HIGH RESOLUTION IMAGE LINE SCANNING WITH AN AREA IMAGE SENSOR
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A technique is discussed which ¢an be used to achieve high resolulion imape line scanning with a low resolution area
detector array. The image iHuminates & mctatlized mask which is cither fabricaited as the top layer of the array or is
fabricaled scpuarately and relay imaged onto the array,  The mask 15 opaque except for small clear apertures which are
located over the detector elements, ‘These apertures are equal in gize to one picture element {which is a small fraction of
the size of one detector element) and have locations which are slaggered sideways from one row of delectors {0 the next.
As a4 two dimensional image is moved verlically past he mask, any given piclure clement atong o horizontal Hne is
sampled by only one row of detectors, “The picture elements read out in cach frine of data are thus distributed over
several bines in the image. ‘They are "destagpered” ina shifi register butfer or computer memory 10 achieve o properly
formatied image. The lincar scan reselution oblainable using such & techaigue is cqual 1o the lotat number of detector
elements in the array, despite beir rectilinear layout,

A breadboard document scanncr was set up 1o demonstrate 1his basic concepl. A commercially available area CCD
deteclor array having 190 x 244 clements wias used o corunclion with a separately fabricated metal mask and relay oplics.
The mask format consisted of 15 tows of apertures, with 190 clements per row, resulling in 4 sel ine scan resolulion of
2850 clements.  The array design was of the inerline tnster type, with 190 colusns of detectors and every other row
interluced.  For this experiment, the top few rows of cach interliced frimne were read out at an average data e of §
MHz, with the remaining rows rapidly dumped into the outpul shifl regisier o clear datk currenl. “FPhis resulted in a
frame rate of 250 trames per second. It was single level thresholded, read into o high speed FIFO, and then
destaggered using a NOVA computer.  Resudts are shown which demonstrate the full resolution capability of the systern,
without arlifucts produced by the "staggered aperture” technique,

L introduciion /- DIRECTION OF GROSS LINE SCAN
The most commonly used lechnique for reading high

resotution imagery inlo an clectronic data syslem makes
use of an image line scanner. This line scanner is used
in conjuncilion with a relative cross-scan motion belween
the object and the viewing system to achieve raster input
scanning.  Such a system is diagranunatically shown in
Figure 1, where an ohbject, which could be an original
seene, o photograph, or any other two dimensional sct of
data, is msged onto a linear CCD detector array. As
the array 15 repelitively read oul 1o delect image
intensity, the object s transtaled perpendicular to the
scanning  direclion Lo achieve raster scanning of this
imge data. The resolulion (s measured  in total
number of reselvable picture elements) is Himiled by the
number of detector cloments in the linear scanner. ‘The
number of clements which can be fubricated in such a IMAGING LENS
single solid slake device is determined by the maximum

allowahle chip lengih divided by the minimum detector

size, and i3 limited by the particular photolithographic LINEAR DETECTOR ARRAY
process and such things as allowable yiekds, shilt register

CTUE's, and minimumn barricr heights.
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\

Fig. 1 lmage line scanner
This paper proposes an allemnative way to perform line
scanning which uses an arca image sensor to achicve a
scan resolution equal 1o the tolal number of



detector clements in the area image sensor independent
of their orcniation in rows and columns,
superimposed metalized mask and an auxilfiary data
buffer are used to achicve much higher resolution
scanning than obtainable with a single linear detector
chip, since the chip length/detector size Hmitation is no
longer imporiant,

