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ABSTRACT. In many biomedical imaging applications Flat Panel Imad€iPIs) are currently the
most common option. However, FPIs possess several key dckslsuch as large pixels, high
noise, low frame rates, and excessive image artefacts.nRgdective Pixel Sensors (APS) have
gained popularity overcoming such issues and are now dealgbto wafer size by appropriate
reticule stitching. Detectors for biomedical imaging apgtions require high spatial resolution,
low noise and high dynamic range. These figures of merit dageickto pixel size and as the pixel
size is fixed at the time of the design, spatial resolutioisgand dynamic range cannot be further
optimized. The authors report on a new rad-hard monolitttRSAnamed DynAMITe (Dynamic
range Adjustable for Medical Imaging Technology), develbjpy the UK MI-3 Plus consortium.
This large area detector (12.8 ¢rh2.8 cm) is based on the use of two different diode geometries
within the same pixel array with different size pixels (Béh and 100um). Hence the resulting
device can possess two inherently different resolutiorth edth different noise and saturation
performance. The small and the large pixel cameras can ke aeslifferent voltages, resulting
in different depletion widths. The larger depletion widthr the small pixels allows the initial
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generated photo-charge to be promptly collected, whiclhiressan intrinsically lower noise and
higher spatial resolution. After these pixels reach neturation, the larger pixels start collecting
so offering a higher dynamic range whereas the higher naiee # not important as at higher
signal levels performance is governed by the Poisson ndifleeancident radiation beam. The
overall architecture and detailed characterization of AMiiTe will be presented in this paper.

KEYWORDS Solid state detectors; Radiation-hard detectors; Pieeldetectors and associated
VLSI electronics
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1 Introduction

Many biomedical applications like mammograpHty, [fluoroscopy B], image-guided radiother-
apy [3] and contact imaging in genomics and proteomitig¢quire a large format sensor covering
the entire imaging area and near real-time frame rates. atter kepresents a great challenge for
large area sensorS][ Nowadays the most common detectors in this field are FlaeFenagers
(FPIs) which offer a reasonably large area, typically gre¢than 40 cnrx40 cm. Even so such
detectors present severe drawbacks such as large pixghtsnbise, low frame rate and excessive
image artefacts. In the last two decades Active Pixel Sen@d?Ss) have gained popularity be-
cause of a potential for overcoming such issues, allowiriglafnrame rate, due to a column parallel
readout together with low power consumption and relatil@lycost. Furthermore, in recent years,
improvements in design and fabrication techniques haveeragdgilable constructive processes for
wafer scale imagers, which can now be seamlessly scaleddrien centimeters square up to the
wafer size [, 6]. A number of large area CMOS detectors are commerciallifabla, though they
suffer a relatively poor conversion gain and detection iefficy and a low frame rate. For example
the Dalsa VLA CMOS APST] presents an active area of 49 mm98 mm with 96 um pixel
and is 3-side buttable reaching a larger area when tiledadtahlarge dynamic range (85 dB) but
a poor conversion gain of 0.2a4V/e~. The Radlcon RedEye B measures 98 mm by 49 mm
and is 3-sides buttable. It has a relatively low read noi&@ €1) but a relatively poor conversion
gain (0.2uV /e™). A suitable detector for biomedical imaging applicatiowds to fulfill specific
requirements in terms of spatial resolution, noise and alynaange. An ideal detector for biomed-
ical imaging applications should have high spatial resohytlow noise and high dynamic range.
These performance levels are connected with the pixel aita&rger pixel leads to a lower spatial
resolution, a higher noise and saturation level than a smatie. Since the pixel size is fixed at



asSlien

Figurel. The DynAMITe detector in its first deployment.

the time of the design, spatial resolution, noise and dyoaamge cannot be further optimized.
In this paper the authors propose a novel wafer scale APSlitmasthe use of two different diode

geometries in the same pixel array and with different sizeapixels. As the effective pixel size

is no longer fixed, but two different pixel sizes are used ligrwhole detector matrix, this detector
can deliver high spatial resolution, low noise and high dyitarange simultaneously.

