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

Abstract—We  present  an  optics-free  CMOS
image  sensor  that  incorporates  a  novel  time-
gated  dual-photodiode  pixel  design  to  allow
filter-  and  lens-less  image acquisition  of  near-
infrared  (NIR)  upconverting  nanoparticles.
Recent  biomedical  advances  have  highlighted
the  benefits  of  NIR  excitation,  but  NIR
interaction  with  silicon  has  remained  a
challenge,  even  with  high-performance  optical
blocking filters. Using a secondary diode and a
dual  photodiode  design,  this  sensor  is  able  to
remove the 100s  of  mV of  NIR  background  on
pixels and bring it down to single-digit mV level,
nearing  its  noise  floor  of  2.2  mV  rms,  not
achievable  with  any  optical  filter.  Non-linear
effects  of  background  cancellation  using  the
diode  pair  has  been  mitigated  using  an  initial
one-time pixel-level curve fitting and calibration
in  a  post-processing  setting.  This  imager
comprises  a  highly  linear  11fF  MOM capacitor
and includes integrated angle-selective gratings
to  reject  oblique light  and enhance sharpness.
Each pixel also includes two distinct correlated
double  sampling  schemes,  to  remove  low
frequency flicker noise and systematic offset in
the datapath. We demonstrate the performance
of  this  imager  using  pulsed  NIR-excited
upconverting  nanoparticles  on  USAF  resolution
targets  and  achieve  an  SNR  of  15dB,  while
keeping NIR background below 6 mV. This 36-by-
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I. INTRODUCTION

HE outcome of cancer therapies depends on the ability of
clinicians to visualize, monitor and be guided by the real-

time  response  of  the  treatment  being  administered.  In  the
surgical arena, tumor resections are primarily reliant on tools
for intraoperative optical navigation to ensure no microscopic
residual  cancer  cell  is  being  left  behind  in  the  tumor  bed
during  the  operation.  It  is  therefore  critical  that  these
intraoperative  imaging  tools  be  sensitive,  compatible  with
minimally invasive surgeries,  and  readily  integrate  with the
clinical workflow, while maintaining an acceptable resolution
and reliability. For example,  clinical  margins are often only
detected  on  post-operative  analysis  in  the  pathology  lab,
visualizing  cells  clusters  with  fewer  than  200  cells,  which
represents an area of 15 µm by 15 µm, is required for cancer
staging purposes, which highlights the fundamental need for a
highly sensitive imager. These high levels of sensitivity often
necessitate powerful optics which utilize complex and bulky
elements, and these criteria impose restrictive requirements on
the  size  and  form  factor  of  these  intraoperative  imaging
platforms, particularly when a high degree of maneuverability
in a minimally invasive surgical environment is needed. 

T

To  image  tumor  cells,  cancer  cells  can  be  labeled  with
optically tagged molecular probes.  These probes can be both
specific, using a targeted molecule binding to a cancer-specific
receptor,  or  non-specific,  relying  on  effects  such  as  EPR
(enhanced permeability and retention). For fluorescent probes
in the NIR optical window of tissue, upon excitation with a
fixed wavelength, a slightly longer Stokes-shifted wavelength
(often only 30 to 50 nm longer) emission light is emitted by
the  targeted  cells  and  captured  by  the  imaging  sensor,
revealing  any existing cancer  cell.  Recent  instrumentational
breakthroughs  have significantly reduced  the form factor  of
these imagers,  down to centimeter-scale  levels  [REFS],  and
brought  the  field  closer  to  achieving  fully  guided  resection
surgeries.  Advances in fiber optics have enabled carrying the
excitation  light  directly  to  the  tumor  bed  and  bringing  the
emission light back to the sensor,  and as a result  of which,
bulky optics and sensors no longer need to be in direct contact
with the specimen and miniaturization will only be limited by
the  size  of  the  fiber  optics.  These  fiber  optics  are  however
constrained  by  bending  radius  and  because  of  their  limited
flexibility, they lack the ability to become scalable.

