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CSC341- IR ROIC with analog domain nonuniformity cortiea (NUC) and bad pixel (BP) mediation processing

1 Resistive Grid Spatial Filtering — SCAIP ASIC

The Alternate Architecture (AA) represents CSC’w/est generation analog image processor
(AIP) and realizes the concept of mtegrated Sensor Processor (ISPyhe AA-ISP advances
the programmable spatial filtering capability ofrlea resistive grid processors by including
multiple programmable isotropic & oriented anispimlowpass spatial filters to be combined
within a singlechip and providing individual filter response gaweighting and summation for
performing complex spatial filtering operations. hel AA-ISP also includes multiple
programmable lowpass, bandpass, and highpass temmfitering processing which can be
optionally combined in parallel or in series witletoutput from the spatial filters. All spatial,
temporal or spatio-temporal filtering operations performed in the analog domain under digital
supervisory control. This third generation is andaiic advancement over previous generations
which implemented a single lowpass spatial filtea®ingle bandpass temporal filter as separate
devices.

Two processing array types are currently being ldgeel to support the AA-ISP; one
array called the CSC341 (NUC/BP) detector arrayopers the detector interfacing and signal
integration functions of typical ROICs in additido including spatial domain restive grid
filtering capability for detector non-uniformity oection (NUC) and bad pixel (BP)
compensation. A second array referred to as th@é32% (STF/ME) processing array performs
more extensive spatio-temporal filtering and inelsidpatial phase shifting in the analog domain
to support motion-based processing and orientedigntfiltering. A combined embodiment
where both designs are fabricated on a single mtlecan pass image data using a column level
data bus is referred to as the CSC275. For thalirdesign supporting 240 rows and 320
columns, inter-array data transfer occurs at eadtnmn for a 320 signal wide bus. The CSC-
275 is intended as a flexible test-bed supportineclip scene-based NUC, bad pixel (BP)
mediation and highly programmable spatial, temparal spatio-temporal filtering for up-front
pre-digitization image processing.

CSC has been actively developing resistive gridioghamage processors (AIP) for
spatialfiltering since 1995. Resistive grid processing, origingityneered by Carver Mead [1]
in his development of his model of mammalian vissystems, has been implemented at CSC
using organic polymer overcoats on CMOS capaciti@ya for resistive interconnection as well
as the current all CMOS generation ASICs utilizgwgtched capacitor resistive elements.

Analog VLSI AlIPs aramassively parallespatial-frequency filtering convolution engines
matched pixel-to-pixel to the spatial format of #oeal plane detector array for computing a
class of convolution operations directly in thelagadomain. Analog image processors sample
an image as an array of spatially distributed obsrgvhich are interconnected through a
programmable resistive layer.

CSC began developing resistive grid processingni@olgy with the Thin Film Analog
Image Processor (TAIP) [2] [3] where a 2D capseitarray is over-coated with a high-
resistance polymer to form an RC network. Throulyfbgl programmable control of isolation
switches per-pixel, RC connectivity and therefdre extent of spatial signal admixture can be
controlled. Multiple spatial filtering chips colegd with switched capacitor temporal bandpass
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ASICs have been used to demonstrate a high-thratghmcessing engine aggregating the
processing capability of multiple discrete spagiatl temporal filtering ASICs in a VME system
to produce programmable spatio-temporal filtering acene motion information [4] .

CSC’s second generation analog image processoswstened capacitor (SCAIP) ASIC
where the polymer resistive layer is replaced bgea of programmable switched-capacitor
resistors connecting neighboring unit cells. Eai cell contains a single blur capacitor and six
switched capacitor resistors that connect to dieotinit cells. The effective resistive of each
pixel interconnection is controlled by the numbércounts or switch cycles the two storage
capacitors in each connected pixel are allowed#wescharge. In a single switch cycle, only a
small charge transfer is allowed based on the oitibe storage capacitance in each pixel to the
small transfer capacitance which is alternativeljtched into a parallel configuration with each
storage capacitor to effect one charge transfdecytie storage capacitors in two pixels sharing
charge are never directly connected directly togetlBy controlling the strength and
directionality of the programmable conductivity, large class of isotropic and oriented
anisotropic Gaussian blurring kernels can be impleed. The switched capacitor
implementation of a 2D resistive grid carries owdao our third generation devices. Sample
image data from the SCAIP processor showing varbwsing options is shown in Figure 1.