2 Materialsand methods

2.1 Detector

A new radiation hard monolithic APS has been developed byvihkidimensional Integrated In-
telligent Imaging Plus (MI-3 Plus) consortium (RC-UK EP&F®71/1 programme). This APS,
known as the Dynamic range Adjustable for Medical Imaginghf®logy or DynAMITe sensor
(see figurel), was constructed in a 0.18m CMOS process by using a reticule stitching tech-
nigque [B] for a total active area of 12.8 cm 12.8 cm. Since DynAMITe is two-side buttable, a
larger active area can be achieved up to 25.6«c25.6 cm which means it can deliver an imaging
area highly comparable to flat panel array technology. TRel girray has been designed to real-
ize two imagers in one by using different size light-convertelements meshed in the same pixel
matrix. The detector consists of fine-pitch grid diodesewiffg intrinsic low noise and high spatial
resolution, superimposed on a set of a large-pitch gridetipdffering a high dynamic range. Thus
each cell of the DynAMITe matrix is fitted with multiple diostefour diodes of small size (50m
side), referred to as Sub-Pixels, and one diode of large$®&um side), referred to as Pixel. The
whole matrix comprises 12691280 Pixels and 2520 2560 Sub-Pixels (see figuggleft)). Each
light-converting element is designed in a standard 3-Titrcture P], allowing a reasonably high
Fill Factor (70%) and Quantum Efficiency (QE) estimated &%4&r 523 nm light. The Sub-Pixel
diodes and the Pixel diodes are reset at different voltagssiting in the generation of different
depletion widths. The higher voltage at which the Sub-Piketles are reset allows the first gen-
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Figure2. A schematic of the pixel array arrangemégft]. Red circles represent the large size diodes placed
at 100um pitch (Pixels). Cyan circles represent the small size equlaced at 5pim pitch (Sub-Pixels).
A block diagram of the internal architecture of the DynAMIdetector left).

erated photo-electrons to be rapidly collected by the Subteiodes which ensures an intrinsic
lower noise and a higher spatial resolution. Only after thi-Bixels reach near saturation, do the
Pixel diodes start collecting significant amount of chasgepffering a higher dynamic range due
to their larger collecting area compared to the Sub-Pixgtés process offsets the higher noise re-
lated to the Pixels diodes and does not significantly degitaelglobal performance. In fact, with a
proper choice of the depletion voltages of both diode tyfieslarge diodes collect only the charge
exceeding the saturation level of the small diodes. Undsrdésign the Pixels collect only high
intensity signals, so that the higher noise, due to the taiipele size, is not important as at higher
signal levels performance is governed by the inherent Boiesise of the incident radiation flux.
With these design choices the DynAMITe detector represamew type of active image sensor
capable of simultaneous low noise and high resolution, dulee Sub-Pixels, and a high dynamic
range with a low noise due to the Pixels. A block diagram ofsiesor is shown in figur(right)
where four independent read out circuits (addressing acdd#es) are shown. In fact the readout,
performed on a column parallel basis, is designed with twiefrendent readout circuits for both
small and large diodes matrices to perform dual readouteadarg for each diode. This choice
allows two parallel readout cycles for each matrix, leadim@ significant increase in the frame
rate: up to 30 fps for the Sub-Pixel array and 90 fps for theelPaxray. Further, different reset
voltage can selectively choose the operating resolutigheofletector leading to true pixel binning.

Both the Pixel and Sub-Pixel matrices can be read in combmabr separately with differ-
ent exposure time in destructive or non destructive modeathEBumore user-defined regions of
Sub-Pixels can be read out selectively for dose sensingafid@evaluation of the required expo-
sure time. DynAMITe has also been designed according tatiadi hardness requirements, using
enclosed geometry layout (Enclosed Layout Transistd). |

1The radiation hardness of this sensor has been evaluateédysnof a test structure comprising this pixel architec-
ture. The test sensor has been irradiated with 1.3 MeV pBabaowing no significant increasing in leakage current up
to a radiation dose of 2 kGy.