The  large  form  factor  of  conventional  imagers  is
constrained by the optical sensitivity requirements that need to
be met for imaging NIR fluorophores. High performance and
rigid optical filters are required to be able to reject the much
stronger  excitation  light  and  extract  the  significantly  (more
than 105 times) weaker emission light, that is only a few dozen
nanometers  away.  Moreover,  conventional  molecular  probes
often  suffer  from  photobleaching,  in  which  their  optical
characteristics degrade over time, preventing longer imaging
times.  Enhanced  optical  filters  for  widefield  fluorescence

microscopes,  a  diverse  selection  of  more  efficient  optical
probes  and  less  bulky  lenses  have  all  contributed  to  the
miniaturization  of  previously  cumbersome  intraoperative
imagers.  Nonetheless,  hard-to-access  and  complex  tumor
cavities  –common in  current  surgical  procedures-  remain  a
great  obstacle  in  making  those  imagers  practical,  while
remaining  minimally-invasive,  and  current  optics  are  not
easily planarized -precluding a universal integration of devices
into  surgical  procedures.  A  chip-scale  imager  can  alleviate
these  challenges  by  integrating  these  optics  directly  onto
planar sensors and use alternative imaging schemes to obviate
filters all together.
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Chip-based  imagers  are  an  emerging  alternative  for
conventional fluorescence microscopy and are able to achieve
ultra-small  form factors  and  microscopic  levels  of  imaging
resolution[REFs].  In  addition  to  their  small  size,  chip-scale
sensors allow direct  contact  imaging, allowing placement of
the  sensor  only  micrometers  away  from  the  specimen,
obviating  large  lenses  and  focusing  optics  in  favor  of
capturing light before it diverges. The ability to perform direct
contact  eliminates  the  need  for  restrictive  fiber  optics.
Moreover,  chip-scale  imagers  are  inherently  scalable  in
CMOS, enabling broad areas to be covered without sacrificing
resolution or imaging speed, as pixels can largely operate in
parallel.  While these imagers achieve a significantly smaller
form  factor,  the  high-performance  optical  (color)  filters
needed to reject the background generated by the interfering
excitation light -often many orders of magnitude stronger than
the emission and particularly critical when using fluorophores
with small Stokes shifts- hinders further miniaturization of the
platform,  as  these  filters  are  often  angle-dependent  and
therefore unable to do away without precise focusing optics to
adjust  the  emission  light  angle  of  incidence.  A  time-gated
imaging scheme on the other hand, where the excitation light
is pulsed and emission light is acquired only after excitation
light is no longer present, would requires no optical filters and
would enable a fully optics-free, chip-scale solution.

Fig.  1.  Overview of time-gated imaging using upconverting nanoparticles.   (a) time-gated imaging scheme waveforms.  (b)
upconverting nanoparticle absorption and emission.  (c) proposed intraoperative imaging platform and surgical integration of
the micro-imager. 
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Achieving  the  smallest  form  factor  requires  eliminating
optical  filters,  and  their  requisite  lenses,  in  favor  of  an
alternative  imaging  scheme  that  does  not  require  them,
ensuring  autofluorescence  is  mitigated  by  using  a  longer
excitation wavelength (low energy) and the molecular probes

Fig.  2.   Effect  of  pulsed  NIR  excitation  on  covered  and
uncovered  photodiodes:  (a)  positive  (uncovered)  and
negative (covered) photodiode and the locations and paths of
the two different kinds of charges generated within the pixel.
(b) time domain characteristics of UCNP emission decay and
background  generated  by  the  pulsed  excitation  light  on
pixels  (5-ms  pulsed  980nm  laser  at  180  W/cm2).  (c)
measured background level on the PPD as a function of the
pulsed (time-gated) 980nm excitation light (pulse duration =
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to be immune from photobleaching. A time-gated acquisition
obviates the need for a blocking filter, as the excitation light
would be turned off during integration, as seen in Fig. 1(a). To
this date, time-gated image resolution has been used only in
limited cases with conventional biomarkers, due to their very
short (nanosecond) radiative decay and the fact that this decay
is indistinguishable from tissue background autofluorescence,
resulting  in  an  increased  background.  Optical  probes  with
NIR-I  (700  –  1000  nm)  and  NIR-II  (1000  –  1700  nm)
excitation wavelengths have deep penetration depths (several
millimeters)  and  are  therefore  very  appealing  for  surgical
procedures requiring deep margin assessments such as lymph
node  imaging.  These  optical  probes  would  mitigate  the
autofluorescence  problem  and  a  longer  emission  lifetime
would allow time-gated acquisition to become viable.