I Concept  Description

The basic concept is explained using lhe diagram in
Fipure 2a. A lwo dimensional strip region of the scene
to be scanned is imaged onto an arca detector array
consisting of a number of rows of deleclor clements,
The magnificition is such that the entire length of the
region o be scanned is imaged onto the length of one
row on the array.  This imaged fine length has the full
number of desired image resolution points, bul these are
not fully resoived by the detector array which has a
smaller number of clements per line. To enhance the
resolution, an opague mask i placed over the detector
array as shown in Figure 2b, which has small clear
aperiures in it which allow light from only one image
resolution point to fall on each deteclor.  As shown In
Figure 2b, the positions of the holes in front of each
detector are stuggered so that each row of deteclors sees
a sel of image resolution elements along one line, with
the clement positions staggered from line to line.  As
scen in the figure, each time the array is read oul, the
numher of image samples taken is equal 1o the total
number of detector elements in the area array, but they
are spread oul over @ number of lines in the image. By
providing a translation between the imuging system and
the object in the cross scan  direction, all image
resolution clements along an image line will be detected
once the image tne has moved past the entire height of
the array, ‘The resolution clements along cach line are
obviously not_detecled sequentially and must thus be
rearranged using an assoclated buffer memory.  ‘The
combination of array, mask, and associated bulfer
memory is caled a "slaggered aperture scanner”.  in
concept, it is somewhal related 10 a lechnique suggested
years ago called “"spatial pulse modulation” which is here

adapied to make practical hardware,

In a practical system the array and mask shown in
Figure 2b would not work properly because the light
from some apertures would full exactly on  detector
boundarics.  In this situation, the photoelectrons would
be collected by two pholosites, resulting in poor pixel
definition.  ‘Fo alleviate (his problem, a real system
would use deteclors which arc also staggered from row
Lo row as shown in Figure 2¢, o allow each aperture to
be centered on the appropriate delector,

One possible medification of the system described above
makes use of anamorphic optics. In lhis case, shown in
Figure 3a, thc oplics are designed to image square
picture elements on Lhe object as tall rectangular picture
clements on the array. ‘Ihe mask for this case has tall
rectangular aperlures as shown in Figure 3b, The height
of these apertures could extend anywhere in the range
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Fig. 2a, Staggered aperlure scanner

DIRECTION OF RELATIVE
OBJECT MOTION

I I I e I B

CLEAR APERTURES
DETECTOR ELEMENTS

8 512E OF IMAGE RESOLUTION ELEMENT

Fig. 2.

Staggered aperinte mask for 6 row
deteclor array
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Fig. 2¢. Staggered  aperture mask  for 6 row
defector array showing oplimum deteetor positions which
are staggered sidewitys to line up with apertures,

from equal to the aperture width {conventional case) fo
cqual ko the height of the cntire array,  As the
anamaorphic rutio gels Lkuger, however, the oplics become
difficull to build al the [/#°s required for high speed
opuration.

It is important 1o note that the total number of picture
clentents per line abluinable using any of these staggered
aperture techniques is not  affected in any way by the
number of rows of detectors {which is presumed to be
casily extendable to al least 32 or 64), bul i instead
affected only by the length of the array and the aperture
spacing. U L is the tength of the arrsy and A s the
aperture width (normally ussumed cquat to the pixel
spacing), the totel resolution capabilily of the array is
given by L/A.  ‘This totd number  of resolation
clements is thus Fniled by (he achicvable chip length L
and e minimum aperlure sizve A for o delector array
with & superimposed mask,  For larger nombers of
picture clements per line, the minimum aperture size
producable by a given pholo-lithographic ‘process may
thus determine the ultimate resolution capability. (As
one example, if the chip feagth 1. were 28 mm and the
aperture size A were 4 nicrons, a single chip sluggercd
aperlure scianner would have # net resolation of 7000
clements).  To extend (he technology Turther, a rela
imaging system such as shown in Figure 4 may be used,
where the mask is aclually Targer than the deleclor array,
but is demagnificd down onlo the detector array. This
aflows for substantiadly greater extension of resolution
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Fig. 3a. Staggered  aperture  scanner with
anamosphic  oplics
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Fig. 3b.  Anamorphic staggered aperture  mask
(anamorphic ratic equal 6).




capability, since resolution is only timited by the mask
photolithoprapby and the resolulion capability of the
optics, with less concern for long deleclor array sizes.
However, the alignment and slability tolerances on such
a system are relatively tght, making it practical for only
limited high pesformance applications.