2.2 Optical performance evaluation

Accurate characterization of device performance is @iitic scientific imaging, particularly for
medical and biological imaging, where it is required to easlevice performance is suitable for the
intended application. Device characterization in termparfameters like conversion gain, noise,
quantum efficiency and full well capacity are also needeafitimization of system performance.
Mean-variance analysis is the gold standard for derivatibthe conversion gain parameter for
CCD and CMOS sensord], 12] and is used here as described below. Assuming a linearlsigna
model, the total temporal varianan—?g of the digital signalS produced byN interacting photons is
given by

O'é = GZO'(? + O'g + G(Us — Udark) (2.1)

whereG is the conversion gain expressedDiN/e", g3 is the signal variance due the normal-
distributed noise in the amplifiers and readout circuri@is the signal variance due to the uniform-
distributed quantization noisgis is the mean value of the sign8lat a given illumination corre-
sponding toN incident photons angigark is the mean value of the signal corresponding to dark
exposure. The square root of the sum of the first two termssis r@ferred to as read noise.
Plotting a§ Versusps — Ugark Yields a mean-variance graph. According to equafidn the slope

of the mean-variance graph provides the conversion @aimereas the square root of the intercept
provides the read noisg. The mean-variance curve data are generated by varyinggtitariten-

sity of a uniformly irradiated 256 256 pixel region of the sensor from dark until saturatione Th
following parameters can be derived once the conversiamlyzs been calculated.

1. Linear range is the region over which the response of theosedeviates from linearity by
less than 5% in the mean-variance curve.

2. Full well capacity, determined using the product of tlgnal level at which the maximum
variance occurs and the conversion gailly = KSnax

3. Dynamic rangeDR = 20log(FW/o;)

4. Quantum efficiency) estimated from the slope of the transfer function betweas@esignal
output and input in photons.

5. Integral non linearity, which is the difference betwebka tlata points and the linear regres-
sion fit to to the linearity graph computed IdL = (Syax— Smin) /ADGuiiscale X 100

In order to optically characterize the Sub-Pixel camerdoperance, DynAMITe was mounted
on an optical test bench combined with an LED array produdlogination centred at 523 nm
(bandwidth 35 nm) with a lens to achieve uniform illuminatiand a single neutral density filter.
This setup followed the standard protocol for achieving fileid illumination provided by the
Standard 1288 of European Machine Vision Associatitd].[ The sensor was exposed to green
light varying the illumination level from 0 to 70 nW/cinMultiple frames were acquired for each
illumination value with an exposure time of 160 ms and avedag alculations were performed in
a 256x 256 pixel Region of Interest (ROI) in a single stitching tdae order to avoid any stitching
related fixed pattern noise.



2.3 Non destructive readout

The dual readout circuits of both large and small diode roedrfacilitate non destructive readout.
The full frame of the entire pixel matrix (referred to as pairy camera) can be readout at a given
frame rate while an ROI (referred to as secondary camerainiglteaneously readout at a higher
frame rate. One of the two readout chains is used for the pyicemera whereas the other chain
addresses the secondary camera. If the reset signal isati$abthe secondary camera, this camera
is reset only via the reset signal for the primary camerandtig charge to be integrated in the ROI
for an exposure time equal to the one at which the whole mistrigadout. This functionality was
tested in order to evaluate the charge collection and nedenmance. The DynAMITe sensor was
exposed to a 523 nm LED with a brightness of 20 nWici 512 x 2513 pixel ROl was defined
and readout at 26.3 fps, whereas the whole matrix was reatl@us fps. For comparison a similar
data set, with the same illumination conditions and expos$imne, was acquired for the primary
camera operating without the non destructive ROI. Meanasignd noise were analyzed for each
of these conditions. Noise was calculated evaluating #redsird deviation of the difference of two
consecutive frames.

2.4 Chargecollection test

The dual pixel geometry of the DynAMITe detector is basedr@ndombined operation of different
size diodes. Thus, the charge collection process for eactedype was tested as described below.
The sensor was exposed to a uniform illumination field predidy an LED array at 523 nm with
illumination level increasing from 0 to 350 nW/ém The signal amplitude from both the Sub-
Pixel and Pixel cameras operating synchronously with 190ntegration time was measured. A
further test was performed in order to evaluate any potelaiik of charge collected in the Sub-
Pixel camera due to the Pixel camera collecting at the same tiThe sensor was exposed to a
uniform illumination field with the illumination level ineasing from 0 to 500 nW/cfrwith 190

ms integration time. The output signal of the Sub-Pixel cames measured when it was operated
alone and also when operated synchronously with the Pixe¢ca