Lanthanide-doped upconverting nanoparticles (UCNPs) are
phosphors that have the ability to absorb multiple photons in
the NIR range and combine their emission energy into a single
photon  with  a  higher  energy,  “upconverting”  the  excitation
(Fig.  1(b)),  and  thus  virtually  preventing  autofluorescence
from occurring thanks to their long wavelength excitation (980
nm). In addition to their upconversion power efficiency being
orders of magnitude higher than those of the best two-photon
fluorophores[1], [2], they also have much longer decay times
(>100 µs)[3] relative to organic fluorophores (~ns time scales)
which  enables  time-resolved  imaging  with  CMOS  speed.
Furthermore, their uniquely long excitation wavelength (980
nm)  is  ideal  for  deep  tissue  penetration  and  their  visible
emission  (predominantly  660  nm)  provides  a  synergistic
compatibility  with  CMOS  photodiodes  and  speeds  readily
achieved in modern processes.

Although  no  background  illumination  light  or
autofluorescence remains,  when pulsed, NIR excitation light
still results in large amounts of interference in CMOS-based
photodiodes. This occurs because the NIR illumination light,
absent  a  filter,  will  penetrate  into  silicon  bulk,  beneath  the
photodiodes, generating substrate carriers with diffusion times
on  the  order  of  hundreds  of  microseconds  [REFS].  This
introduces a background current in the photodiode that needs
to be measured and subtracted  from the desired signal.  We
here  present  a  time-gated lens-less  and filter-less  chip-scale
solution  that  mitigates  the  interference  challenge  by
incorporating  a  dual  photodiode  pixel  architecture  and
localized  background  level  and  interference  adjustment
method.  Our  optics-free  platform utilizes  UCNPs as  optical
probes  and  includes  integrated  micro-fabricated  angle-
selective  gratings to further  enhance image sharpness.  As a
fully planarized system, this sensor can be thinned down to a
thickness  nearing  25  µm and  therefore  can  be  seamlessly
integrated  on virtually  any  surgical  surfaces  and  probes,  as
seen  in  Fig.  1(c),  providing  real-time  intraoperative
visualization of targeted cells with pulsed NIR excitation and
direct  contact  imaging, while remaining free  of  background
and autofluorescence.

This  fully-integrated  imaging  system  includes  two
correlated double sampling schemes to acquire data, as well as
a built-in calibration module to correct gain mismatch between
the pixels, to enhance sensitivity. The dual photodiode design
and localized background measurement and cancellation has
also  been  compensated  for  non-linear  dependencies  and
optimized for minimum area overhead.

This paper is organized into 6 sections. Section II describes

Fig.  3.   Non-linear  dependency  of  positive-to-negative
photodiode ratio: (a) 3D diagram of PPD (covered by angle-
selective  gratings)  and  NPD  (covered  with  M1-M5  metal
layers) in the pixel.  (b) aggregate scatter plot of the ratios
for all the pixel at various samples of NPD background levels.
(b)  Fitted  curve  of  the  photodiode  ratio  as  a  function  of
measured NPD background for one sample pixel.
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the challenges of NIR excitation interference in CMOS and
presents  the  dual  photodiode pixel  architecture  used  in  this
work  to  mitigate  that.  Section  III  details  the  pixel  circuit
design  and  Section  IV  details  the  optics-free  time-gated
imaging system. We present experimental  results to validate
the sensor’s performance and its ability to carry out time-gated
imaging  with  UCNP markers  using a  standard  1951 USAF
resolution  test  chart  plate-  emulating  cellular  feature
resolutions-  in  Section  V.  The  conclusion  is  provided  in
Section VI.

II.NIR EXCITATION INTERFERENCE AND DUAL PHOTODIODE

PIXEL DESIGN 

A.Effects of NIR Excitation on CMOS Photodiodes
Time-gated illumination schemes obviate, in principle, the

need for optical  emission filters, since the excitation light is
turned  off  during  image  acquisition.  However,  the  main
challenge  arises  when  light  with  a  wavelength  that  travels
deeper into silicon (i.e., NIR light such as 980 nm), penetrates
into  the  bulk  silicon  generating  a  significant  number  of
electron-hole pairs which enter the photodiode and function as
interfering  carriers.  As  seen  in  Fig.  2(a),  these  carriers  are
generated throughout the substrate, but the low doping of the
bulk  enables  a  slow  recombination,  allowing  them  time  to
travel towards the depletion regions at the surface where they
recombine,  thus  creating  a  background  interference  on  the
photodiodes. Given the angular and spatial uniformity of the
carriers’  paths  inside  the  substrate,  Fig.  2(a)  also illustrates
how  these  interfering  carriers  will  even  reach  photodiodes
covered by metal layers -albeit to a different extent. As a result
of  the  low number of  dopants  present  in  the substrate,  this
undesirable  background  will  have  several  hundreds  of
microseconds  of  recombination  lifetime,  posing  a  great
challenge for time-gated acquisition.