(a)
Figure 1. Output from the switched capacitor (SCAIP) résistgrid ASIC demonstrating hardware realized
filtering capability where (a) an input image isosm isotropically blurred and (b) filtered using ariented
anisotropic lowpass Gaussian kernel at (c) 26d§°9Q° and (e) 116.6° as measured from verticachEmage is a
10 frame average processed at a 60Hz frame rate.

2 Detector Nonuniformity Correction (NUC)

Scene-based nonuniformity correction (NUC) and Ipaxkl (BP) removal with local
surround substitution is included in the CSC341 (MBP) AA-ISP design. The design
represents a complete sensing and NUC processingjosofor infrared (SWIR/LWIR and
microbolometer) detection that does not requirataligfN\UC processing or, as in some camera
systems, video interruptions from shuttering ineference field, to produce updated NUC
coefficients and therefore is a more compact, loweight and power frugal camera on a chip
ideal for low lift and low power capable surveil@nplatforms.

Array non-uniformities are generally consideredbéotemporally static, or at least change
slowly relative to the video sampling rate. Coti@t algorithms adjust the data after it has been
cycled off the chip using an estimate of the fiygttern noise (FPN). Calibration methods
estimate the fixed pattern from the outputsdontrolledinputs. Adaptive methods estimate the
fixed pattern from the outputs fancontrolledinputs.
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In most infrared cameras, the fixed pattern foundndy calibration is corrected after the
analog detector outputs have been digitized. Tstem digitally stores the measured fixed
pattern parameters. After a frame is digitized egatl into the system, the frame is processed
and each pixel is corrected. The corrected frasrthaen passed to the output or another digital
algorithm. The greatest weakness of the calibrati@thod is that the fixed pattern is not truly
fixed. The pattern can drift over time or dependlwe physical state of the detector. Performing
several fixed pattern measurements and creatingralesorrection tables can minimize some of
these problems. A better approach is to periogicatperform the calibration measurements.
This is a difficult approach for sensors, becatisequires a method for switching between the
desired scene and a known calibration source.ekample, if a one-point update calibration is
used, then a mechanical shutter can periodicallgltged to provide the known input, but this
adds additional weight and the mechanical comptesfitthe shutter along with the algorithmic
complexity of computing and applying the updatedections.

Adaptive technigues work around the calibratiorbpgms by estimating the fixed pattern
from uncontrolled inputs. Essentially, the aldaomits make an assumption about how the normal
video input is different from the fixed pattern.orFexample, normal video may be assumed to
vary rapidly with time, while the fixed pattern iearly fixed. If the assumption is valid, the
fixed pattern can be detected and removed, eviemafies slightly over time.

CSC has developed analog implementations of antimdadUC algorithm based on a
scheme proposed by Scribner, et al. utilizing ewl@g resistive grid processing technology [5] .
The original algorithm is shown in Figure 2(a) andludes methods for estimated both fixed
pattern gains and offsets from real video. In dewelopment we have found the offset
correction to perform well and can even compeng&atéhe lack of a specific gain correction.
This has led to the simplified algorithm shown igu¥e 2(b). Both of the algorithms in Figure 2
rely on the assumption that the scene contentasgihg while the non-uniformities are nearly
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Figure 2. Adaptive non-uniformity correction algorithms:) (Recursive, nofinear method th
estimates both gain and offset corrections andifepr filter method that provides offset coitren.
Both methods assume that the non-uniformities hdiféerent spatial and temporal freenc
characteristics than the scene content. In péaticthe scene is assumed to always be moving.

static. If the scene becomes static, the parteetcene that pass through the spatial filter will
start to be lumped into the correction value arghplpear from the camera output. In CSC’s
tests with video from a UAV, this has not provenb® a problem because small UAVs are
typically in constant motion. In addition, methdds removing this restriction by automatically
locking the correction values when the sceneryptschanging are currently being investigated.
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Of the different scene-based NUC algorithms that & implemented using the
programmability of the CSC341, the most promisipgpraach requires the processing steps
shown in Figure 2(b) and again in Figure 3 withiaddal high-pass spatial filtering if dynamic
range (DR) processing is desired. This algorithanbeen simulated on SWIR InGaAs and
LWIR microbolometer imaged scenes captured fromA¥ Winder different fixed pattern noise
to scene contrast embeddings.