OBJECT
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Fig. 4.  Staggered aperture scanner using rekay optics
Destaggering

The required  "destaggering”  algorithm needed  to
rearrange the picture elements in the buffer memory is a
very simple storage operation which is understood as
follows. ~ Considering the image of a single line of data
on {he objeet, il is first lranstated into position under the
botlom row of detectors.  After readout, the image line
is transkited up where it is sequentiafly read out by eiach
row of delectors.  ‘The destaggering atgorithm is simply
the folowing: the dita read from the bollom row of
detectors must he stored until the line has been
translated o the lop vow, at which time all picture
clements along the fine have been read, and the line can
be reconstricled.  Picture clements detected with the row
of detectors next (o the botiom must also be stored until
the line of inpul duta is tunslated 1o the top row, but
the slorage time is less because the line clements read
were detected by this row at a Taler time.

The complexily of the buffer required for this operation
is determined primarily by its slorage capacity, which is
calculated as follows. 1f n is defined as the number of
rows of deteclors, N as the number of deleclors per row,
and n” as the mumber of picture lines between detector
rows (which cquals n-1 for a anonamorphic system and
equals 0 for the anamorphic optics shown in Figure 3),
then the required piscl storage cupacity in  picture
clements is given by

buffer size = Nin* + 1] {(n-1) + (-2} + ... + 11

This formuta can be used 1o calculate the capacity for a
system using nonanamoiphic pixel clements such as that
shown in Figure 2. This capacity is plotied in Figare Sa
as a funclion of the tolal number of resolution clements
per line, for a number of different values of n, the
number of deteclor tows,  (The total number of
resolution elements is equal to Nn, the product of the
number of rows and the number of columns.) Each of
the solid Jines represents the rising bufter capacity with
increasing tofal picture clements for a given number of
deteclor rows n. ‘Ihe rising dashed lines represent the
buffor capucity required for an array having a fixed N
number of detectors per row. By following these curves
to their intercepls with the solid lines, any given
combination of N detectors per row (from the dashed
line} by n rows of detectors pives the buffer capacity on
the y axis and the nwmnber of picture clements per line
an the X axis,  Conversely, a system designer with a
given requirement for a number of piclure clements per
finc can use this geaph to determine lhe tradeoff of
number of detectrs per tow, number of rows of
detectors, and Dbufter capacity.  Figure 5b shows the
required butter for ap anamosphic system similar (0 the
one used in Figure 4, These figures are based simply on
nuniber of otainable picture elements from the detector
system, without regard for other system delails.  For a
superimposed mask Imager, the combination of oplics
and photolithography will probably Hmit the masimum
namber of clements practically achicvable o between
SU00 and 10000 because of the required small aperture
size. A more complicated refay selup such as shown in
Figure 4 would enable extension to somewhere around
10,000 to 20,000, lmited principally by the optics.

A range of other degrees of anamorphism are also
possible, alf the way from nonanamaorphic to the extreme
of oplics which spread the picture elemenis vertically
acrass all the detector clements and requires no buffer.
The  requited  clectronics  obviously  decreases  in
complexily with decreasing number of detector rows,
decrensing tolal number of piclure elements per ling, and
incrensing depree of anamorphisim.  ‘The complexity of
the optics increases with  degree  of  anamorphism,
generally tesnlting in lower working light levels because
of system cosl and complexity trirdeoffs. ‘Ihe exact fimit
to which this anamorphism can be pushed without
sipnificant sacrifice of light depends upon the particular
systern  magnificition and  cost constraints and is a
detailed oplicat desipn  problem.

Light lLeve! Considerations

The signal level obtainable In a staggered aperlure
syslem is obviously dependent on light level, and should
only be compared o a linear array system with e same
resobation, | the fincar array is to he implemented with
a detector size cqual (o the aperture sive in the staggered
aperture system, then the light level for the two cases
will be the same, since the detection arcas arc identical.
‘The difference will be that duce to the larger ccll size, the
staggered aperture system will exhibil a larger dark
current and a larger charge handling copabitity.  If the
staggered aperlure system is 10 be compared 1o a linear
imager with the same deteclor size, then the stagpered
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Fig. 5a. Required buffer capacity in  picture
clements for a nonananorphic staggered  aperture
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Fig. 5b. Reguired  buffer capacity in  picture
clements for an anamorphic staggered aperfure scanner
with an anmmorphic etic of n, where n is the nuinber of
rows of detectors,