While  NIR  light  will  stimulate  a  photodiode  whether
covered or not, shorter wavelengths such as UV or the visible
emission of UCNPs that do not penetrate deep into the silicon,
are more easily blocked by metal  layers,  and mainly create
optically induced charges only in uncovered diodes, as seen in
Fig. 2(a). Thus we can use this distinction to measure the local
background generated  and  subsequently  remove it  from the
uncovered  photodiode.  The  measured  intensities  and  decay
times  of  both  UCNP  emission  (with  a  composition  of
NaEr0.8Yb0.2F4[4] and  concentration  of  0.68  µM)  and
interfering background on a pixel are shown in Fig. 2(b). The
UCNP emission has an effective decay lifetime of 950 µs, very
similar  to  the  900  µs  average  recombination  lifetime  of
interfering  carriers,  and  their  similarities  in  intensity  and
decay make it challenging to distinguish the signal from the
background. Importantly, the intensity of the background does
not scale down linearly with the excitation power, as shown in
Fig. 2(c) demonstrating that even reducing illumination power

dramatically (such as with a thin-film interference filter) does
not  eliminate  the  background notably.  The converse  is  also
true,  that  by  increasing  the  optical  power,  we  do  not
substantially  increase  our  background,  but  do  increase  our
signal proportionally. 

B.Dual Photodiode Pixel Design
Our proposed imaging system includes a novel background

correction  method  that  leverages  a  secondary  and  fully
covered  photodiode  labeled  “negative  photodiode”  (NPD),
shown  in  Fig.  2(a),  to  extract  a  local  and  per-pixel
measurement  of the background and adjust  the primary and
uncovered  “positive  photodiode”  (PPD)  background
accordingly and reduce the residual background to near noise
level.

The addition of a second photodiode will result in overall
signal loss due to a reduced fill factor.  In the case of equal
pixel  area  allocation  for  the  two  photodiodes,  the  system
would see its dynamic range lowered by 6dB. As a result, the
size of the secondary diode should only be as large as needed,
and instead additional ratio adjustment is preferred to translate
background  levels  between  the  two  photodiodes.  Fig.  3(a)
illustrates  the  implementation  of  the  two  photodiodes,
demonstrating their dissimilarity in both size and shape. The
PPD  is  implemented  using  4  identical  19  µm-by-19  µm
photodiodes in parallel, covered by integrated angle selective
gratings  [1] to block oblique light from reaching the pixel to
enhance spatial  resolution as described in [REFS TBioCas].
The  NPD  is  formed  from  a  cross-shaped  active  region
spanning the space between the 4 PPDs, overall providing a
centroid  formation  for  a  more  uniform  background
measurement.

As  seen  in  Fig.  3(a),  the  two  diodes  are  not  identically
sized, and therefore ratio adjustment is needed, where ratio is
defined as 

f ( BN )=
BP

BN
     (1)

  BP and  BN being the background levels measured on the
PPD  and  NPD  respectively.  The  characteristics  of  f ( BN )
were measured by extracting the ratio at various background
levels for each individual pixel, and the aggregate of all ratios
extracted for the entire array is shown in Fig. 3(b). It can be
seen from Fig. 3(b) that there is a non-linear dependency in
the ratio and needs therefore to be accounted for when using
the NPD to adjust the background of the PPD. To this end, the
data for  each individual pixel  PD-pair  is  used to perform a
one-time ratio curve fitting to extract the profile of this ratio. A
curve fitting example for a sample pixel is shown in Fig. 3(c). 



Fig.  4.   Overview of NPD correction and extraction of true
background.  (a) Background generated on NPD at different
wavelengths  (namely  660  nm,  which  is  of  interest)  as  a
percentage  of  the  background  on  PPD.   (b)  Histogram  of
original  NPD  values  and  true  NPD  background  levels
extracted using pixel-level non-linear curve fitting (the data
for these two histograms were captured from an image of a
0.68  µM UCNP dispersion chamber,  placed  directly  on the
chip, and illuminated with 5 ms pulses of 980 nm excitation
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C. Emission Signal Leakage Correction 
The  5  metal  layers  used  to  cover  the  NPD  from  the

emission light, almost completely shield the NPD from short
wavelengths such as UV, and thus the NPD level measured
will only include the background generated by the excitation
light,  easily  removed  with  ratio  adjustment.  However,  the
performance  of  the  blocking  metal  layers  starts  to  degrade
with  longer  wavelengths,  and  at  660  nm  -the  UCNP  peak
emission wavelength- 6.5% of the emission signal captured by
the PPD is also present in the measured signal on the NPD, as
seen in Fig. 4(a). Failing to mitigate this “leakage” will result
in not only an emission signal loss after  adjusting the PPD
background, but due to the non-linear dependency of the ratios
of the two photodiodes, the background adjustment will also
be corrupted.