The NUC operation is performed by differencing thput signal with a quasi-static
spatial high pass filtered representation of theuinto remove slowly varying high spatial
frequency content- static or DC pixel-scale fixeattern noise (FPN). The algorithm requires
independent control of a second high pass spdted dperation to provide dynamic range (DR)
filtering. The output of the DR section is a miakg centered image.

Scene-based NUC (slowly varying
high-spatial frequency content removal)

High pass
Spatial

High pass Low pass Dynamic Range
Spatial Temporal filter
(globally defined)

() (b)

Figure 3 Block diagram of a scene-based NUC. Signal irfiparh the right has (a) static high spatial
frequency content removed followed by (b) a spatigh pass dynamic range (DR) filtering. The
CSC341 Det/BP/NUC array configured to remove baelpiand perform scene-based NUC as shown in
(a) can then output the corrected video data acthemn-level to the CSC321 STF/ME array for DR
filtering (b). In addition to basic DR spatial hjggass filtering, the CSC321 array can implemenidew
range of DR spatio-temporal filtering options irdilhg motion energy processing on the NUC corrected
video input from the CSC341 array.

A functionality illustration describing the spatiahd temporal filtering capability of a
single CSC 341 (NUC/BP) array, and the interplaywieen pixel-level and column-level
processing is shown in Figure 4. The CSC-341 oetua detector interface for direct integration
with a detector array, but can also accept seridtiptexed input to accommodate a wide range
of detector ROICs outputting progressive scan data typical line timing. Connection to a
detector array through detector pads (01) in eathaell provides detector signal input to a
circuit block (02) interfacing detector input withe AIP. In the 341 array almost all NUC
processing is done at the pixel level (03).

Using a resistive grid comprised of switched cajpacelements between neighboring
unit cells, each layer can perform two lowpassiapfltPSF) filtering operations (04) and store
the result of the filtering operation on storageneénts denoted by SF1, SF2. An image created
using the output from each SF1 storage elemenach e@nit cell of the processing layer would
produce a lowpass filtered version of the inpuinalgarray. In like manner, one additional
lowpass filtered image is possible having a diffédewpass cutoff frequency. For purposes of
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Figure 4 This functional block diagram summarizes the aapability of the CSC341 (NUC/BP) array.
The CSC341 array includes a somewhat reduced deatiporal filtering capability to allow detector
interfacing (DI/CTIA), bad pixel correction with dal average substitution, multi-frame averaging,
correlated double sampling and the spatial and eeahfiltering required to perform scene based NUC
per the algorithm block diagram shown in FigureTis IC can produce either a serial mux output@isi
or can output through column-level bus to the CSIC&2ay for further processing.

NUC and BP processing, one spatial filter provideswn bad pixels with either a fixed
reference level (zero blur on SF1) or for nonzenals kernel blurs provides a local background
average value. The in-pixel SRAM (05) once setufgloa power-on calibration step specifies
whether (06) the detector signal or the referemmléage level or local background substation
signal is used as the clean signal in forming tiglgass spatial filtering operation required by
the NUC algorithm. By ignoring saturating or na@sponsive ‘bad’ pixels, the scene based NUC
processing can remove high frequency FPN with maadedUC blurs (SF2) even at low signals
to noise (SNR)- weak contrast edges relative td-tP offsets.

The second spatial filter performs the large keMC blur which when combined with
the original input produces the high pass spaiitar frepresentation of the input. The switched
capacitor design of the resistive network allows&able electrical connectivity at each unit cell
between neighboring unit cells in the horizontadl aertical directions as well as in all possible
chess knight move directions. Using the horizomaéction as reference the knight move
directions includes two over one up, two over oopwm, two back one up and two back one
down. These connections allow oriented anisotrgpatial lowpass filtering at different angles
to also be performed. This capability is largelsaary-over form the processing array (CSC321)
but can have utility in the NUC/BP processing araaycolumn and/or row coherent FPN can be
treated using oriented anisotropic filtering to guwoe higher quality output then if isotropic
spatial filtering alone is used.