aperture system will have less light by the ratio of
aperture area to detector arca, However, the lingar array
will also be n times longer, where n is the number of
rows of detectors,  In addition, since the oplics become
easier to build for the higher demagnification required in
the staggered aperture system, it may be possible to work
with lower f7# oplics for the smuﬁcr pixel size,
recovering some of the lost light, This is a qualitative
judgment however, which ciun only be determined
through a detailed leas design for a given system
application,

Sampling Aperiure

Onc interesting feature of the staggered aperture system
is the ability o almost arbilrarily chose the sampling
aperture si7e and shape.  For a conventional linear
imager, square or reclangular picture clements are used
which basicatly abut cach other al the detector edges.
This provides for sampling al the Nyquist limit with
moderate control of image aliasing.  For a staggered
aperture - systean,  other  aperture shapes which over
sanple could be used 1o pive much fingr control of
aliasing,  As an example, Figure 6 shows ffiree possible
pixel sizes and shapes and the resulling system MIF,
Also shown are the weil known foldback aliasing tenns
produced by convolution of the system response with the

transform of the periodic swmpling Func110112 The top
curve in the fgure shows a conventional sct of abulling
pisels with the foldback alinsing image lerms going
lbrough zere at the low spatial frequencics. The middie
figure shows a double width pixel having a 2-1 overlap.
i ﬁc foldback alissing terms are obviously much less, but

50 s the MTE. The botkom curve shows an nvcrLlppcd

dizmond which is a compromise MTF between the olher
two but has a dramatically reduced alinsing fold back
term near the origin, This type of aperlure controls
wiasing extremcly well slong the horizonlal and vertical
picture axes.

Filtering Considerations
One significant aspect of a staggered aperture scanning

system is Lhat neighboring detectors sumple light from
every nth picture clement. Bucause of this, destaggering

“miest he performed before any fillering, operations can be

applied to the readout signall 1a addition, this plices a
higher required vatue on the charge lansfer eftficiency
of the readout register than would be required for a
fincar scanner.

111, Experimental Breadboard

A simple  labordory  experiment was sel up Lo
demonsirate the basic stapgered aperture concepl. A
commerciatly available Fairchild array baving 190 by 244
clements was used in a relay optics condiguration similar
to Figure 4. ‘The 1op 15 rows of detectors in the CCD
were used, resulling in a Lot system resolution of the 15
x 109 = 2850 clements.  ‘The mugnitication of the
system was such that these resclution clements were
spread across a 6.8 inch format resulting in an image



resolution of 420 bits per inch, ‘The input was a black
and white tesl padtern plnccd on a transluting stage 5md
illaminated with lght from two florescent Lunps, Light
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Fig, 6 Systemm MTF and foldback aliasing response
on the x-axis for three ditferenl aperture sizes and
shapes,

from the illuminated region was reflected off a 45 depree
mirror, traveled down an optical bench, and was imaged
ono a metalized mask al 13.5 reduction. ‘This mask was
then relay imaged osto a commcercially avaitable ares
imager at b: 225 demagnificaion.  Figure Ta shows the
basic system fion! cnd, with the metalized mask, imager,
and relay oplics shown in Figure 7b,

Fig. 7a. Breadboard illumination system showing
transport, tluorescent lamps, 45 degree fuld mirror, and
test pattern.