To account  for  the emission component  measured on the
NPD,  we  parametrize  the  measured  signal  on  both
photodiodes using the following equations:

{
PPD=EP +BP

NPD=EN+ BN
       (2)

where  EP and  EN  are  the  emission  components  of  the
measured values on the PPD and NPD respectively, and  BP

and  BN are the excitation background generated on the PPD
and  NPD.  Knowing  the  proportional  (linear)  relationship
between EP and EN  (from Fig. 4(a)) and the ratio f (BN), as
defined in (1), we can further simplify (2) into 

Fig.  5.   Schematic  of  the  pixel  circuit  and  control  signal
waveforms.
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BP= BN⏞
unknown

× f (BN )
→ {PPD=EP+ BN × f ( BN )⏞

PDratio

NPD=kEP +BN

  (3)

where  k is the proportional coefficient extracted from Fig.
4(a).  While  k  is  wavelength  dependent  (see  Fig.  4(a)  for
dependency), we may consider a constant value thanks to the
fact  that  majority  of  the emission power of  the aUCNPs is
concentrated around 660 nm. As a result, using the measured
values of PPD and NPD, we can then solve (3) for  BNand
extract the true and corrected level of background. Removing
BP from the PPD signal then becomes trivial using (2) and
f ( BN ).  Fig.  4(b)  shows the distribution of a  sample set  of
NPD  measurements  and  the  corrected  and  extracted
background  levels  and  highlights  the  importance  of  this
correction.

Precision  of  this  technique  relies  on  the  accuracy  of  the
proportional coefficient k that is used. While the values shown
in  Fig.  4(a)  are  measured  at  normally  incident  light,  it  is
evident  that  the  emission  light  coming  from  an  arbitrary
specimen  on  the  imager  will  not  be  confined  to  a  normal
incidence. To quantify the limits of this correction, the PPD
background  levels  were  extracted  using  a  20%  larger  and
smaller  k,  to  account  for  its  angle-dependency  with  a
reasonable range of change in its value. Suppl. Fig. 1(a) shows
a histogram of the extracted background values in the 3 cases
of a 20% higher, baseline (normal incidence) and 20% lower
k value. The individual deviations of the NPD backgrounds
extracted from the baseline (normal incidence) case is shown
in Suppl. Fig. 1(b),  demonstrating a mean NPD background
deviation of -1.33 mV for a 20% higher k and 1.89 mV for a
20% lower one. The PPD deviations from their baseline values
is shown in Suppl.  Fig.  1(c),  demonstrating that  the overall
correction precision of this method is near 3.5 mV.

III. Pixel Design
There are several challenges to achieve a robust and linear

pixel  design  that  need  to  be  carefully  addressed,  such  as  a
sufficiently  large  dynamic  range,  a  linear  optical  response,
signal-dependent leakage of the switches, flicker noise and fill
factor  loss.  Shown in  Fig.  5  is  the  schematic  of  the  pixel
circuitry. The pixel architecture is a capacitive transimpedance
amplifier (CTIA) which provides an acceptable dynamic range
and a  linear  response,  provided  its  loop gain  is  sufficiently
high.  The  integration  capacitor  Cint placed  in  feedback  is  a
custom  metal-oxide-metal  (MOM)  capacitor  with  a
capacitance of 11fF. This highly linear capacitor and a high
gain front-end amplifier ensures a linear response to optical
stimulation  over  the  entire  dynamic  range.  The  two
photodiode paths also include switches (M7-M8) to connect
the photodiodes to the analog supply whenever not in use, to
ensure leakage across the switches M5 and M6 remains signal-
independent.  To maintain the leakage across  the integrating
capacitor’s reset switch (M9-M10) signal-independent as well,
a  replica  biasing  circuitry  is  connected  when  the  switch  is