3 Results

Figure 3 shows the mean-variance graph for the DynAMITe sensor. dbigariance per pixel is
plotted versus the mean signal per pixel after dark sulidractUsing the integral slope of the
linear region (65% dynamic range), the conversion dgéiwas calculated as 50+ 0.2 e /DN.
Using this value of conversion gain a read noggeof 1499+ 0.7 e, a full well capacityFW

of (284 0.2) x 10° e~ and a dynamic range of 65 dB were obtained. The linearityecofithe
detector is shown in figuré. The signal per pixel (electrons) calculated using the emsion gain
is plotted as function of the number of photons hitting thespi The slope of this curve yields
a quantum efficiency, of 45%. The integral non linearity was estimated to be asdevd.4%.
Figures5 and6 shows the non destructive readout testing. The mean siigale 5, or the noise
rms, figureb, is represented as function of the time for the ROI of the sdapy camera readout at
26.3 fps (black squares), for the full frame of the primargneaa readout at 3.6 fps simultaneously
with the secondary camera (red circles) and for the full #ashthe primary camera readout at
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Figure 3. (Mean-variance graph: signal variance per pixel is ptb#ersus the mean signal per pixel after
dark subtraction. A linear fit is also indicated.
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Figure 4. Linearity curve: signal per pixel in electrons calculatesing the conversion gain is plotted as
function of the number of photons hitting the pixel. A lindits also indicated.

3.6 fps alone (blue triangles). Figureshows the sensor output versus illumination level for both
Sub-Pixel and Pixel cameras. The Sub-Pixel camera colgtitishigher efficiency than the Pixel
camera until the small diodes reach saturation. Sub-Pigelsh saturation at about 40 nW/&m
when Pixels are at the 14% of their dynamic range given 190ntegjiation time. After this
point Pixels collect all the high intensity signal with ader behavior over the complete range
investigated (0—350 nW/cth and reach saturation at the end of this interval. The oujgurtal

for the Sub-Pixel camera is shown in figuevarying the illumination from 0 to 500 nW/cth
The signal of the small pixel camera is measured when thePdis collect alone (i.e. Pixels are
disabled) and in the case that Pixels and Sub-Pixels worghsgnously. There is no appreciable
difference in the Sub-Pixels output in the two different ditions.
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Figure 6. Non destructive readout testing. Noise level for the SixelRamera (black squares) and for the
Pixel camera (red circles) operating synchronously varitire illumination level.

4 Discussion

The optical performance of the DynAMITe CMOS APS was quatitiely evaluated and a se-
lection of the working modalities were tested. The opticaifgrmance of the Sub-Pixel camera
of DynAMITe detector is next compared with several of stafti¢he-art large area CMOS detec-
tor both from commercial companies and academia: the RadksmlEye 1 CMOS APS]; the
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Hamamatsu C97732 DK-11 CMOS Passive Pixel Sensor (PEB)the Dalsa CMOS APSIf;
the Very Large Area (VLA) CMOS sensor from Dalsg;[the CMOS APS developed by Micron
Technology and Univeristy of Southern Californik]; the MI3 Large Area Sensor (LAS) CMOS
APS [1, 17]. The comparisons are shown in tableand2. The DynAMITe detector offers the
largest area (18 x 12.8 cn¥) for the single sensor, further expansible up t0626m x25.6 by
means of the two-side butt-ability. The maximum frame ratgliie full frame readout is the high-
est among the competitors. The Sub-Pixel camera framesrhtdween 3 and 30 times greater than
the state-of-the-art commercial devices such as (RadlemiElRe 1, Hamamatsu C97732 DK-11,



Table 1. Summary of the design specifications for CMOS large aresctiats.

Area Side buttable Pixel size No. of pixel Frame rate
(cn?) (um) (fps)
RedEyel §] 2.46x4.92 3 48 5121024 4.5
(Radlcon)
C97732 DK-11 14 12x12 — 50 24062400 1
(Hamamatsu)
CMPS APS 15] 7.73x14.5 3 33.55 23044320 8.7
(Dalsa)
VLA CMOS [7] 4.9x9.8 3 96 51%1024 1.3
(Dalsa)
CMOS APS 6] 7.37x7.75 — 18 40964114 1.25
(Micron Technology)
LAS [1, 17] 5.6x5.6 — 40 135 1350 20
(MI3)
DynAMITe [This work] 12.8x12.8 2 50 25262560 30
(MI3+)