Fig. 7b, Breadboard relay optics system showing
primary imaging lens, tiled mask, relay optics, and
detector

Since the geometry of the aray was not specifically
designed for this type of application, it has detectors
arranped on a rectangular formiat such s Ligure 20,
rather than the optimum format shown in Figure 2¢. To
account for this, and still sllow the light from cach
apertare in the mask 1o fali in the approximate center of
its uppropriste deteclor, the mask and array were tilted
wilh respect to the direction of document transport by
6.3 deprees,  The cflect this has is shown in Figure §
which shows o piclure of the aperiure mask, the
approximale  delector  sensing cluments,  and  the
document picture clements.  As scen In the fipure, the
aperlures on cich row of detectors were positioned to
full exactly on one picture elemnent,  Because of e tilt
of the array, these picture clements were on different
docwnent rows as well as differemt columns, An
additional complexity involves the normal use of ke
Fairchild array as a TV seosor, having interlaced readout
of every other detector row.  Comnpensation for this was
achicved by displacing every other row of aperlures
vertically by one halt piclure element as shown in Lhe
figure.  Buc 1o the interlaced readowt, these deteclors
were read out one half frame fater than the others,
allowing the transport to displisce the picture clements
during this lime so that they fdl exactly on the aperture
tocations. ‘These complications involving the use of this
particulir array atfeel the complexity of the destaggering
algorithin, but do nol alter the basic concept.

Alignment of the mask with (he array was achicved by
firsl aligning the mask with the array using a traveling
microscope. This provided a crude afignment which
could be peaked up by observing moire pallerns on the
detector array output which were caused by interaction
belween mask  aperlure structure and  the  detector
clement structrue,  With upiform illuprination at the
mask Lhis moire show up as a cyclical variation of the
detector output, a sample of which is shown in figure %a,
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FFip. 8 Diagram of tilled mask confipurition used
i breadboard showing  overlapping picture  clements,
mask apertures, and detector elements.

‘This cyclical variation showed muaximum contrast when
the mask was in focus on the armay,  This contrast was
thus used for mesn focus setting and for mask it (in
tocus)  adjustments, Optimun - magnification  was
dclcrmiucdl by measuring the cycle Jength of (his morie
paltern s the magnitication was changed and setting it
to give an infinite cycle length (i.c. when one moire
cycie covered the eatire lenglh of [he array).  Final
lateral tanskinional adjustment of the mask was achieved
by peaking up he entire oulpul signal. Vertical
translational adjustment was achieved by muking sure
that the top row of apertures in the mask fell on lie first
row of deteclors read out. Final alignment was achicved
by illuminating one aperture at o time and checking for
istlaled detector output as shown in Figure 9b.

‘Fhe Fairchild CCD211 aray used for (his experiment is
organdzed as an inlerdine tunsfer systen with 190
interline  transfer  registers of 122 c[cmcnls."’ It is
operaled in the nermal TV mode with two interlaced
fields. For readout, charge packets from sHernate sels of
sensing cloments are transterred horizontally to vertical
interline registers, as shown in Figare [ Fach interline
register avcesses 244 sensing clements in two ficlds of
122, There wre 190 inlerline registers for the 190
calumns of the array.

‘The interline shift registers are clocked in parallet so that
for cach verticil clock eycle, one charge packet from
each intesling register is presented to the outpul or
horizontl register. 1t can be seen that for cach ficld the
enlire contents of the verlical interline registers must be

shified into the output register before the nest field s
accessed to avoid superimpasing charge-packets from one
field onto charge-packels from the nest ficld. 1n our
caperiment U rows trom cach field are read o, (The
15 rows of dita actually used are sclected from these 20
read out rows Dby the line counter clectronics.)

Fig. 9a Typical wrray outpul used to adjust array
aligrement  showing moire fringes due o improper
mugnitication,

Fig, 9h Array  oulpul  with  single  aperture
illurrinated.

The timing sequence used o operale the array is shown
in Figure 1. The horizontat output register conlains
M elements and receives the charge-packets from Lhe
inlerline transfer registers al eacly vertical shill,  Charge
pickets are shiflled oul of the horizomlal register at 5
MHz, A olal of 256 shifl tmes are used for each line:
200 to cnply the horizontal register and 56 o wait while
the next line is shifled in from the interline transfer
repisters, resulting in o lolal Hee time of 51 psec. For
this experiment, 10 of the 122 rows of sensing clements
in cach field are read out. 11 is thus necessary to purge
the wnused accumalation of noise from the remaining