opened (when ϕ RST  is low), to keep a constant voltage applied
to the switch  [1]. This allows the leakage of the switches to
appear as a constant offset at the output, which can be easily
measured and cancelled out during acquisition.
 Each  photodiode’s  signal  is  measured  individually  in  a
time-domain duplexed manner, and the data is acquired using
two  rounds  of  correlated  double  sampling  (CDS)  schemes.
Fig.  5  shows  the  timing  of  the  control  waveforms,  where
during  the  non-inverted  acquisition  for  either  of  the
photodiode, the laser light is initially pulsed (for 5 ms) and
upon turning off, the acquisition begins with ϕ RST  going high
(for about 100 µs) and resetting the charge on the integration
capacitor. The first CDS scheme, implemented to mitigate the
effects  of  flicker  noise,  is  carried  out  by  capturing  two
samples,  “RESET”  as  the  baseline  and  “SIGNAL”  as  the
secondary  CDS sample,  each  of  which  is  first  stored  on  a
register  capacitor  and  transferred  to  the  output  through
dedicated column buffers. The integration time is determined

Fig. 6.  Chip microphotograph:  (a) Pixel array and digital and
control blocks.  (b) Pixel microphotograph close-up. 
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by the spacing  of  the “RESET” and “SIGNAL” acquisition
timepoint, as shown in Fig. 5. 

The second CDS scheme is included to remove systematic
offsets in the “RESET” and “SIGNAL” buffering paths and is
implemented  by  acquiring  a  second  sample  for  each
photodiode, with swapped “RESET” and “SIGNAL” register
capacitors, resulting in an inverted sample (shown in Fig. 5).
This offset will appear in the two samples as a common-mode
component which can be removed, and the underlying signal
be retrieved via simple subtraction. Thanks to its fast readout
time of 1.2 ms and repeatability, a single acquisition can be
repeated  as  many  times  as  needed  and  when  averaged,
increases the SNR by a factor proportional to √ N , where N
is the number of repetitions. 

The noise performance of the pixel was simulated at various
integration times, with all sources of noise sources accounted
for, including but not limited to shot noise, thermal noise and
flicker noise, which are the major contributors of noise to the
system. The shot noise in particular is a signal dependent noise
which increases whenever emission is present and therefore a
larger photocurrent is generated, and is therefore the dominant

source of noise at longer integration times (above 10 ms). For
simplicity  and  without  loss  of  generality,  all  noise
measurements  and  simulations  have  been  performed  in  the
absence of emission and excitation signal.  The noise of the
pixel was measured, and Suppl. Fig. 2 shows the results of the
simulated and measured noise values. For a typical integration
window duration of 1 ms, the measured noise voltage was 2.2
mV rms, and is dominated primarily by the thermal noise of
the front-end amplifier.

The chip microphotograph of the imager array, fabricated in
a 0.18 um process, is shown in Fig. 6(a). The sensor measures
2.3 mm by 4.8 mm and includes internal digital control blocks
to monitor and carry out the acquisition and readout  of the
array  via  an  external  FPGA.  Fig.  6(b)  shows  a
microphotograph  of  the  pixels.  As  seen  in  Fig  6(b),  the
negative PD is covered by 5 metal layers and the 4 identical
PPD are connected in parallel and covered by angle-selective-
gratings,  surrounded by control  and readout  circuitry of the
pixel. The 55 µm by 55 µm pixel has been designed to allow
efficient use of photodiode areas and shapes to minimize fill
factor loss, while accommodating the photodiode pair in it. 

Fig. 7.  System level overview of the imaging platform, including the specimen, external controlling FPGA, and image sensor
and its internal architecture.

Fig.  8.  Overview of the setup used for imaging:  (a) before mounting the specimen on the imager.  (b) after mounting the
specimen on the imager.
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IV. OPTICS-FREE INTRAOPERATIVE IMAGING PLATFORM

As an intraoperative imaging platform, shown in Fig. 7, our
proposed  imaging  system  has  at  its  core  a  36-by-80-pixel
array, where each pixel includes a photodiode pair (NPD and
PPD) and column buffers for time-domain duplexed readout.
The sensor also includes a digital  control  block for readout
and acquisition control as well as a row decoder paired with
column-wise  multiplexers  to  enable  parallel  readout  of  80
columns using only 8 channels. The acquisition and readout
timings  are  controlled  by  an  FPGA,  using  digital  control
signals, and readout data is sent to the FPGA with 8 external
12-bit  analog-to-digital  converters  (ADCs),  serially
communicating with it. The readout process is carried out by
the  pair  of  data  lines  labeled  “SIGNAL”,  representing  the
main CDS sample,  and “RESET”,  representing  the baseline
sample for the CDS scheme.