The small kernel spatially filtered (SF1) and/oe ttlean signal, depending on whether
the pixel was programmed as a bad pixel, (07)as thfferenced with the large NUC blur output
from SF2 and switched capacitor sampled in thelpi@®8) to implement both the high pass
spatial filtering (HPSF) operation as well as tloav Ipass temporal filtering (LPTF). The
differencing operation needed to produce a HPSpubus implemented using capacitor plate
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inversion in order to implement as much of the NtiZrection processing within the pixel as
possible. This produces an output which is botih lspatial frequency and temporally static
(09). The clean input signal (corrected to remoae pixels) (08) and the NUC correction signal
(09) are then muxed to the column-level (10) foityugain differencing (11). At the column
level the clean input signal (08), the correcticamie (09) and the final NUC and BP corrected
output (12) are available for output either as ake@ideo output stream using a column mux
(13) or in a parallel fashion using column-to-columonnectivity to the CSC-321 processing
array (14). A single video output in either RSDhr@s a variable frame rate video stream can be
selected at output (15) as well as a high frameematlti-tap output option.

In addition to the adaptive NUC algorithm, imagenttast enhancement processing, or
dynamic range (DR) compression processing is aisluded in the CSC275. There are many
methods for re-mapping video pixel values to regedacontrast across the frame. The goal is to
avoid large areas that are either very dark orrad bright with little-to-no information
content. Some methods, such as histogram equahzatannot be simply implemented in
analog circuitry. The CSC275 employs a linearefilthat performs a variant of un-sharp
masking, which reduces the local mean values adimssimage and enhances local high
frequency features, such as edges. Other methuikr wlevelopment range from gamma-like
pixel value re-mapping to biologically-inspired @ation-inhibition approaches. These non-
linear techniques are more complex, but may progida better output video quality.

An example of the uncorrected and NUC correcteghudutor a very low light SWIR
band UAV flight is shown in Figure 5. Very littkcene content can be identified in the sample
raw frame. The output of the NUC correction altjori using the captured video without
specific bad-pixel compensation is shown labeled@Iwhere a SUV vehicle can be seen at the
junction of two dirt roads. Due to the detectod @amera gain settings, the scene content sits in
a narrow signal range (less than 3% of the imagrmuyc range) centered near the middle of the
full image dynamic range. Background reduction bad pixel compensation at detection would
have allowed greater gain to be implemented ancefine a more efficient use of the camera
dynamic range. The lowest scene levels are linlitgdhe detector dark current whereas the
upper value was set by the camera settings dun@dlight in an attempt to retain the brightest
scene content across the entire image using tlyeveny poor uncorrected video data to cue the
user.

In typical LWIR cameras, components required byithage processing sub-system add
weight and complexity in the camera and consume wiakie power. One of the major driving
forces behind CSC’s new Integrated Sensor Procékd®) technology is the dramatic reduction
of sub-system weight and power requirement by natdgg the processing functions into the
sensor chip. The standard calibration-based ndforamty correction algorithm will be
replaced with an adaptive scene-based correctgoritiim, eliminating the need for a touch-up
shutter system and digital calibration tables. eAftorrection, dynamic range management can
perform localized image enhancement to increasevibeal quality. By combining both
functions into an integrated sensor/processor, gbwer requirements will be dramatically
reduced and the optics will become the weight-iimgifactor.
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NUC & DR

Figure 5 Sample SWIR band frames of the uncorrected oawW) and the nonuniformitgorrecte:
output (NUC) for avery lowlight (moonless) UAYV flight in the hills behind Simi \fey California. The
pixel intensities over the SUV have a distributiess than 3% of the full image dynigmnange. The tw
bright regions are light sources on the groundrmkttie SUV. Very little scene content can be identi
in the raw uncorrected frame. The output of theC8&L scene-basddUC correction algorithm usii
the captured video as input without specific Ipatkl compensation shows a SUV vehicle at the jon
of two dirt roads but a large left to right gradieemains. With dynamic range (DR) pd8tiC
processing, the large left-right gradient has beemoved and both the road and théVSare much mot
clearly visible compared to the original raw input.
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Captured night-time video data from an L-3CIP 45@6cooled micro-bolometer LWIR camera
mounted to a UAV is shown in Figure 6. The unctted captured raw video data processed
with the adaptive NUC algorithm produces the outpbeled “NUC” and with dynamic range
(DR) spatial filtering included gives the outpubdéded “NUC & DR”. The raw video has non-
uniformities that are quasi-static and occur atiotsr spatial scales. The adaptive NUC
algorithm corrects the high spatial frequency dffsbut not some of the lower spatial frequency
components. The result is an output where moshefgranularity has been removed, but the
image still has a gradient from left to right. Wdynamic range (DR) post-NUC processing, the
gradient is removed and the SUV, two people andadec rectangular box next to the SUV are
much more clearly visible compared to the origiaaV input.