registers, resulting in a total line time of 51 psec. For
this experiment, 10 of the 122 rows of sensing clements
in each ficld are read out. 1t is thus nccessary o purge
the unused accumulation of noise from the remaining
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Fig. 10. Interline transfer array organization

rows of the vertical registers before a new field can be
accessed,  'This is accomplished by increasing the shift
rate of the interkine transter registers from 51.2 pscc per
row to 6.4 psec per row. “This vertical shifl rate of 160
KHz will cmply the interfine transfer repisters in 717
microseconds. ‘The total time to receive the entire frame
of 20 lings is then 2.5 milliscconds. During the time that
unused charge packets are being purped from the array,
the horizomtal ouwtput shift rate is maintained at 5 MlL{z
even though the vertical shifl rate has been increased by
a fuctor of 8. "This resulls in the charpe-packels bein%
superimposed on previous charge-packets at an 8 to
rate. Since the unused dala consist only of dark current
and background illumination, saturation of the output
register is not reuched with the § to } multiplication of
the charge.

The output signal from the array is threshold detected
angd converted into 4 'I'FL logic signal indicating cither
black or while jnformation, A sample and hold circuit
has  alse  been  provided so  thal more  accurate
measurements of signal amplitude com be made.

In order to implement destaggering for this breadboard
syslem, including the complexitics of mulliple lines,
muftiple  columns, and  frame islerlace, an off line
concept was chosen for destapgering as shown in Figure
12, The dala was read fom the CCD wrray, single level
thresholded for 1 bil detection, and read in real lime
into a 1.5 Mbit FIFO al a data rate of 5 MHz. This
data was later taken from the FIFO, destaggered with a
Fortran progriun in a2 NOVA 300 mini computer, and
displzlyufou a CRT. Althouph this procedure is much
too time consuming for most practical systems, it was
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adequate for this feasibility demonstration,
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Fig. 11. Data format for stagpered aperture breadboard
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Fig. 12 Breadboard  clectronic system® used  for
destaggering.

Figure 13a shows an example of data read in from a text
lest pattern, with outpul daty privted on a laser printer
to show the full 2850 element capability. The data file
was bimiled in size by the FIFO 1o a tilted repion
commensurate with the tifled arsay, The data at the top
and bottom shows incomplele data lines where the
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FFig. 13a Sutaple outpul of full resalution scanner showing 2850 bit resolution. Fop and boltom rows of data are

incomplete beeause dila rows were imaged in middie {(vertically) of detector rows when dita tuking started or stopped.
Spucing of vertical black Jines indicales spucing of delectors on array.

Fig. 13b. Magnified view of data in Figure 13a.
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Comb function at edge of picture is incomplete data. Spacing of comb

Fig. 13c. Qutput for input halRone patlern.
{Background is black for this picture because the test patiern was

function shows spucing of detectors in deteclor aeray.
negaive and the data bus been inverled.)
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Fig. 13d. Fxpanded view of data in Figure 13ec



documenl ling was imaged inside the region of the area
imaper when dma taking commnenced or when it
finished.  As expected, the incomplete data shows up as
a triangulir comb function, since data points nearer the
cenler were sampled by more detector rows than those at
the edge. [Figure 13b shows an enlargement of some of
the textural detail, showing no sipnificant noticeable
affect of the destagpering procedure,  Some black dots
arc seen in the tackground region which were caused b

noise in the clectronics which were not fully optimized.
Figure 13c and d show similar results for an input
halllone picture with a screen frequency of 85 cells per
inch, In this case, the test pallern was a negative and
the picture has been inverted 1o clearly show the comb
function al the edge of the ficld. The spacing of the
teeth in the comb indicates the spacing of the actual
detectars in the areay.

Conclusion

A technique has been demomstrated for achicving high
Fesolation line scanuing of o two dimensional jmage by
using an area deleetsr array,  This technique uses a
melalized aperture mask on the oplical input and a
compuler hutfer memory on the array output to achieve
Mgher resolution perfornunce  (han possible from a
single Hnear array, A sample breadboard system was
buill to demonstrate the high resolution data can be
taken in this way and reconsirucied without artifacts,
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