The  imaging  sensor  also  includes  a  current  calibration
scheme, implemented to correct integration capacitor variation
throughout the array,  which translates  to a pixel  gain error,
and  can  be  limiting  factor  for  resolving  images  with  low
emission light  levels.  This  calibration  is  an  initial  one-time
step  and  is  performed  by  directly  connecting  a  single  and
constant current source to each pixel successively, extracting
the current-to-voltage gain of each pixel relative to each other
and using those stored values to adjust the gain during sample
acquisition  accordingly.  Fig.  7  shows  how  the  singular
calibration  current  source  is  multiplexed  and  connected  to
each pixel.

Using direct contact imaging, the specimen will be placed
directly  on  the  chip,  as  shown  in  Fig.  7  while  the  pulsed
excitation light is provided by the external light source. The
decaying  emission  light  will  subsequently  be  captured  and
acquired  by  our  proposed  sensor  using  a  time-resolved
acquisition scheme.

V.EXPERIMENTAL RESULTS

A.Experimental Setup
To  validate  the  ability  of  our  sensor  to  perform  time-

resolved imaging using upconverting nanoparticles, we tested
its performance in a specimen experiment. Fig. 8(a) shows the
imaging platform (without the specimen mounted). Due to our
ability to perform direct  contact  imaging, the platform does
not include any filters or lenses,  and as a result, the imager
chip can be used bare, as shown in Fig. 8(a).

The specimen used for the experiment is a negative USAF
resolution target test plate, coated with a chrome background.
We have selected a singular feature on the plate -the digit “1”
in  the  “group  1”  section of  the  plate-  and  placed  the  plate
directly  on  the  sensor.  This  specimen  is  illuminated  by  a
quartz  chamber  containing  upconverting  nanoparticles
dispersion, which is illuminated by an external excitation light
source.  500  µL  of  a  0.68  µM  upconverting  nanoparticles
dispersion (in hexane) is transferred into the quartz chamber,
which has a 1 mm light path (thickness), placed directly on the
USAF target plate, as shown in Fig. 8(b). Once the specimen
is mounted, the laser is collimated and pulsed, and the time-
gated acquisition of the specimen emission is carried out. The
laser pulse duration and integration time were respectively 5
ms and 1 ms, resulting in an overall frame rate of 34 Hz. The
laser  power used for this experiment  was 200 W/cm2. This
experiment  has been designed to emulate a tumor specimen
that  has  been  injected  with  targeted  upconverting
nanoparticles,  where  the  imaging  platform  will  serve  as  a
surgical tool for clinicians to direct and guide them to locate
and  visualize  tumor  bed  layers  and  microscopic  residual
cancer cells being left behind during resection surgeries.

B.Experimental Results
The  ground  truth  image  of  the  specimen  (digit  “1”)  is

shown in Fig. 9(a). The background correction method relies

Fig.  9.   Specimen experiment results:   (a)  image of the feature on the USAF resolution target  plate  being acquired.   (b)
measured time-resolved image of the positive photodiode (T int = 1 ms).  (c) measured time-resolved image of the negative
photodiode (Tint = 1 ms).  (d) extracted and background-corrected image of the specimen.
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on the values extracted from the positive PD and the negative
PD,  both  of  which  are  shown  in  Fig.  9(b)  and  9(c)
respectively.  The PPD measured  an  average  of  225 mV of
signal where emission was present, while the average NPD’s
measured  signal  in  that  same  region  was  62  mV,  both  of
which  include  an  emission  component  as  well  as  the
background from the NIR excitation.  Using the background
adjustment method proposed,  we can extract  the underlying
emission  component  of  the  image  and  resolve  the  image
shown in Fig. 9(d). The average emission signal in the final
extracted image is 50 mV, for an integration time of 1 ms. The
background  in  Fig.  9(d)  (surrounding  the  specimen)  is  less
than 10 mV and has a mean of 6.5 mV, demonstrating that the
proposed  method  is  able  to  reduce  the  interfering  NIR
excitation to single-digit mV level and near the noise floor of
2.2 mV, thus allowing filter-less and lens-less time-resolved
imaging  to  be  possible.  The  angle-sensitivity  of  the
background  adjustment  method  remains  the  main  limiting
factor  to  achieve  higher  sensitivity,  surpassing  integration
capacitor and photodiode responsivity mismatch between the

pixels, each only resulting in at most 1.5 mV of measurement
error. 