Figure 6 Sample long wave microbolometer camera frame$f®funcorrected output (RAW) and the
nonuniformity corrected output (NUC) for a UAV fligover a grass field in Santa Barbara California.
The microbolometer camera has both a high and lepatial frequency components of its fixed pattern
noise. Very little scene content can be identifiedhe raw uncorrected frame. The output of the
CSC341 scene-based NUC correction algorithm usiagéaptured video as input without specific bad-
pixel compensation shows the SUV vehicle and twapfeebut a large top-right to lower-left gradient
remains. With dynamic range (DR) post-NUC proaggsihe large gradient has been removed and the
SUV, two people and a cooler rectangular box nexh¢ SUV are much more clearly visible compared
to the original raw input.
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3 Bad Pixel Correction

Infrared detectors typically suffer from ‘bad pigelthat are either non responsive,
permanently dark or saturating, or are otherwismpable of sampling the scene. For scene-
based analog domain spatial filtering implementattd NUC processing, bad pixels can be
corrected during the NUC processing to producedrigjuality corrected video output. In the
SWIR band bad pixels typically appear as saturatvhge in LWIR microbolometer detector
arrays bad pixels are essentially dead and libeatzero signal level. Depending on the scene
contrast magnitude and dark current pedestal, YdIlRSimagery, bad pixels force much larger
blurring kernels to be implemented in order to cenmgate for the low SNR (scene contrast edge
magnitude to the fixed pattern noise) unless soaren fof explicit bad pixel mediation is
included in the video correction processing. Withexplicit BP correction the resulting NUC
corrected image can be of lower quality as somiluatk bad pixel offset around a bad pixel
often remains despite very large blurs. In facifé edge effects arising when large convolution
kernels are implemented using resistive grid VL&ldware can limit the largest blur kernel that
can be implemented without degrading the periphegibns in the output image.

Bad pixel (BP) correction processing included ia thSC341 array acts in concert with
the scene-based NUC processing as shown in Figure Ohe of the NUC algorithms
implemented relies on a highpass spatial filter $HPto discriminate scene content for the high
spatial frequency characteristic of the detecteedipattern noise (FPN) followed by a lowpass
temporal filter (LPTF) to further select high freancy spatial content that is also quasi-static.
The resulting spatio-temporally filtered data igrthsubtracted from the input to produce the
NUC corrected output.

Detector bad pixels (BP), saturating and/or unrespe, would not be allowed to be
loaded onto the capacitors used in implementingstedial filtering operation and instead be
replaced with a suitable reference voltage, Figur& small blur (BP blur) would be used to “fill
in” those pixels with a local average of the sumding pixels. In SWIR detector systems, bad
pixels typically are saturating. In the SWIR bamter low illumination imaging conditions
natural backgrounds present weak contrast edgeparenh to the intensity difference between a
saturating pixel and the average desired scenembnt

