, if one usessuperbias(Fig. 4) and superdark frames generatedfr om
pattern-cleanedframes in calstis .

The cleaneddatasetswill be available soonfr om the Hubble LegacyAr chive, aswell as
fr om: http://stis2.sese.asu.edu/

Autofilet and auxiliary softwareand instructions areavailable fr om the leadauthor.
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Fig. 1 [left] — A sectionof a raw, unbinnedSTIS/CCDBIAS frametaken in July 2001. This sectionfeaturesthe highly variable“herring-bone”noisepattern,several (vertical)columnsandindividual pixelswith
elevatedbiaslevel, aswell asthreeregionsaffectedby cosmicrayhits.
Fig. 2 [right] — Thepatternnoiseis not a spatialsignal,but resultsfrom a high-frequency signalin time. Thedifferenceof two adjacentpixelscanbeaffectedby up to � 8e� (peak-to-valley), andthepatterncanbe
semi-coherentover tensto hundredsof pixels. Apart from the � 16kHz (2.8 pixel) patternin this example,threesinusoidalwaves— with a frequency of � 1kHz andphasesthatdiffer by 120� from oneanother—
de�ne anenvelopeon theamplitudeof thehigh-frequency primarypattern.The� 1kHz signalis likely associatedwith anonboardoscillatoror clock.

Fig. 3 — Overview of theautofilet procedure.(a) Sectionof theraw STIS/CCDBIAS frameof Fig. 1. (b) A data“model” constructedfor this section,containingmostof thesignal(as�tted to the imagelines
andcolumns)andalsoall pixelsdeviating from that �t by morethan3� , or by morethan0.5� whenadjacentto a pixel thatdeviatesby morethan3� . Thedifferenceof theoriginal imagesectionandthis model,
i.e., the residualsimage, is convertedto a time-seriesandFourier transformedto frequency space.(c) Portionof thepower spectrumcenteredon thefrequenciesresponsiblefor theherring-bonepattern.After �nding
thepeakfrequency, anestimateof its width (resultingfrom theerraticdrift in frequency of thepatternduring the time it takesto readtheCCD) is obtainedby �tting a Gaussian.All power within � 3 � of thepeak
frequency is thenreplacedby white noisethatmatchesthenoisein thetwo bracketingregionslocated4–7� away. Theresultingmodi�ed powerspectrumis inverseFouriertransformedandconvertedbackinto a 2-D
image,to which themodelof panel(b) is added.(e) Theresultingpattern-subtracted,cleanedframe.Note,that thereis no “ringing” aroundbright regionsaffectedby cosmicray hits. Thedifferencebetweenpanels
(a) and(e), i.e., an imageof thedetectednoisepattern,is shown in (d). (f) Comparisonof thedistribution of pixel valuesin theraw andpattern-subtractedBIAS frames.Whereasthenoisein theraw BIAS frameis
distinctlynon-gaussiannearthemeanpixel valueandhasa� � 5.5e� , afterremovalof theinferredherring-bonepatterntheremainingnoisecloselyresembleswhitenoisewith asigni�cantly smallerstandarddeviation
� � 4.0e� . Autofilet thereforesuccessfullyreproducesthenominal“Side-1” CCD read-noiseobservedprior to July2001.

Fig. 4 — Comparisonof aweekly“superbias”referenceframeretrievedfrom theHSTArchiveandoneconstructedfrom pattern-subtractedbiases.While
the “herring-bone”patternsvary from oneframeto thenext, they arenot suf�ciently randomto cancelout completelywhenaveragingmultiple frames.
In the left panel,signi�cant residualsfrom thepatternnoiseareseenevenwhenmorethan100 individual framesareaveraged.The frameconstructed
from our pattern-subtractedbiases(middle) is free of suchresiduals.Indeed,in the right panel,the pixel histogramof the STScI/OPUSbiasreference
frameshowsabroaderdistributionof pixel values,while our frameapproximatesthetheoreticallyexpectedgaussiandistribution. Theobservedtail toward
higherpixel valuesresultsfrom hotandwarmpixels,mostlylocatedalongdiscretedetectorcolumns.

Fig. 5 — Noisepatterntrends. (left) Detectedpeakpower in the frequenciesassociatedwith the “herring-bone”patternnoise. The DARKs show that
patterndetectioncontrastdependson the spatialdensityof genuine(or cosmicray induced)strongly peaked signals. (middle) We �nd little change
with time in theamplitudeof thepatternnoise. (right) Theaveragefrequency associatedwith thepatternnoisehasdecreasedby � 6% from 2001July
till 2004July, a trend that continuesalsoafter the successfulrepairof STIS during SM4. At any given epochthereis a wide rangeof � 1–3 kHz in
pattern-frequency measuredin individual CCD frames,but framestakenin closesuccessiontendto show similar pattern-frequencies.Someof thelarger
excursionsin frequency maybeassociatedwith monthlyanneals.