While  our  experimental  results  demonstrated  enough
resolution in Fig. 9(d) to be considered a reliable imaging tool
for  intraoperative  imaging,  its  performance  can  be  further
improved if clinical and surgical settings allowed increasing
the form factor of the imager. The sharpness and resolution of
the imager can be further enhanced by further increasing the
aspect  ratio  of  the  angle-selective  micro-gratings.  If
sufficiently thin, they would provide only negligible increase
in form factor, but significantly increase the spatial resolution
of the imager- at the expense of a reduction in signal strength.

As an intraoperative imager, our platform must ensure full
compliance  with  clinical  optical  and  maximum  exposure
limits. According to the American National Standards Institute
(ANSI) the limit for a 5 ms long pulsed laser of 980 nm, the
maximum allowed power density is 200 W/cm2. Fig. 10 shows
the SNR change with excitation power density, and as seen in
the graph, despite the ANSI limit of 200 W/cm2, the imager is
still able to achieve a maximum SNR of 15dB.

VI. CONCLUSION

Summarized  in  Table  I  is  a  comparison  of  the  imager
proposed  in  this  paper  to  several  other  chip-scale  image
sensors  for  microscopic  disease  detection  and  biomedical
applications.  Existing  sensors  can  be  distinguished  by  their
acquisition  method  and  categorized  into  two  types:  time-
resolved  and  wavelength-resolved.  Wavelength-resolved
acquisition requires excitation-blocking and color filters ([2],
[3]) while the time-resolved method requires the excitation to
be turned off during integration. The signal is either extracted
using  a  time-to-digital-converter  (by  measuring  the  time of
arrival  of  photons)  ([4-6])  using  single-photon  avalanche
diodes, or measured using a CMOS photodiode and integrated
over  the  integration  time.  Freed  from  optics  (filters  and
lenses),  the imagers  can  become seamlessly  integrated  with
surgical surfaces and achieve universal integration. 

While  emission  filters  have  been  obviated  in  [3] using
integrated micro-structures, our work has mitigated the issue

Fig.  10.  SNR of pixel (in emission region) as a function of
excitation light power.

TABLE I
COMPARISON TABLE OF BIOMEDICAL IMAGERS

TBIOCAS’11 [2] JSSC’17 [3] ISSSC’ 15 [4] JSSC’12 [5] JSSC’19 [6] This work
Technology 0.5 µm CMOS 65 nm CMOS 0.35 µm CMOS 65 nm CMOS 40 nm CMOS 180 nm CMOS

Method of detection Frequency-resolved
(CMOS PD)

Frequency -resolved
(CMOS PD)

Time-resolved
(TDC*)

Time-resolved
(TDC*)

Time-resolved
(TDC*)

Time-resolved
(CMOS PD)

Imaging system size 3 × 3 mm2 0.4 ×0.8 mm2 3.4 × 3.5 mm2 4 × 4 mm2 3.2 ×2.4 mm2 2.3 mm ×4.8 mm

Requires optics?
(filters/lenses) Yes No Yes Yes No No

Fill Factor 42 % - 21 % 37 % 42 % 48 %

Imaging rate 28 fps - 486 fps 20 fps 18.6 kfps 34 fps

Integration time 36 ms 1-10 s - - 100 ms 1 ms

Pixel pitch 20.1 µm [91 µm,123 µm] 15 µm [60 µm,72 µm] [18.4 µm, 9.2 µm] 55 µm

Array size 132 × 124 Single PD 160 ×120 32 × 32 192 ×128 36 ×80
*TDC: Time-to-digital-conversion
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of  excitation  background  by  using  a  time-resolved  method
instead and focusing optics have been miniaturized into angle-
selective gratings to create a fully integrated system-on-chip.
We validated the performance of our imager  with a UCNP
specimen demonstrating it is capable of imaging sites of tumor
targeted by UCNPs in a medical setting as well.

While  our  proposed  imaging  platform  has  been  able  to
address  some of  the  critical  challenges  of  optics-free  time-
resolved imaging, further enhancements such as lower noise
front-end circuitry, a more selective angle response alternative
(whether integrated or external) will be able to increase signal-
to-background ratio and improve overall detection sensitivity. 
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Suppl Fig 1.  Effect of angle dependency, and k variation on NPD and PPD correction reliability.  (a) histogram of sample set of
extracted and adjusted NPD background values at baseline k, 20% higher k and 20% lower k value.  (b) histogram of the
deviation of adjusted NPD background with 20% higher and lower k value from their baseline values.  (c) absolute value of
effective deviation of PPD levels from their baseline values with a 20% higher and lower k value.
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Supplementary  Fig.  2.  Pixel  noise measurement and noise
simulation results.
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