An example or the bad pixel processing using |l@tatound substitution for assumed
saturating bad pixels and scene vs. saturation &&/eneasured in a SWIR camera is shown in
Figure 8. Camera gain settings are assumed tonited such that bad pixel saturation levels are
much higher than the desired scene maximum. [Esethases, if BP mediation is not included a
much larger blurring kernel must be implemented clwvh¢an introduce artifacts in the NUC
output. The simulation uses as input the canohieah frame and shows the effects of bad pixel
correction on the quality of a high pass spatirfi(HPSF). In the full NUC algorithm, the
output of the HPSF would be low pass temporalliefdd and differenced with the input to
produce the NUC corrected output. Referring to Fag8, from left to right the original input,
bad pixel map (BP map) and corrupted frame (crebtedo-adding the original and BP map
with a relative embedding gain) are shown follovagdwo version of the HPSF created without
and with BP compensation respectively. Below deame is the corresponding histogram. The
last frame which benefits from the combined NUC &R mediation processing produces a
significantly higher quality result.
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Figure 7 Block diagram showing the processing steps impigimg the ANUC processing. T
processing relies on a bad pixel map (BP map) agtt I(BP logic)to control the processing p.
within each pixel. A pixel-byixel decision is made using minimal logic and regke bit of SRAM it
each pixel to dictate how to implement a high-pssatial filter (HPSF). Two lowpass spatial filte
(LPSF) are perfored for each frame. The ‘NUC blur’ processing hdsva pass cutoff selected
differentiate the high spatial frequency contenttlod detector FPN from lower spatial freque
content to be retained in the NUC output. The B’ LPSF has a much smeil Gaussian kernel a
is used to provide a local background referencééar pixels. A voltage reference (Vref) with adl
selected based on the signal level of the impodaate content is used instead of the much
signal level from a satutiag bad pixel to perform the spatial filtering ogon. For a good pix
(switch state A), the large Gaussian kernel ags spatial filtered (LPSF) signal (NUC blur
subtracted from the original input pixel value wgsthe ‘No blur’ path. For add pixel (switch state E
a reference voltage is used instead of the detsional to perform the spatial filtering operatiofihe
HPSF is then computed by differencing the ‘BP bpixrel value and the ‘NUC blur’ pixel value. 1
HPSF is then low-pastemporally filtered (LPTF) in either case to ¢eea NUC correction frame tt
contains quasstatic high spatial frequency content. The outifuthe LPTF is then differenced w
either the ‘No blur’ or ‘BP blur’ signal to creatke final NUC correted output for the good or b
pixel case respectively.
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) (2) 3) (4) (5)
Original BP map Corrupted HPSF HPSF w/ BPC

Figure 8 Comparison between highpass spatial filtering (FP8ith and without bad pixel correction
(BPC) under four different conditions. Each of fleer examples shown contains five images and a
corresponding histogram. The images, from leftight, are (1) the original uncorrupted Lena, (8) a
image of the bad pixel map (BP map) to be appligdthe combination of the first two, the resultrige

a corrupted image in which the original scene dataprises only the bottom quarter of the dynamic
range, (4) a high-pass spatially filtered (HPSHsMm of the third image, and (5) a high-pass sfigti
filtered version of the third image after bad pixelrrection (HPSF w/ BPC). The HPSF with BPC
processing a reference voltage has been choséam within the scene dynamic range and a bad pixel
blur implemented to provide a local background stuie for the bad pixel.

4 Conclusions

The Alternate Architecture (AA) represents CSC'sdlgeneration analog image processor
(AIP) and realizes the concept of hriegrated Sensor Processor (ISPThe AA-ISP design
significantly advances the programmable spatiderfihg capability of earlier resistive grid
processors by including multiple programmable ot & oriented anisotropic lowpass spatial
filters to be combinedvithin a singlechip with individual filter response gain weigtdirand
summation for complex spatial filtering operatioriBhe design also includes multiple lowpass,
bandpass, and highpassmporal filtering processing which can optionally be combined in
parallel or in series with the output from the sgdtlters.

In the monolithic multi-array (MMA) architecture fegred to as the CSC275, the CSC341
(Det/NUC/BP) processor array and the CSC321 (STH/pHacessor array are combined as a
single device with an inter-array data path comgisbf a 320 signal wide column-level bus. The
extensive programmability included for the procegsrrays allow full control of the spatial and
temporal filtering cutoff frequencies for NUC anddopixel processing, detector integration time
and sub-frame averaging in the CSC341 array. T8E€321 array realizes an even greater
number of programmable spatial and temporal filtarsl includes motion energy (ME)
processing and oriented gradient filtering.

With camera on a chip processing servicing FPArempion and dynamic range
processing, CSC’s ISP technology is particularhal#img to low-lift capable surveillance
systems with limited power and sensor system welgidgets and can also enable lower
bandwidth bird-to-ground downlinks to be implemehtgthout sacrificing salient image data.
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