Dalsa and Micron Technology APSs) and is 1.5 times greatar the frame rate for LAS with
over three times as many pixels. The comparative data faerftdor, conversion gain, dynamic
range and quantum efficiency indicate that the DynAMITeaysis the most sensitive and efficient
among the devices involved in this comparison. The cornvergain (50.0 e/DN, 2.1 uV/DN)
of DynAMITe is comparable with the highest among the coreergain values for the systems
included in table (Dalsa and Micron Technology CMOS APSs). The quantum effagieat green
light, n, measured for the DynAMITe imager (45% or 64% including thiefdctor) is the high-
est in table2. The noise floor is in the middle of the range of the noise fladues for the APS
(Radlcon RedEye 1, LAS, Dalsa CMOS APS, Dalsa VLA CMOS, Miciiechnology CMOS
APS), whereas this value is expected to be higher for the B8 §Hamamatsu C97732 DK-11).
The dynamic range of the DynAMITe Sub-Pixel camera (65 dBdB when Correlated Double
Sampling is applied) is higher than that of LAS but lower thiaat offered by the other detectors.
This limitation can be addressed when both cameras of thé\Biyhe sensor operate together. In
fact combining Sub-Pixel and Pixel performance realizegyhdr dynamic range due to a higher
saturation level related to the larger size diode - estichatémes larger than the Sub-Pixel one, of
the Pixel camera as shown if figure

The non destructive read out architecture was tested dirajusignal and noise in both pri-
mary and secondary cameras and compared with the perfoenoditite primary camera operating
alone. The signal for each of the test condition proposddvial the integration pattern defined
for the non destructive readout. The signal and noise fopthmary camera operating with and
without the secondary camera are comparable. Thus wheatomesimultaneously, both readout
schemes can operate independently without compromisingpseerformance. The noise mea-
sured in the ROI of the secondary camera represents 35% tmise compared with the primary



Table 2. Performance comparison for large area CMOS detector.

Noise floor Conversion gain Dynamic range @520 nm

(e) (dB) (%)
RedEye 1 §] 150 (@1 fps) 0.quV /e 84 —
(Radlcon)
CMOS APS [L5] 175 2.45uV /e~ 71.4 —
(Dalsa)
VLA CMOS [7] 250 0.21uVie- 85 (45}
(Dalsa)
C97732 DK-11 4] 1250 — 74 —
(Hamamatsu)
CMOS APS [L6] 240 2.27uVie~ 75 (46¥+P
(Micron Technology)
LAS [1, 17] 50 4.6 e /DN 63 18
(MI3)
DynAMITe [This work] 150 50 e/DN (2.1uV /e") 65 45
(MI3+) (97.5F (69) (64)

a Quantum efficiency including fill factor ~ ° Extrapolated ¢ CDS applied

camera (both with and without ROI selection). This is beeanisCorrelated Double Sampling
(CDS) [18, 19] resulting from image subtraction for the secondary camém CDS suppresses
offset Fixed Pattern Noise (FPN) and reset noise, the neisd measured with non destructive
readout can give an estimation of the influence of the redsémath respect to the global noise of
the sensor measured in equatii.

5 Conclusions

The DynAMITe detector has been presented as a novel, radlibfird, large area APS imaging
sensor capable of two inherently different resolutionshemith different noise and saturation per-
formance in the same pixel array. Optical performance has bealuated for the Sub-Pixel camera
with 50 um pixels. This exhibits a conversion gain of 5@0/DN and a readout noise of 150.
The quantum efficiency at 523 nm was measured as 45%, whigasonably high given a fill
factor of 70%. The measured performance for thel0 camera exceeds the performance of
state-of-the-art large area CMOS detectdrs8[ 14, 17]. Operating simultaneously both Pixel and
Sub-Pixel cameras can be expected to provide a signifiogmfatward to the overall performance
of APS devices in terms of dynamic range, resolution and éaate. The DynAMITe design
has great potential for use in a variety of biomedical imggapplications fulfilling the require-
ment of large imaging area with high dynamic range and fraate. rThe authors are currently
developing demonstrator applications in radiotherapytgbomaging, X-ray breast mammogra-
phy, X-ray diffraction studies for breast cancer diagn@sid molecular sequencing methods for
the life sciences.
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